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Preface

An increased prevalence of obesity and disordered eating behavior has been 
reported in both developed and developing countries. In affected people, obesity 
and its physical and mental health consequences evolve slowly over time. In com-
bination with an increasingly aging population, obesity particularly threatens the 
health and functional independence of older adults.

Many lifestyle interventions, psychological treatments, and diets have been 
proposed to fight this growing epidemic. However, an overarching and generally 
accepted scientific concept of disorders associated with disturbed food intake is 
still lacking.

This book provides up-to-date scientific insight into the psychology and the 
pathophysiological outcomes of eating. It covers the influence of lifestyle, circadian 
rhythm, sleep, and fragrant odors on appetite and weight regulation; the impact 
of glucose, sucrose, lactate, and ketone bodies on the brain; the consequences 
of glycation stress on the skeletal muscle; clinically relevant facets of electrolyte 
balance, bile acid, and glucose metabolism; pathophysiological and therapeutic 
aspects of diabetes, hypertension, and steatohepatitis; and the consequences and 
outcomes of energy-depleted conditions and eating disorders.

We are very proud of the high scientific level of the contributions in this book. We 
believe this volume provides noteworthy information about food, eating behavior, 
and metabolic diseases.

Akikazu Takada
Hamamatsu University School of Medicine,

Japan

Hubertus Himmerich
King’s College London,

UK
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Chapter 1

Attenuation of Food Intake by 
Fragrant Odors: Comparison 
between Osmanthus fragrans and 
Grapefruit Odors
Takashi Yamamoto, Kayoko Ueji, Tadashi Inui  
and Haruno Mizuta

Abstract

Odors affect various physiological and mental activities. Previous studies in rats 
have shown that the odors of grapefruit and Osmanthus fragrans (OSM, fragrant 
tea olive) attenuate food intake, leading to a reduction in body weight gain, but it 
is not yet clear whether the causative mechanisms underlying these effects are the 
same for both odors. The first part of the present study revealed that grapefruit 
odor had no effect on the expression of feeding-related neuropeptides, in contrast 
to the previous finding that OSM odor suppresses orexigenic and activates anorexi-
genic neuropeptides in the hypothalamus of the rat. The second part revealed 
that OSM odor activated the parasympathetic nerve, in contrast to the previous 
finding demonstrating that grapefruit odor activates sympathetic nerve activity. 
The third part was performed to confirm the previous findings about the effects 
of OSM odor on appetitive reactions in humans. In human subjects, we found that 
continuous exposure to OSM odor attenuated appetite and consumption of snacks 
(cookies) and improved mood, when evaluated using the POMS (Profile of Mood 
States) data from university students. In conclusion, OSM odor attenuated appetite 
and decreased food intake in humans, and the underlying causative mechanisms 
differed from those mediating the effects of grapefruit odor, specifically in terms of 
the expression of hypothalamic feeding-related neuropeptides and autonomic nerve 
activity.

Keywords: odor, Osmanthus fragrans, grapefruit, feeding behavior,  
feeding-related neuropeptides, autonomic nerve, total mood disturbance

1. Introduction

Overeating leads to obesity, which heightens the risk of several chronic illnesses 
including hypertension, diabetes, high blood triglycerides, heart disease, stroke, 
kidney problems and cancer. One of the causes of overeating is palatability of foods, 
especially those containing sweet and fatty substances, which often promote inges-
tion over homeostatic repletion [1–3]. It is suggested that the palatability-induced 
ingestion is based on a sequential release of brain substances such as β-endorphin, 



Psychology and Pathophysiological Outcomes of Eating

4

dopamine and orexigenic neuropeptides, corresponding to palatability (liking), 
motivation (wanting), and actual intake (eating), respectively [3–7]. Any attempts 
to suppress actions of one or more of these brain substances could be an effective 
approach to prevent from overeating.

Odors produce various physiological, psychoemotional, and behavioral reactions 
depending on their qualities and hedonic tones [8–15]. Concerning food intake 
behavior, it is our common experience that odors associated with pleasant foods 
enhance appetite, but repellent odors reduce appetite. Interestingly, some fragrant 
odors attenuate ingestive behavior and body weight gain. Studies using rats have 
demonstrated that grapefruit odor inhibits food intake, leading to a reduction in 
body weight gain. It is plausible that this effect is mainly caused by activation of 
sympathetic nerve activity, which enhances energy consumption and suppresses 
appetite [16, 17]. Another example is the odor of Osmanthus fragrans (OSM, fragrant 
tea olive), which also attenuates food intake in rats [18]. This effect, however, is 
suggested to be due to the reduced expression of feeding-related neuropeptides in 
the hypothalamus. More precisely, Yamamoto et al. [18]. demonstrated that OSM 
odor decreased the messenger ribonucleic acid (mRNA) expression of orexigenic 
neuropeptides, such as agouti-related protein (AgRP), melanin-concentrating 
hormone (MCH), neuropeptide Y (NPY), and orexin, and increased the expres-
sion of anorexigenic neuropeptides, such as cocaine and amphetamine regulated 
transcript (CART) and proopiomelanocortin (POMC). It is also suggested that, in 
rats, OSM odor decreased the motivation to eat, food intake, and body weight, as 
well as caused sluggish masticatory movements [19].

OSM is an evergreen shrub that has been grown in Eastern Asia, especially in 
China, for more than 2500 years [20]. It produces small clusters of flowers in the 
late summer and autumn. The flowers are small, pale yellow, yellow, or orange-
yellow and have a strong fragrant scent of ripe peaches or apricots. Because of its 
favorable fragrance, tea, wine, and jam with OSM flowers are traditionally very 
popular and are enjoyed on a daily basis in far-east Asia, especially in Taiwan and 
China. Since it has been traditionally believed to exert good effects on physical 
and mental health, the OSM plant has also been utilized as a Chinese herbal medi-
cine. Among the volatile compounds of the scent of OSM, the essential ones are 
γ-decalactone, β-ionone, dihydro-β-ionone, linalool oxides [18, 21].

Although both grapefruit and OSM odors suppress appetite, food intake and 
body weight gain, the underlying causative mechanisms appear to differ to those 
described above. However, there are a lack of comparative data on the possible 
effects of grapefruit odor on feeding-related neuropeptides and effects of OSM odor 
on autonomic nerve activity. The present study, therefore, was designed to examine 
possible effects of grapefruit odor on the expression of orexigenic and anorexigenic 
neuropeptides in rats. We also examined effects of OSM odor, together with odors 
of lavender, jasmine, and milk on the autonomic nervous activity in humans. 
Finally, we examined how OSM odor affects appetitive reactions in humans.

2. Methods

2.1 Measurement of mRNAs for feeding-related neuropeptides

A total of 18 Wistar male rats were used. They were randomly divided into 
experimental and control groups (n = 9 each). Rats were individually housed in 
plastic cages, with freely available food and water, in a temperature- and humidity-
controlled room (23°C, 60%). All animals were handled in accordance with the pro-
cedures outlined in the Guide for the Care and Use of Laboratory Animals (National 
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Institute of Health Guide), and this study was approved by the institutional com-
mittee on animal research (Animal Research Committee of Kio University).

The experimental rats received grapefruit essential oil as an olfactory stimulus 
with the same method as described in our previous paper [18]. Briefly, a drop 
(100 μl) of the oil was put on a filter paper, which was inserted between two metal 
mesh plates, and placed on the floor of the cage. The control rats were exposed to a 
filter paper containing a drop of water instead of the olfactory stimulus. The brains 
were removed 60 min after the onset of stimulation and the hypothalamus was 
removed, and preserved at −80 degrees. To examine the changes in the expression 
of mRNAs for prepro-orexin, MCH, AgRP, NPY, CART, and POMC, we used the 
same quantitative real time (RT)-PCR technique as that in the previous study [18].

2.2 Effects of odors on autonomic nerve activity

We used the essential oils of lavender, jasmine, milk (these three are products of 
Takasago International Corp. Japan), and Osmanthus fragrans (product of Argeville, 
France) as olfactory stimuli, and distilled water as an odorless control stimulus. To 
examine the effects of odors on autonomic nerve activity, a total of 60 university 
students (20─21 years old, 54 females and six males) were used. They were all in good 
health, without symptoms of nasal congestion, and their olfactory sensitivity was 
within the normal range, as judged using a T & T olfactometer [22, 23]. They were 
randomly divided into four groups (n = 15 each). Subjects in each group sniffed either 
one of the four odors (diluted to 2.5% with triethyl citrate) soaked in filter papers 
fixed in front of each subject’s nose; the control stimulus was prepared in the same 
way. The order of presentation of the odors and control stimuli was counterbalanced 
within the group. Heart rate variation (HRV) was measured with a pulse analyzer 
device (TAS9, YKC Co. Ltd., Tokyo, Japan). This device was designed to evaluate 
autonomic nervous activity using acceleration pulse waves obtained from the tip of 
the index finger of the left hand. HRV was recorded for five minutes for each stimulus 
under the relaxed condition in a seated position following rest for 15 minutes.

The technical procedures and physiological interpretation of the HRV analysis 
have been reported by a number of researchers [24–29] with a useful guideline for 
HRV measurement and physiological interpretation [30]. The heart rate data were 
transferred to a personal computer, and the frequency domain measurements of 
HRV were determined by spectral analysis using fast Fourier transformation. The 
power spectrum was decomposed into its frequency components and quantified in 
terms of the relative power of each component. We used three frequency domain 
variables as an index of HRV. These frequency domain variables included low-
frequency (LF: 0.04─0.15 Hz), high-frequency (HF: 0.15─0.40 Hz) and the ratio of 
LF to HF (LF/HF). The LF component reflects both parasympathetic and sym-
pathetic nervous activities, the HF component reflects parasympathetic nervous 
activity, and the LF/HF ratio is considered an index of sympathetic nervous activity.

2.3 Effects of odors on feeding behavior

We used two odor stimuli (lavender and OSM), which were the same as those 
described in the previous section, and an odorless control stimulus (distilled 
water). To examine the effects of odors on feeding behavior, another cohort of 66 
university students (20─21 years old, 60 females and six males) who belonged to 
one class of a nutritional course from Kio University were used. Experiments were 
conducted every Wednesday in three consecutive weeks.

The time schedule of an experimental day is shown in Figure 1. The experiment 
started at 12:00. After checking the physical condition, the subjects were randomly 
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divided into three groups of 22 subjects. Each subject was served with a box lunch 
and a bottle of water and ate the lunch between 12:15 and 12:50 (Figure 2). Then, 
each subject wore a mask with a small pocked inside in which a filter paper (one 
cm x five cm) was inserted (Figure 3). The filter papers were infiltrated with a 
few drops of 2.5% OSM, 2.5% lavender oil, or non-odor distilled water. Each group 
received either OSM odor, lavender odor, or no odor-containing filter papers during 
a lecture on the first experimental day. Similarly, on the second and third experi-
mental days, each group received a different stimulus (of the three stimuli). Thus, 
every subject received all three stimuli throughout the three experimental days. 
Subjects attended two lectures with a 20-minute intermission from 13:00-to-15:40. 

Figure 1. 
Time schedule of the conducted experiments on Wednesday. Subjects participated in the experiment with 
different odor stimuli on another two Wednesdays for three consecutive weeks.

Figure 2. 
A box of lunch and a bottle of water served on the first experimental day. A different box of lunch was served 
on the second and third experimental days.
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They took off their masks during the intermission and wore the masks again with 
new filter papers just before the second lecture. After stimulation, each subject was 
given a package of snacks, containing 16 pieces of small cookies (Bourbon Petit with 
French Butter flavor, Bourbon Co. Niigata, Japan), and they were allowed to eat 
them freely, as much as they desired (Figure 4). The numbers of leftover cookies 
were counted and compared among the three odor groups.

The following sensory tests were assessed in each subject. To evaluate intensity 
and pleasantness of odors (sensory test 1 in Figure 1), the subjects were asked to 
select the score from one of five values ranging from 1 (very weak), 2 (weak), 3 (neu-
tral), 4 (strong) to 5 (very strong) soon after putting masks and soon after taking off 
masks. To evaluate the level of hunger (sensory test 2), the subjects selected the score 
from one of five values from 1 (not hungry), 2 (slightly hungry), 3 (medium), 4 
(moderately hungry) to 5 (very hungry). To evaluate the sweetness and pleasantness 
of the cookies (sensory test 3), the subjects selected scores from one of five values, 
ranging from 1 (very weak) to 5 (very strong), soon after eating the cookies.

To examine mood changes before and after odor stimulation, we administered the 
Profile of Mood States (POMS), a short-form questionnaire translated into Japanese 
(Kaneko Shobo Co. Ltd. Tokyo, Japan), after finishing lunch (or before odor stimula-
tion) and after taking off the mask (or after odor stimulation). The POMS test con-
sisted of 35 questions about the current mood state. The 35 questions were classified 
into six subscales: T─A (tension and anxiety), D (depression and dejection), A─H 
(anger and hostility), V (vigor), F (fatigue), and C (confusion). The subjects selected 

Figure 3. 
A mask with a filter paper in an inside pocket. The filter paper was soaked with 2.5% Osmanthus fragrans 
(OSM) for the OSM group, 2.5% lavender for the lavender group or odorless distilled water for the control group.

Figure 4. 
A commercially available package of 16 small cookies served as snack after taking off mask.
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the score from one of five values from 0 (not at all) to 4 (extremely). Total mood dis-
turbance (TMD) was calculated by subtracting V from the sum of the other five sub-
scale scores in each subject. Lower TMD scores were indicative of an improved mood.

For the experiments in humans (as described above), the study protocol was 
approved in advance by the Ethics Committee of Kio University and was performed 
in accordance with the Declaration of Helsinki of the World Medical Association. 
All subjects received an explanation of the nature of the research and agreed with 
the study protocol. We did not tell subjects about the names of the odors used in the 
experiments. All subjects signed written informed consent.

2.4 Data analysis

A two-way analysis of variance (ANOVA) was used to compare the expression of 
the feeding-related neuropeptides between grapefruit odor and non-odor conditions. 
To examine the effects of the four odors on the autonomic nerve activity in humans, 
a two-tailed paired t-test was used to compare each odor with the non-odor condi-
tion. With regards to the effects of odors on feeding behavior in humans, intensity 
and pleasantness scores of odors, and sweetness and palatability scores of cookies 
between OSM and lavender odors were analyzed using the Mann–Whitney U test, 
and comparisons of hunger scores and cookie intake among OSM, lavender, and 
control groups were performed using the Friedman test and post hoc Wilcoxon signed 
rank test. Values of P < 0.05 were considered statistically significant. Statistical 
analyses were performed using a software program (IBM SPSS Statistics, ver. 25).

3. Results

3.1 Effects of grapefruit odor on the feeding-related neuropeptides in rats

The expression of mRNAs for the hypothalamic orexigenic neuropeptides, such 
as AgRP, MCH, NPY and orexin, and anorexigenic neuropeptides, such as CART 
and POMC, was measured using a real-time polymerase chain reaction (RT-PCR) 
on the rat hypothalamic specimens taken 60 minutes after the onset of grapefruit 
odor stimulation. The results were compared to those of similar samples taken from 
non-odor control rats. Figure 5 shows the expression of mRNAs for four orexigenic 
and two anorexigenic neuropeptides in the control and experimental groups. 
A two-way analysis of variance (ANOVA) with peptide (gene expression of six 
peptides) and odor (water and grapefruit) revealed a statistically significant main 
effect of peptide [F (5;96) = 8.76, P < 0.001]. However, there were no main effects 
of odor and no peptide-odor interaction.

3.2 Effects of OSM odor on the autonomic nerve activity in humans

The effects of four kinds of odors (lavender, jasmine, OSM, and milk) on auto-
nomic nerve activity, in terms of frequency analysis, are graphically summarized in 
Figure 6. The mean high frequency (HF) component of R-R variation (variability 
of the time interval between R waves), an indicator of the parasympathetic activity, 
was statistically significantly (P < 0.05, paired t-test) higher for lavender and OSM, 
and highly significantly (P < 0.01) lower for milk compared with the comparative 
value for the non-odor control. The mean low frequency/high frequency (LF/HF) 
score, an indicator of sympathetic activity, was significantly (P < 0.05) lower for 
lavender and OSM than for controls.
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Figure 5. 
Effects of grapefruit odor on the expression of mRNAs for feeding-related neuropeptides in the hypothalamus 
of rats. Values are means ± SE. No difference was detected between the grapefruit odor group and the non-odor 
control group (two-way ANOVA, P > 0.05).

Figure 6. 
Effects of odors on autonomic nerve activity. Odors are lavender (L), jasmine (J), OSM (O) and milk (M). 
C, non-odor control; HF, high-frequency component; LF, low-frequency component. Values are means ± SE. 
Asterisks denote that the autonomic activity in the presence of the odor is significantly different from that in 
non-odor condition (two-tailed paired t-test). * P < 0.05, ** P < 0.01. OSM, Osmanthus fragrans.
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3.3 Effects of OSM odor on feeding behavior in humans

3.3.1 Intensity and pleasantness scores of odors

Five minutes after wearing masks with OSM odor, lavender odor or non-odor 
distilled water, the intensity score for the odors was 3.8 ± 0.9 (mean ± standard 
deviation [SD], n = 66) and 4.3 ± 0.7 (n = 66) for OSM and lavender groups, 
respectively. Soon after taking off the masks, the intensity score was significantly 
(Mann–Whitney U test, P < 0.05) lowered to 2.6 ± 1.0 and 2.8 ± 1.0, respectively. 
Five minutes after wearing masks, the pleasantness score for the odors was 2.2 ± 0.8 
and 2.6 ± 1.0 for OSM and lavender groups, respectively, and soon after taking off 
masks, the pleasantness score was elevated to 2.5 ± 0.8 (P < 0.05) and 2.7 ± 0.9 
(P > 0.05), respectively.

3.3.2 Hunger score

Before and after eating cookies, we asked subjects how they evaluated their 
hunger status. The number of subjects was counted at each level, ranging from 
no-hunger (1), slightly hungry (2), medium hunger (3), moderately hungry (4), 
and very hungry (5). Since the numbers of subjects belonging to the no-hunger and 
very hungry groups were so small, we categorized the subjects into three groups: not 
hungry (1 + 2), medium hunger (3) and hungry (4 + 5), and the results for OSM, 
lavender, and control groups are shown in Figure 7–A. The proportion among 
the three levels was significantly (P < 0.05, Friedman test and post hoc Wilcoxon 
signed rank test) different between OSM and control groups before eating cookies, 
indicating that OSM odor reduces hunger in the subjects. After eating, no difference 
was detected among the three groups (Figure 7–B).

3.3.3 Cookie intake

After offering a snack package to each subject, which contained 16 pieces of 
small cookies that could be consumed at will, we counted the remaining cookies. 
The number of leftover cookies varied greatly among the subjects. To examine any 
difference of odor effects on cookie eating, the subjects were divided into three 

Figure 7. 
Proportion of hunger status. The numbers of subjects in the OSM, lavender, and non-odor control groups 
are expressed in three categories of hunger status (1, no-hunger; 2, slightly hungry; 3, medium hunger; 4, 
moderately hungry; 5, very hungry) before and after eating snacks. The hunger status before snack eating was 
different between OSM and control groups (Friedman test, post hoc Wilcoxon signed rank test, P < 0.01). 
OSM, Osmanthus fragrans.
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subgroups: a high-eating group (with leftovers ranging from zero-to-four cook-
ies), a moderate-eating group (leftovers ranging from five-to-nine cookies), and a 
low-eating group (leftovers ranging from 10-to-16 cookies). The number of subjects 
belonging to each subgroup is shown for the three odor conditions in Figure 8. The 
graphical representation suggests that the subjects in OSM group ate less than those 
in control group, and this difference was statistically significant (Friedman test and 
post hoc Wilcoxon signed rank test, P < 0.05). No statistically significant difference 
was detected between either the OSM and lavender groups or between the lavender 
and control groups.

3.3.4 Sweetness and palatability scores

The palatability score for the cookies was 4.1 ± 0.7 (n = 66), 4.1 ± 0.6 (n = 66), 
and 4.2 ± 0.6 (n = 66) (mean ± SD) for OSM, lavender, and non-odor control 
groups, respectively. The sweetness score for the cookies was 3.5 ± 0.8, 3.6 ± 0.7 
and 3.6 ± 0.7, respectively. No statistically significant difference in sweetness or 
palatability was observed among the three groups.

3.3.5 Total mood disturbance score

Total mood disturbance (TMD) scores of the Profile of Mood States (POMS) test 
are shown in Figure 9. The basal mood after lunch (or before putting on the odor 
mask) varied among the three groups: in the two odor (OSM and lavender) groups 
and the non-odor control group, the mean TMD scores were standardized to one. 
The rates of change in mood soon after taking off the mask (or before eating the 
cookie snack) were compared among the three groups. Statistically significantly 
(two-tailed paired t-test, P < 0.01) low TMD scores were detected after exposure 
to OSM odor, indicating a state of improved mood, while no significant difference 
was detected between pre- and post-mask-wearing in both the lavender and control 
groups.

Figure 8. 
The numbers of leftover cookies in the three groups. The numbers of subjects who left a small number (zero-
to-four) of cookies, a moderate (five-to-nine) number of cookies, and many (10─16) cookies are shown for the 
OSM, lavender, and non-odor control groups. The OSM group ate fewer cookies compared with the control 
group (Friedman test, post hoc Wilcoxon signed rank test, P = 0.05). OSM, Osmanthus fragrans.
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4. Discussion

Previous studies in our laboratory have demonstrated that the odor of OSM 
attenuates food intake in rodents [18]. The present study was designed to confirm 
this effect in humans and also to compare the underlying causative mechanisms, 
in terms of autonomic nerve activity and expression of mRNA for feeding-related 
neuropeptides, between the OSM odor and grapefruit odor, which also attenuates 
food intake and body weight gain [16, 17, 31].

4.1 Feeding-related neuropeptides

It is well established that feeding-related neuropeptides in the hypothalamus 
play important roles in the elicitation, maintenance, and cessation of appetite and 
food intake [3, 32, 33]. Previously, our research group revealed that the neural 
information of OSM odor decreased mRNA expression of orexigenic neuropep-
tides (AgRP, NPY, MCH, and orexin) and increased expression of anorexigenic 
neuropeptides (CART and POMC) [18]. These findings are suggested to be, at 
least in part, the causative mechanisms underlying the effects of OSM odor on the 
decreased motivation to eat, sluggish masticatory movements, and the resulting 
reduction in body weight [18, 19]. Since comparative data are not available for the 
grapefruit odor, the present study examined the expression of feeding-related neu-
ropeptides following exactly the same method we have previously used for the OSM 
odor. Consequently, we could not detect any difference in the expression of feeding-
related neuropeptides between the grapefruit odor group and non-odor control 
group, indicating that grapefruit odor essentially had no effect on the expression of 
hypothalamic feeding-related neuropeptides.

4.2 Autonomic nerve activity

Fragrant odors are known to affect the autonomic nerve activity. For example, the 
odors of rose flowers [13, 15], lavender [34–36], and yuzu [37] activate parasympa-
thetic neurons, whereas those of lemon [38], jasmine [39] and grapefruit [13, 17, 38, 40]  
activate sympathetic nerve activity. To our knowledge, there is only one previously 
published study that suggests that the OSM odor stimulates parasympathetic activity in 
humans [41]; therefore, more research is required to confirm these findings.

Figure 9. 
Total mood disturbance (TMD) scores before and after odor stimulation. The relative TMD score is shown 
after odor stimulation when the score before odor stimulation was set at unity. A statistically significant 
difference was apparent for OSM odor between the pre- and post-odor stimulation scores (two-tailed paired 
t-test). * P < 0.05. OSM, Osmanthus fragrans.
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To examine how the OSM odor affects autonomic nerve activity in humans, 
we used the fingertip photoplethysmogram (PPG) to monitor autonomic nervous 
activation. Analysis of fingertip PPG signals is an important tool for assessing pulse 
wave components and their relation to vascular health. Several studies have demon-
strated that the PPG waveform can provide clinical information on the dynamics of 
the autonomic nervous system, as well as the activity of the left ventricle, vascular 
aging, and arterial stiffness [42–44]. Although PPG is easy to set up, convenient, 
simple, and inexpensive, with only a single fingertip sensor, it has been proven that 
electrocardiogram and PPG signal recordings can be interchanged for heart rate 
variation (HRV) analysis including the time and frequency domains [45]. The PPG 
technique is also utilized for the assessment of arterial wall stiffening during aging 
[46] and for the assessment of the index of the periodontal condition [47].

The present HRV analysis on the basis of PPG has revealed that lavender odor 
significantly stimulates parasympathetic nerve activity, which is in agreement with 
previous results [34–36]. Jasmine odor tended to be a sympathetic activator, but the 
effect was not significant, which may have reflected an inter-individual difference 
in the preference for this odor, as suggested by Inoue et al. [48] and Kuroda et al. 
[49]. The important finding is that OSM odor significantly stimulated the para-
sympathetic nerve activity, which is opposite in action to grapefruit odor, which is 
a well-established sympathetic activator in animals [38] and humans [13, 40]. The 
milk odor, which was used as a control (or counter-part) odor for the OSM odor 
[18], tended to stimulate the sympathetic nerve activity.

The differences in the physiological actions between the OSM and grapefruit odors 
(as mentioned above) should be derived from the difference in volatile compounds in 
these odors. There are more than 10 active compounds detected in OSM odor, includ-
ing major volatiles (such as ocimene, ionone, linalool, capraldehyde, and decalactone) 
[21, 50]. The major active volatile compound in grapefruit odor is limonene; addi-
tional compounds include myrcene, pinene, and linalool [51, 52]. It is noted that not 
only the major volatiles but some volatiles with low content also contribute to aroma 
[50]. Further study is required to elucidate the specific role of each compound.

4.3 Effects of odors on cookie intake

To confirm our previous findings in rodents that the OSM odor attenuates 
appetite and food intake, we elaborated on an experimental design in which the 
effect of OSM odor on snack eating behavior was examined in university students. 
Since OSM odor activates parasympathetic nerve activity (as described above), 
we selected lavender odor which also stimulates parasympathetic nerve activity 
for a comparable stimulus. Although sweetness and palatability of cookies were 
not different after exposure to OSM or lavender odors and in non-odor control 
group, we found that the hunger level, TMD score, and the numbers of cookies 
eaten significantly changed in the OSM group, compared with lavender and control 
groups. After exposure to the odors, subjects in the OSM group felt less hungry than 
those exposed to lavender or subjects in the control group, suggesting that appetite 
is reduced after exposure to OSM odor. Consequently, the consumption of cook-
ies after OSM odor was less than that after lavender or non-odor conditions. Such 
effects in feeding behavior are not due to disagreeable feelings to OSM odor because 
pleasantness of OSM odor after exposure was not statistically significantly differ-
ent from that of lavender odor. Moreover, mood states were significantly improved 
after exposure to OSM odor compared with lavender odor or non-odor conditions, 
as shown by the POMS data. Thus, the previous finding that the odor of OSM 
decreases food intake in rodents was modestly confirmed in humans through the 
present experimental paradigm.
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4.4 Application

How could the findings of this present study be utilized in our daily life? As it is 
expected that appetite and meal size could be reduced under the presence of OSM 
odor, you will be more satisfied (satiated) with a smaller meal size that otherwise 
would not fulfill your appetite (Figure 10). Repeating this procedure at every meal, 
you could adjust yourself to eating smaller meals, which could possibly lead to a 
reduction in body weight. To examine this possibility, we performed a pilot study 
[53] where five females were exposed to OSM odor daily from the hour of rising to 
bedtime for 12 days. For delivery of the odor, each subject hung a small case con-
taining a filter paper soaked in OSM essential oils around their neck. At the end of 
the experiment, the subjects showed a reduction in total body fat and body weight, 
compared with five females in the non-odor control group. For a practical use, it is 
necessary to elucidate the most effective and convenient method of odor exposure, 
or exposure duration. A proper use of the OSM odor as well as grapefruit odor could 
be an attractive and promising tool to promote ecological eating and to improve and 
promote good health.

A limitation of our study pertains to the selection of subjects and the duration 
of odor stimulation. The number of subjects was not enough to analyze the results 
in terms of sex differences because the number of male subjects was too small to be 
compared with female subjects. Subjects wore masks with odor continuously for 
70 minutes and another 70 minutes, separated by a 20-minute-intermission without 
masks. Adaptation to odors is a well-known phenomenon: repeated or prolonged 
exposure to an odorant leads to decreases in olfactory sensitivity to that odorant 
[54–56]. According to Inoue et al. [48], five-minutes continuous exposure to the 
odor of jasmine tea affected autonomic nerve responses for more than 60 minutes, 
suggesting that our prolonged odor presentation may have not been necessary. 
Proper duration of exposure and concentration of the odor should be determined 
more precisely in future studies.

Figure 10. 
A model showing that a less amount attains the same satiation level after exposure to the Osmanthus fragrans 
(OSM) odor. Suppose the degree of satiation increases linearly with the amount of food consumed, the amount 
of food intake “a” attains satiation level “a”. after exposure to the OSM odor, the line (relationship between the 
amount of food consumed and the degree of satiation) shifts upward, and the same satiation level “a” can be 
attained by taking less amount of food “b”, indicating that the OSM odor is effective in satisfying appetite with 
a smaller volume, otherwise you will be unhappy because you are not full and want to eat more. A proverb says 
that “moderation in eating is the best medicine”. Inlet picture denotes OSM flowers.
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5. Conclusion

The present human experiments have shown that OSM odor is agreeable and 
elicits sedative effects, improves mood, attenuates hunger, and reduces food intake. 
Grapefruit odor, which has also been shown to attenuate food intake, activates sym-
pathetic nerve activity and had no effects on expression of feeding-related neuro-
peptides in rats, which is contrary to the results obtained for OSM odor, indicating 
the difference of causative neural mechanisms between the two odors. Exposure 
to OSM odor before eating and that to grapefruit odor after eating may be recom-
mended as the effective practical use for preventing from overeating and obesity.
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Chapter 2

Lactate and Ketone Bodies Act as 
Energy Substrates as Well as Signal 
Molecules in the Brain
Shinichi Takahashi

Abstract

Astroglia or astrocytes, the most abundant cells in the brain, are interposed 
between neuronal synapses and the microvasculature in the brain’s gray matter. This 
unique anatomical location allows astroglia to play pivotal roles in brain metabolism 
as well as in the regulation of cerebral blood flow. In particular, astroglial cellular 
metabolic compartmentation exerts supportive roles in dedicating neurons to the 
generation of action potentials and protects neurons against the oxidative stress 
associated with their high energy consumption. Key products of astroglia include 
lactate and ketone bodies (beta-hydroxybutyrate and acetoacetate), which can 
also be produced avidly by muscle and liver, respectively. Therefore, brain cells, 
skeletal muscles, and hepatocytes constitute a metabolic compartmentation in the 
whole body. In this chapter, I will focus on brain cells, especially astroglia, since 
the impairment of normal astroglial function can lead to numerous neurological 
disorders including stroke, neurodegenerative diseases, and neuro-immunological 
diseases. I will also discuss the metabolic responses of brain cells in terms of food 
consumption and exercise. A better understanding of the astroglial metabolic 
response is expected to lead to the development of novel therapeutic strategies for 
diverse neurological diseases.

Keywords: astrocyte, astroglia, brain-derived neurotrophic factor,  
beta-hydroxybutyrate, fatty acids, glucose

1. Introduction

“Eating”, especially glucose ingestion is essential for brain function. When we 
get tired either physically or mentally, we may want “sweet stuff”. Some people 
prefer “fatty food”. These unconscious impulses imply fundamental roles of glu-
cose and fatty acid in the brain. The human brain is a complex, organized organ 
consisting of numerous cell types including neurons and glial cells [1, 2]. In addi-
tion, the microvasculature, which supplies oxygen and glucose, is also an essential 
component [3]. The human adult brain weighs 1.4 kg, or approximately 2% of the 
body weight, and consumes 20% of the total oxygen consumption and 25% of the 
glucose consumption in the body (Figure 1) [4, 5]. Brain function mainly consists 
of intellectual information processing, which is based on the generation of action 
potentials resulting from ionic flux across the cellular membrane. The ratio of 
the cerebral metabolic rate of oxygen (CMRoxy) to glucose (CMRglc) consumption 
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is approximately 6, implying the complete oxidation of one molecule of glucose 
(6 carbon molecules) for every 6 molecules of oxygen, producing CO2 and H2O 
(Figure 1) [4, 5]. The first step in glucose metabolism is glycolysis, which generates 
2 ATPs; pyruvate/lactate is the end-product of glycolysis, and this product then 
enters the tricarboxylic acid (TCA) cycle, where ATP is produced more efficiently 
(resulting in 36 ATPs). Continuous ATP production is essential to generate action 
potentials, maintaining consciousness as well as intellectual function. Surprisingly, 
however, ATP production in the brain is solely dependent on glucose and oxygen as 
energy substrates [4, 5]. Moreover, these essential energy substrates must be sup-
plied from outside of the brain through the microvasculature, since there is virtu-
ally no storage of glucose or oxygen in the brain. As a result, even a short period of 
cessation in cerebral blood flow (CBF) induces an immediate impairment of brain 
function [6]. Longer periods of ischemia cause irreversible damage to brain cells, 
making the restoration of function in stroke patients difficult even after vigorous 
rehabilitation [6, 7].

Regarding the maintenance and restoration of brain function, the topic of syn-
aptic plasticity is essential. The theoretical basis of the beneficial effects of physical 
exercise on brain function relies on the facilitation of synaptic transmission and 
plasticity. Brain-derived neurotrophic factor (BDNF) plays a pivotal role in main-
taining the neural network, improving its function, and restoring the network after 
damage [8, 9]. BDNF is a neurotrophic factor that was identified in the pig brain for 
the first time in 1982 [9]. BDNF, which is produced in both neurons and glial cells, 
improves a wide variety of neuronal functions including both motor functions and 
memory [8, 9]. Physical exercise does, indeed, improve not only motor function, 
but also mental function [10–12]. Unfortunately, however, the exact mechanism 
by which physical exercise induces BDNF production in the brain has not yet been 
elucidated. Recently, two nutrient molecules that are closely related to brain energy 
metabolism have become points of focus: lactate [13, 14] and beta-hydroxybutyrate 
(BHB) [15, 16]. The former is an end-product of glycolysis, and the latter is a type of 
ketone body, which are metabolites of fatty acid produced through beta-oxidation. 
Importantly, the concentrations of both lactate and BHB have been widely recog-
nized as being elevated after exercise as a result of increases in their production by 
skeletal muscle and in the liver, respectively. Furthermore, both lactate and BHB are 
transported into the brain via monocarboxylate transporters (MCTs) (Figure 2) 
[17]. Therefore, lactate and BHB are also cable of acting as signal molecules result-
ing in BDNF production in the brain.

Figure 1. 
Cerebral metabolic rate of glucose (CMRglc) and oxygen (CMRoxy) in human adults (adapted from [4]).
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As described above, brain energy metabolism is solely dependent on exogenous 
glucose and oxygen supplied from outside the brain under normal physiological 
conditions [4, 5]. Importantly, however, it has also long been known that exog-
enous lactate and BHB can fuel the brain as alternative energy substrates under 
non-physiological conditions such as starvation, insulin-resistance and so on [4, 5]. 
Lactate enters the TCA cycle of the neurons after the conversion of acetyl-CoA by 
the pyruvate dehydrogenase complex (PDHC), while BHB can enter the TCA cycle 
directly without the action of PDHC (Figure 3) [4, 5]. These mechanisms imply 
that the exercise-induced production of lactate and BHB provides (1) energy sub-
strates for the short-term maintenance of brain function, and (2) signal molecules 
capable of inducing BDNF production in the brain for the long-term maintenance 
of brain plasticity.

Figure 2. 
Physical activity, brain, muscle, liver, and BDNF: hypothetical model 1. BDNF, brain-derived neurotrophic 
factor; MCT1, monocarboxylate transporter 1 (expressed on brain microvessels).

Figure 3. 
Transportation and metabolic pathway of lactate and ketone bodies (β-hydroxybutyrate and acetoacetate) into 
neural cells. MCT, monocarboxylate transporter; Glut, glucose transporter; TCA, tricarboxylic acid; PDHC, 
pyruvate dehydrogenase complex.
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The brain, muscle, and liver therefore compose a metabolic network that is 
linked through physical exercise. Of note, physical exercise (voluntary movement) 
is initiated by neuronal excitation (Figure 2) [4, 5]. Generally, the functional acti-
vation of the brain increases both local CMRglc and local CMRoxy to produce more 
ATPs. Under normal resting conditions, neither lactate nor BHB is present in the 
blood in sufficient quantities to be transported into the brain because of the slow 
transportation kinetics of MCTs [4, 5]. As a result, their roles as energy substrates 
for the brain seem to be limited. Importantly, however, the brain itself, or more 
exactly its astroglia, can produce both lactate and BHB upon neuronal excitation 
(Figure 4) [3–5]. Our research has focused on the metabolic compartmentalization 
between neurons and glial cells [18–27], revealing that astrocytes produce both 
lactate and BHB, both of which can fuel neurons as energy substrates, via processes 
that are coupled with neuronal excitation [3]. Accumulating evidence supporting 
the actions of exogenous lactate and BHB as signal molecules that induce BDNF 
converge in this intracerebral metabolic compartment between neurons and astro-
cytes, where astrocyte-derived lactate and BHB support neuronal function in terms 
of both energy metabolism and synaptic plasticity [3].

2.  Sources and roles of exercise-induced lactate and ketone bodies in the 
brain

Physical activity is known to elevate lactate levels in the blood [13, 14]. Since 
physical activities are beneficial for the maintenance of both mental and physical 
health, an exploration of the mechanisms by which physical exercise improves 
neuronal function is an important target. Energetically, human brain function is 
solely dependent on the oxidative metabolism of glucose [4, 5]. Glucose is continu-
ously supplied by the blood stream, since virtually no glucose storage exists in the 
brain. Besides the brain, only the testis is known to rely on glucose as an energy 
substrate [4, 5].

Glucose in the blood is taken up by glucose transporter 1 (Glut1) in the 
endothelium of brain microvessels [3–5, 17]. In addition to this glucose trans-
porter, MCTs expressed in the brain microvessels allow lactate and ketone bodies 

Figure 4. 
Physical activity, brain (neurons and glial cells), muscle, liver, and BDNF: hypothetical model 2. BDNF, 
brain-derived neurotrophic factor; MCT2, monocarboxylate transporter 2 (expressed on neurons), MCT4, 
monocarboxylate transporter 4 (expressed on astroglia).
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(especially BHB) to cross the blood–brain barrier (BBB) [3–5, 17]. Neural cells 
(neurons and glia) are thus able to take up glucose, lactate, and BHB via glucose 
transporters or MCTs (Figure 2) [17]. Once lactate or BHB is transported into the 
brain cells, they enter the TCA cycle to act as energy substrates, similar to glucose 
(Figure 3). Although neither lactate nor BHB is an efficient energy substrate 
because of the slow transportation kinetics of MCTs, elevations in their blood 
concentrations allow them to act as energy sources supplied externally from the 
brain [3–5]. The concentrations of both lactate and BHB do, indeed, increase after 
physical exercise [28, 29]. The sources of the elevated lactate and BHB levels in the 
blood after physical activity are the skeletal muscles and liver, respectively [3–5]. 
Under starvation and insulin-resistance in diabetic patients, glucose availability 
in the peripheral tissue is limited, and BHB can fuel brain function in the place of 
glucose.

In addition to their roles as energy substrates, both lactate and BHB can improve 
brain function through synaptic plasticity. Ample evidence supports BDNF being a 
key molecule in the induction of neuronal plasticity [8, 9]. BDNF is a member of the 
neurotrophin family and is produced in neurons as well as glial cells [8, 9]. BDNF 
promotes neurite outgrowth, facilitates synaptic transmission, and regenerates the 
neuronal network. Recent evidence suggests that both lactate and BHB, which are 
produced outside the brain during physical exercise, act as signal molecules in the 
brain after crossing the BBB [13–16]. Lactate induces BDNF expression, and this 
action of lactate is dependent on the activation of Sirtuin1 deacetylase. Silent infor-
mation regulator 1 (SIRT1) increases the levels of the transcriptional coactivator 
peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) 
and the secreted molecule fibronectin type III domain-containing protein 5 
(FNDC5), which are known to mediate BDNF expression [13, 14]. In contrast, BHB 
induces BDNF expression by acting as a direct Class I histone deacetylase (HDAC) 
inhibitor. By inhibiting HDAC2 and HDAC3 and by preventing their recruitment to 
BDNF promoter I, BHB induces BDNF expression [15, 16].

3. Lactate production and consumption in the brain

In addition to skeletal muscles, numerous cells in the body generate lactate. 
Especially under a hypoxic/anoxic state, virtually all cell types generate lactate 
through glycolysis, since the further oxidation of lactate in the mitochondrial TCA 
cycle is inhibited because of oxygen unavailability [3–5]. Importantly, even under 
a sufficient supply of oxygen, lactate production can occur (aerobic glycolysis). 
Although brain function is dependent on the complete oxidation of glucose, cellular 
differences in the cell types should be noted. In fact, astroglia seem to be more 
glycolysis-dependent, compared with neurons (Figure 5) [3, 23]. Astroglia exhibit 
normal mitochondrial function and are capable of oxidizing glucose as well as 
lactate/pyruvate in mitochondria (Figures 6–8), albeit lactate/pyruvate does not 
seem to be an ideal substrate [3, 23].

Astroglial endfeet envelope brain microvessels as well as synapses (Figure 9) 
[30–32]. This anatomical location of astroglia seems to be suitable for the direct 
uptake of glucose from the microvessels [3]. Glucose is metabolized glycolytically 
in the astroglial cytosol, generating lactate/pyruvate (Figure 9). In contrast to 
neurons, however, ATP consumption by astroglia is much smaller than that by 
neurons, since astroglia do not generate action potentials. In fact, approximately 
one half of the total neuronal ATP consumption reflects Na+,K+-ATPase activity, 
which restores and maintains the ionic gradient across the cell membrane to main-
tain the generation of action potentials [4, 5]. Astroglial Na+,K+-ATPase also plays 
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a role in maintaining the ionic gradient, and this helps astroglia to take up gluta-
mate released into the synaptic cleft (Figure 9) [3, 18, 33]. Glutamate is the most 
widely distributed excitatory transmitter, and primary motor neurons in the motor 
cortex release glutamate, which in turn activates secondary motor neurons in the 
spinal cord to induce muscle contraction. Whether glutamate re-uptake stimulates 
astroglial CMRglc and CMRoxy remains controversial [3, 18, 33–53]. In an in vitro 
culture model, at least, the application of glutamate increased glucose consumption 
(Figure 10) as well as lactate production (Figure 11), suggesting the activation of 
glycolysis in an CMRoxy-independent manner [3, 18, 33].

Figure 5. 
Glucose consumption and lactate production measured directly in culture medium for rat astroglia and neurons 
(adapted from [23]).

Figure 6. 
Competition assay 1: [14C]glucose oxidation is inhibited by lactate by approximately half in neurons but not in 
astroglia (adapted from [23]).
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4.  Primary astroglia from rodent brain and human iPS cell-derived 
astroglia

Classically, cultured astroglia prepared from rats or mice have been used to assess 
the metabolic properties of astroglia in vitro [3]. Basal glucose consumption by 
cultured rodent astroglia seems to be comparable to that by cultured rodent neurons. 
Interestingly, however, the amount of lactate that is released into the culture media 
is much higher in astroglial cultures than in neuronal cultures (Figure 5) [3, 23], 

Figure 8. 
Competition assay 3: [1-14C]pyruvate oxidation is somewhat inhibited by glucose in neurons.

Figure 7. 
Competition assay 2: [14C]lactate oxidation is somewhat inhibited by glucose in neurons but is markedly 
inhibited in astroglia (adapted from [23]).
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suggesting the occurrence of active aerobic glycolysis in astroglia. Although the glu-
cose consumption of astroglia seems to be comparable to that of neurons, the in vivo 
location of astroglia in the brain may make glucose uptake more suitable [30–32]. In 
contrast, neurons are not in direct contact with microvessels. Therefore, avid glucose 
uptake by cultured neurons may not reflect glucose metabolism in vivo. Of course, 
glucose supplied from the microvessels diffuses into the extracellular space and can 
be taken up by neurons via their glucose transporters (Glut 3) (Figure 9) [3, 17]. In 
addition to glucose, lactate generated by astroglia and released into the extracellular 
space can also be taken up by neurons via neuronal MCT2 (Figure 9) [3, 17]. When 
both glucose and lactate are available, cultured neurons metabolize lactate preferen-
tially (Figures 6 and 7) [3, 23].

Figure 10. 
Glutamate stimulates [14C]deoxyglucose phosphorylation through a Na+-dependent glutamate transporter in 
rat cultured astroglia (adapted from [18]).

Figure 9. 
Astrocyte-neuron lactate shuttle hypothesis (ANLSH) (adapted from [3]).
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Neuronal activation causes glutamate release in the synaptic cleft. The maximal 
concentration of glutamate can reach 1 mM, which is toxic to neurons. To prevent 
glutamate toxicity, the end-feet of astroglia, which envelope the synapse (tripartite 
synapse) [32], remove glutamate via glutamate transporters together with the co-
transportation of Na+ based on an inwardly lower Na+-gradient across the mem-
brane [3, 16, 33]. This inwardly lower ionic concentration gradient is maintained by 
Na+,K+-ATPase; thus, ATP production requires glucose as an energy substrate. So 
far, cultured astroglia typically show high glucose utilization and lactate produc-
tion, and these profiles are exaggerated by the addition of glutamate. Recently, we 
evaluated astroglia that had differentiated from human induced-pluripotent stem 
(iPS) cells and observed the conservation of similar metabolic profiles [54]. These 
results suggest that glutamate uptake enhances the consumption of glycolysis-
derived ATP. Of note, glutamate in astroglia is converted into glutamine and 
recycled back to neurons (glutamate-glutamine cycle) (Figure 5) [3]. In addition, 
some of this glutamate is converted to alfa-ketoglutarate and utilized as a TCA 
cycle substrate (Figure 12) [3–5]. The capacity for glutamate oxidation is greater in 
astroglia than in neurons (Figure 13) [unpublished data]. Moreover, recent findings 

Figure 11. 
Effects of L-glutamate on lactate release measured directly in culture medium for rat astroglia (adapted 
from [23]).
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Figure 13. 
[1-14C]glutamate oxidation (CO2 production from glutamate) in astroglia and neurons.

suggest that malate, an intermediate TCA metabolite, contributes to lactate produc-
tion through its conversion into lactate via malic enzyme (Figure 14) [3].

5. Fates of lactate produced by astroglia

Whether lactate produced and released from astroglia can be used as an energy 
substrate by neurons has long been debated [36–53]. Theoretically, MCT4 in astroglia 

Figure 12. 
Glutamate taken up by Na+-dependent glutamate transporters enhances astroglial energy metabolism  
(both glycolytic and/or oxidative) (adapted from [3]).
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export lactate outside such cells, and MCT2 in neurons take up lactate [3, 17]. Once 
lactate enters a neuron, it could become a preferential energy substrate, compared 
with glucose; this pathway is known as the astrocyte-neuron lactate shuttle model 
(Figure 5) [3, 33]. In our in vitro culture model, increasing the concentrations of 
lactate enhanced the neuronal oxidation of lactate (Figure 15) [23]. The argument 
against this model is based on the high affinity of MCT2, which results in the rapid 
saturation of lactate transportation into neurons [52, 53]. Thus, astroglial lactate 
production does not favor neuronal lactate utilization. The validity of this model 
should be elucidated in vivo.

Figure 14. 
Glutamate taken up by Na+-dependent glutamate transporters enhances lactate production through a glycolytic 
pathway as well as through malic enzyme activation in astroglia (adapted from [3]).

Figure 15. 
Increasing lactate concentrations (1–3 mM) enhance [14C]lactate oxidation in cultured neurons (adapted 
from [23]).
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Lactate plays a role as a signal molecule. BDNF expression can also be induced by 
lactate through the activation of Sirtuin1 deacetylase. SIRT1 increases the levels of 
the transcriptional coactivator PGC-1α and the secreted molecule FNDC5, known 
to mediate BDNF expression [13, 14]. Moreover, hydroxycarboxylic acid receptor 1 
(HCAR1) has been found to act as a lactate receptor that results in the suppression 
of neuronal activity [55–57]. Lauritzen et al. showed that HCAR1 at the BBB was 
essential for mediating the effects of exercise on angiogenesis in a mouse model 
[56]. Furthermore, lactate binding to HCAR1 on neurons inhibits adenylate cyclase 
and thus decreases cAMP, thereby reducing neuronal activity and gene regulation. 
The potential negative modulation of BDNF production by lactate through HCAR1 
should be examined more closely in the future.

6.  Astroglia produce ketone bodies, which serve as neuronal energy 
substrates

In addition to BHB, acetoacetate and acetone are listed as ketone bodies. During 
starvation, ketone body production by hepatocytes in the liver is enhanced [3–5]. 
Astroglia in the brain function similar to hepatocytes and generate more ketone bodies 
than neurons (Figure 16) [3, 25]. The production of BHB is regulated by the AMP/ATP 
level, or the cellular energy state. AMP-activated protein kinase (AMPK) can sense 
a decrease in ATP and the resultant increase in AMP, which induces the activation of 
AMPK. Decreased malonyl-CoA stimulates the beta-oxidation of long-chain fatty acids, 
enhancing the production of acetoacetate and BHB. 5-Amino-1-b-D-ribofuranosyl-
imidazole-4-carboxamide (AICAR), an activator of AMPK, stimulates these two ketone 
bodies in astroglia (Figure 17) [3, 25]. Similar to lactate, BHB is exported via MCT4 and 
is then imported into neurons through MCT2 and used as an alternative energy sub-
strate [3, 17]. Unlike glucose-derived lactate, which needs to be converted to acetyl-CoA 
by PDHC to enter the TCA cycle, BHB enters the TCA cycle in an PDHC-independent 
manner. PDHC is susceptible to cellular stressors like reactive oxygen species (ROSs). 
Enhanced lactate production under brain ischemia triggers the accumulation of lactate. 
Unfortunately, however, re-perfusion therapy might not be helpful when PDHC is 

Figure 16. 
[1-14C]palmitic acid (PA) derived-CO2 and acid-soluble fractions (ketone bodies: KBs) in rat neurons and 
astroglia (adapted from [25]).
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damaged, since lactate is incapable of being utilized even in the presence of re-supplied 
oxygen (Figure 18). In contrast, neurons can utilize BHB instead of lactate, and ATP 
production can be restored after re-oxygenation (Figure 18) [3, 25].

7. BHB acts as an HDAC inhibitor and as a ligand of HCAR2

Vigorous physical exercise induces BHB production by the liver, but 
astroglial BHB production under similar conditions has not been confirmed. 

Figure 17. 
Ketogenesis by astroglia and neurons by 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), a  
cell-permeable activator of AMPK (500 μM) (adapted from [25]).

Figure 18. 
Effects of 1% hypoxia (24 h) on oxidative metabolism of lactate (LAC), pyruvate (PYR), or 
β-hydroxybutyrate (BHB) in neurons (adapted from [25]). Neuronal utilization (oxidative metabolism) of 
LAC and PYR was significantly reduced after hypoxia, while BHB oxidation was preserved.
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Liver-derived BHB acts as a direct Class I HDAC inhibitor. By inhibiting HDAC2 
and HDAC3 and preventing their recruitment to the BDNF promoter I, BHB 
induces BDNF expression [15, 16]. As described above, ischemic insults do, 
indeed, activate astroglial BHB production. Therefore, BHB-induced BDNF may 
help neuronal regeneration after ischemic damage. Further study is warranted. 
BHB released from astroglia also acts as a ligand of hydroxycarboxylic acid 
receptor 2 (HCAR2) and exerts neuroprotective effects by activating HCAR2, 
which in turn promotes the downstream activation of silent information regula-
tor 1 (SIRT1) and inhibits nuclear factor-kappa B (NFκB) to protect against 
oxidative stress [58–61].

8. BHB can play a role in remyelination in the white matter of the brain

In terms of functional recovery, both the neuronal structure and myelination 
are essential [3, 7]. As for the energy supply, the white matter axons of neurons are 
myelinated by oligodendrocytes. The astroglial end-feet are in direct contact with 
neurons only at Ranvier nodes, implying that neither glucose nor lactate can reach 
neurons easily. In fact, axonal metabolic demand is fulfilled by lactate supplied 
by oligodendrocytes. How lactate is generated by oligodendrocytes remains to be 
elucidated. Since astroglial end-feet are suitable for the uptake of glucose from 
microvessels, lactate generated in astroglia could be transported to oligodendro-
cytes; alternatively, a pathway involving the direct uptake of glucose by oligoden-
drocytes could be involved. Importantly, myelin damage (demyelination) can occur 
in various neurological disorders, while the remyelinating capacity can potentially 
restore damaged myelin (remyelination). Myelin cholesterol synthesis is essential 
for such a process, and BHB could be a possible substrate [62–65]. Moreover, BDNF 
reportedly facilitates myelination [66].

9. Summary

Brain function is dependent on glucose, which is supplied from outside the 
brain as food. The unavailability of glucose forces the brain to utilize ketone bodies, 
especially BHB. In addition to glucose and BHB, lactate is another possible energy 
source for the brain. Physical exercise enhances the production of both lactate and 
BHB. The former is generated in skeletal muscles, while the latter is generated in 
liver hepatocytes. Interestingly, astroglia can generate both lactate and BHB inside 
the brain upon neuronal excitation. Astroglia-derived lactate and BHB can serve 
as alternative energy substrates, since physical activities are initiated by neuronal 
excitation, which cause astroglia to generate lactate and BHB inside the brain. 
Irrespective of the origins of lactate and BHB, both can be transported into neu-
rons and simulate BDNF production, facilitating neurotransmission and synaptic 
plasticity. Thus, physical activity helps the human brain to function in a healthy 
manner through a metabolic compartment composed of glial cells, skeletal muscles, 
and liver.
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HCAR2 hydroxycarboxylic acid receptor 2
iPS cell induced-pluripotent stem cell
MCTs monocarboxylate transporters
NFκB nuclear factor-kappa B
PGC-1α peroxisome proliferator-activated receptor gamma coactiva-

tor 1-alpha
PDHC pyruvate dehydrogenase complex
ROSs reactive oxygen species
SIRT1 silent information regulator 1
TCA tricarboxylic acid
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Chapter 3

Roles of Glucose and Sucrose 
Intakes on the Brain Functions 
Measured by the Working Ability 
and Morris Maze
Akikazu Takada, Fumiko Shimizu, Yukie Ishii, M. Ogawa  
and Tetsuya Takao

Abstract

Sugars such as glucose or sucrose are considered hazardous foods because their 
intakes lead to obesity, further causing diabetes mellitus (DM), or cardiovascular 
diseases. However, glucose is needed for many brain functions such as memory and 
emotion among others. Glucose induces the secretion of insulin, which is needed 
for transportation of tryptophan from the blood to the brain. Serotonin, which is 
converted from tryptophan, is important for mood stability, control of emotion, and 
feeding is inhibited by serotonin in the hypothalamus. We discuss transportation of 
glucose from the blood to the glia cells. After glycolysis of glucose in the glia lactic 
acid is transported to cells such as glutaminergic neurons. After the release from 
neurons glutamic acid is taken up into glia cells and further to neurons again. Sucrose 
is degraded into glucose and fructose in the intestine thus intake of sucrose increases 
plasma levels of glucose. We show that intake of sucrose enhanced memory measured 
by Morris maze in rats and improved the working ability in humans. Roles of glucose 
and sucrose intakes are discussed together with the  function of serotonin in feeding.

Keywords: sucrose, glucose, feeding, glucose transporter, glutaminergic neuron, 
Morris maze, working ability, glycolysis, astrocyte, serotonin, hypothalamus

1. Introduction

Obesity is now a global burden [1, 2]. Increase in the prevalence of obesity 
has lead the American Heart Association (AHA) to call for actions to prevent the 
consequences of this epidemic [3, 4]. Recently, the AHA reviewed many weight-loss 
approaches for the management and treatment of obesity [5].

Foods such as fats, carbohydrates or sugar are considered to be causes of such 
increase in global obesity pandemic. Intakes of carbohydrates result in increase in 
release of insulin which suppresses the release of fatty acids into circulation, thus 
storage of fat in fat cells. So carbohydrate is blamed for increase in obesity.

The German Nutrition Society published guidelines in which relationships 
between carbohydrate intake and prevention of nutrition-related diseases are 
indicated [6]. The guideline proposes that high carbohydrate intake at the expense of 
total fat and saturated fatty acids reduces the concentrations of total, LDL, and HDL 
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cholesterol. A high carbohydrate consumption at the expense of polyunsaturated 
fatty acids such as EPA or DHA increases total and LDL cholesterol. But reduces HDL 
cholesterol. Further, intake of high carbohydrate increases triglyceride concentration. 
High consumption of sucrose increases obesity and type2 diabetes mellitus (T2DM).

On the other hand, as stated later, glucose is needed for many brain functions such 
as memory, emotion, decision, motivation etc. Sucrose is degraded in the intestine 
and gives rise to glucose. Some studies show that sucrose intakes improve memory.

In the present review, we discuss the transportation of glucose from the blood 
to the brain, influences of glucose or sucrose on memory and working ability, and 
feeding.

2. Importance of glucose in the brain functions

It is now well known that glucose is important for a variety of brain functions. 
Late 20th century, the development of positron emission tomography (PET) made 
it possible to visualize the amount of glucose in discrete regions of the brain. For 
example, light stimulation increased the metabolism of cerebral glucose in the 
primary visual cortex [7].

The learning of a complex visuospatial motor task was shown to increase the use 
of glucose by the brain [8].

Summarizing data published, PET studies showed that cognitive demand 
increased glucose metabolism in localized regions of the brain. In PET studies 
radioactively labeled glucose appears in brain areas that are metabolically active 
within a few minutes after the injection into blood. These observations indicate that 
the brain relies on glucose when neurons are activated.

2.1 Transportation of glucose from blood to brain

Tsacopoulos et al. [9] indicated that capillaries of the brain are surrounded by glia 
cells and glucose uptaken is phosphorylated exclusively in glia cells, not in neurons.

In mammalian there is evidence that glutamate is a coupling signal between 
neuronal activation and glucose uptake by astrocytes [10, 11].

Astrocytes surround capillaries, which indicate that astrocytes form the first 
cellular barrier that glucose encounters in the brain. This suggests that astrocytes 
are likely sites of primary glucose uptake (Figure 1).

Schematic figure of the cytological relationships among capillary, astrocyte, 
and neuron. Processes of astrocytes surround capillaries (end-feet) and ensheath 
synapses. Receptors and uptake sites for neurotransmitters are on astrocytes. 
Astrocytes are ideally suited to sense synapse activity and to couple it with glucose 
uptake and its metabolism.

There are glucose transporters (55kDA Glut1) in the inner sites and outer sites of 
endothelial cells, and between astrocytes and capillaries (45kDA Glut1). There are 
Glut 3 transporters on walls of neurons [12].

Glut 1 and Glut 3 glucose transporters are present in the walls of capillaries and 
neurons (Figure 2).

Glucose transporters, Glut1 are located in the luminal and abluminal mem-
branes of brain endothelial cells. There are small amounts of Glut 1 located in the 
cytoplasm and the largest fractions of Glut1 are at the abluminal membranes. The 
lower content of Glut1 at the luminal membrane may be due to the comparably high 
glucose concentration in this membrane, which is close to the plasma concentration.

There appears to be a tight coupling between Na+ dependent glutamate uptake 
by astrocytes and glucose utilization [13] (Figure 3).
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Glutamate is cotransported with Na+, causing increase in the concentration Na+ 
in astrocytes, which activate the astrocyte Na+/K+-ATP ace. Activation of Na+/K+-
ATPase stimulates glycolysis. Lactate released by astrocytes is taken up by neurons 
and become energy source of neurons.

When summarized, glucose is degraded by glycolysis in astrocytes which gener-
ates two molecules of ATP used for uptake of K+ and glutamate from the synaptic 
cleft. When neurons are active, glycolysis is more active, so that transportation of 
glucose from the blood to astrocytes increases.

2.2 Roles of glucose in memory

It has been known long time that glucose intake improves cognitive behaviors. 
In elderly humans, changes in blood glucose levels following ingestion of a glucose 
containing drink was shown to be significantly correlated with performances in the 
Wechsler memory scale [14].

Figure 1. 
Capillary, astrocyte and neuron.

Figure 2. 
Glucose transporters in the walls of capillaries and the walls of neuron.
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Verbal fluency of a group of 80 females, aged 20, was measured after taking a glu-
cose drink or placebo. The fluency was significantly higher after a glucose drink [15].

It was shown that an equilibrium starts between the level of glucose between 
blood and brain [16]. Such mechanism suggests that higher blood glucose levels 
promote better performance of brain functions.

The recall of a story was associated with blood glucose levels measured by Wechsler 
memory scale [17]. A positive correlation between blood glucose and forgetting was 
shown in young adults, thus those with higher initial blood glucose remember more.

There are various data indicating that glucose supply to the brain is necessary for 
maintaining good performances of brain functions.

In rats, systemic injections of glucose were shown to enhance learning and memory 
in many conditions. When microinjected into the specific sites of the brain, glucose 
levels increased and improved behavioral performances controlled by these sites [18].

Furthermore, glucose administration was shown to enhance memory in gener-
ally healthy aged rodents and humans. Glucose ingestion resulted in significant 
enhancement of performances on several tests including orientation, word recogni-
tion, and recall, narrative prose, and face recognition [19].

2.3 Glucose and memory measured by Morris maze experiments

As stated above, glucose intakes improve brain functions. Sucrose is degraded 
to glucose in the intestine and glucose is transported to the blood. A few systematic 
studies have been carried out as to the effects of sucrose on brain function [20, 21].

Morris used the delayed matching-to-place task which is an unusual variant of 
the water-maze protocols [22].

2.3.1 Experimental procedures

Wistar rats aged 11 weeks were trained in water to learn the location of the plat-
form. Rats later learned to reach the platform in 15 min. After 6–12 trials. Rats were 

Figure 3. 
Transportation of glucose from the blood to neurons.
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administered either glucose (2 g/8 ml/kg) or 8 ml/kg of water intraperitoneally. 
24 hours later rats swam in Morris water maze and the ratio of stay at the platform 
(target) quarter to the rest of the area was measured. The distance to the target was 
also compared between glucose administered rats and the controls.

2.3.2 Results

Figure 4 show that the ratio of stay in the target quarter in the test was larger 
after glucose was given, but data are not statistically significant.

Rats were given sucrose solution (10%) or sucralose solution (0.015%) or water 
as a control in a drinking bottle.

Figure 4. 
Effects of glucose administration on memory [23].

Figure 5. 
Effects of sucrose administration on the improvement of memory.



Psychology and Pathophysiological Outcomes of Eating

46

Figure 5 shows that rats given sucrose stayed at the target quarter significantly 
more compared with rats given sucralose. There was no significant decrease about 
the proximity measurements between rats given sucrose and sucralose.

These results clearly show that the administration of sucrose improved memory 
consolidation when compared with rats given sucralose in Morris maze experiments.

3.  The working ability after administration of glucose, sucrose or 
fructose in young women

Female college students participated in the experiments. They took Uchida-
Kraaepelin tests and drank solutions containing glucose, sucrose, fructose or water 
as controls.

3.1 Uchida-Kraepelin tests

There are numbers of a digit lined. Two numbers lined together are added 
[24, 25]. The number of the higher digit is described. This procedure is repeated 
for 1 min. Then the addition of numbers of the second line was performed, and 
repeated for 15 min. The total numbers added are calculated, and the numbers are 
compared before and after the experiment.

The working duty of 1 min. Was repeated 15 times then drinks were taken. After 
blood measurements at 30 min. Tests were repeated.

Figure 6 shows that the working ability was significantly higher after the 
administration of sucrose, although there was a tendency for the working ability 
to increase after glucose or fructose administration, but not significantly.

We examined correlation coefficients between blood glucose levels and the 
working ability. Although there tends to be increase in the working ability with 
increase in blood glucose levels, but not significant.

Figure 6. 
Relationship between sugar administration and the working ability.
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4.  Transportation of tryptophan to the brain and conversion to 
serotonin

Central serotonergic neurons play important roles in a variety of functions in 
animals and humans (see Review [26]).

We wanted to know if serotonin affects feeding by using injection of MAO 
inhibitor such as tranylcypromine (TC) intra peritoneally or by microinjection of 
TC into the hypothalamus.

At first, we injected TC intraperitoneally into rats and measured changes in body 
weights and foods intake [27].

Figure 7 shows that after the injection of TC in rats body weights decreased and 
amounts of food intakes decreased significantly.

Figure 8 shows that micro infusion of TC solution into the paraventricular 
nucleus of hypothalamus resulted in dramatic decrease of food intakes and body 
weight. These data suggest that serotonin inhibited feeding.

Figure 7. 
Growth curves of rats administered with TC or vehicle.

Figure 8. 
Changes in body weight and amounts of food intakes after the injection of TC into hypothalamus.
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5. Discussion

Obesity pandemic is a great concern for not only health professionals but lay 
people. Because of such concern, weight loss diets often recommended are the 
restriction of either carbohydrates or fats. Low fat diets were popular in late 20th 
century, but carbohydrate restriction became popular in recent years. The propo-
nents of carbohydrate restriction claim that this diet decreased insulin secretion 
which causes elevated release of free fatty acids from adipose tissues and elevated 
fat oxidation and energy expenditure. The restriction of carbohydrates was 
reported to decrease body fat more than restriction of dietary fat [28–30].

On the other hand it is well known that glucose is needed for many brain 
functions. Although neurons can use lactic acid astrocytes need glucose, which is 
degraded by glycolysis. ATP produced during glycolysis is used for the uptake of 
glutamate released from activated neurons [13, 31–33].

Since the administration of glucose or sucrose improved memory functions 
stated above, we must pay attention to maintaining good brain function in choosing 
carbohydrate restricted diets.

Glucose ingestion increases blood glucose levels, further insulin levels. 
Burtman’s group showed that insulin is needed for the transportation of tryptophan 
from blood to brain [34, 35].

Tryptophan is converted in the brain to serotonin, further melatonin [36].
Figure 9 shows that tryptophan absorbed from the intestine is transported to 

the brain in the presence of insulin. 5HT; serotonin.
Serotonin is important for many brain functions such as emotion, feeding, sleep 

resilience or satiety. We showed that increase in serotonin by intraperitoneal injec-
tion or by infusion into the hypothalamus of tranylcypromine resulted in inhibition 
of feeding (Figures 7 and 8).

Thus, glucose administration indirectly affects brain functions by increasing the 
concentration of serotonin in the brain.

Finally we should not forget the possibility of increased pleasure, thus increased 
motivation due to the stimulation of pleasure centers such as Nucl.Accumbens by 
sweet taste of sucrose as reviewed by Berridge and Kringelbach [37].

Figure 9. 
Tryptophan transport from blood to brain.
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Figure 10 shows a schematic representation of brain areas stimulated by palatable 
foods such as sucrose.

Sucrose applied to the taste buds on the tongue stimulates afferent fibers of cra-
nial nerves such as IX or VII, which send informations of the taste to sensory areas 
of the brain. The stimulations of the taste area further activate Nucl.Accumbens, 
releasing dopamine and the periaqueductal gray in the midbrain, releasing 
βendorphin. Such stimulation may enhance the motivation [38, 39].

6. Conclusion

Since brain needs glucose for variety of functions, attention must be paid to 
glucose when various diets related to glucose administration are discussed.

Conflicts of interest
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Figure 10. 
Brain areas related to the stimulations by taking palatable foods.
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Chapter 4

Circadian Clock, Sleep, and Diet
Junichiro Irie

Abstract

Circadian rhythm is a fundamental process of sustaining metabolic homeostasis 
by predicting changes in the environment. This is driven by biological clocks, which 
operate within a 24-h period to orchestrate daily variation of metabolism and sleep. 
The central clock in the hypothalamus is the master keeper of the circadian rhythm 
and is primarily reset by light, while the feeding-fasting rhythm, that is, nutritional 
stimulus, entrains peripheral clocks in peripheral organs such as the intestine and 
liver. Nutritional stimuli are important modulators of peripheral circadian rhythms 
and may affect the central clock and sleep homeostasis through metabolic altera-
tions. In this chapter, I will summarize the significance of circadian rhythm and 
sleep in metabolic regulation as well as discuss the impact that diet has on circadian 
rhythm and sleep.

Keywords: circadian rhythm, sleep, clock gene, intestinal microbiota, jet lag

1. Introduction

The term circadian rhythm refers to the natural and internal process that 
regulates the sleep-wake cycle in all mammals, and repeats about every 24 h, which 
is almost the same as the rotation of the earth. Circadian rhythm is not only an 
important mechanism for the sleep-wake cycle, but also for the homeostasis of 
endocrine and metabolic systems that rely on the body to predict and adapts to 
changing environments during daytime and nighttime. Since the circadian rhythm 
is maintained even in the absence of light stimulation, this rhythm is called the 
“circadian clock” and determines diurnal fluctuations such as blood pressure and 
body temperature [1]. In mammals, the suprachiasmatic nucleus (SCN) in the 
hypothalamus of the brain is the master keeper of circadian rhythms, and it also 
controls the circadian rhythms of other organs. Animals in which the SCN has been 
damaged are unable to perform circadian activities, and the transplantation of the 
SCN restores their circadian rhythm. SCN neurons form a network and transmit 
circadian rhythms by transcription factors CLOCK, BMAL1, and Period (Per) and 
Cryptochrome (CRY), which suppress their activities.

Although the circadian clock is best known for producing 24-h cycle rhythms 
in movements, metabolism, and hormones, a circadian rhythm also exists in 
peripheral organs, including the liver and digestive tract. These rhythms are called 
peripheral clocks. In addition to the rhythms of clock genes in peripheral organs, 
nutritional stimuli, such as diet, have also been shown to modulate circadian 
rhythms in peripheral organs. Furthermore, the circadian rhythms in peripheral 
organs likely affect the central clocks and vice versa.
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In this chapter, we will focus on the role that circadian rhythms play in systemic 
metabolism as well as the role that nutritional stimuli play in circadian rhythm 
and sleep.

2. The circadian rhythms and metabolic regulation

Circadian rhythms can be found in humans, including a sleep-wake rhythm, 
an eating-hunger rhythm, and hormonal fluctuations that occur on a roughly 24-h 
cycle that is synchronized with the light-dark cycle [2]. This rhythm is mainly 
driven by the biological clock, which in mammals consists of a central clock located 
in the hypothalamus and a peripheral clock in other organs. Light is the main 
environmental synchronizer of the central clock, while eating and motion synchro-
nize the peripheral clock. Optical signals are transmitted from the central clock to 
peripheral organs, such as the skin and muscles, and regulate the circadian rhythm 
of the cell cycle and insulin sensitivity [3].

In mammals, the circadian clock is mainly tuned by transcription factors called 
Circadian Locomotor Output Cycles Kaput (CLOCK) and brain and muscle ARNT-
like protein-1 (BMAL1), which form a heterodimer and activate transcription of 
target genes in the light phase [4, 5]. They target genes that suppress biological 
clocks such as Per (Period) and Cry (Cryptochrome), which suppress the transcrip-
tion of CLOCK-BMAL1 in the dark phase [5]. The clock gene circuit is also regulated 
by the nuclear receptors retinoic acid receptor-related orphan receptor (ROR) 
and REV-ERB, which regulate Bmal1 gene expression positively and negatively, 
respectively. In addition to the transcriptional feedback loop of clock genes, various 
oscillations of gene expression are modulated by the regulation of transcription 
factors other than clock genes [6].

Circadian rhythms in the expression of genes and proteins have also been observed 
in peripheral organs such as the liver and intestine. In fact, approximately 30% of 
gene expression in the intestinal tract shows a circadian rhythm, and this is also 
observed in the proliferation of intestinal epithelium and intestinal permeability. A 
circadian rhythm can also be observed in the blood concentration of triglyceride-rich 
lipoproteins synthesized in the intestinal tract [7, 8]. Furthermore, clock genes such 
as Clock and Bmal1 are expressed in the gastrointestinal tract, and their expression 
is particularly high in the lower gastrointestinal tract and large intestine, with the 
expression site found mainly in the epithelial layer rather than the mucosal layer [8].

These clock genes affect the functions of the intestine by altering the expression 
of target genes, such as sodium-glucose cotransporter (SGLT) 1, which is involved 
in glucose absorption and peptide transporter (PEPT) 1, which is involved in 
peptide absorption. In mice, the transporter involved in glucose uptake increases 
in the dark phase, while the peptide transporter increases during the light phase. 
Similarly, a diurnal variation was observed in lipid absorption, and the number of 
genes involved in lipid absorption increased in the dark phase. Additionally, it has 
been reported that in mice with a clock gene mutation, the absorption of sugar, 
triglyceride, and cholesterol from intestinal contents was higher and the absorption 
of peptides was lower. In addition to intestinal epithelial cells, enteroendocrine 
cells, such as ghrelin-producing cells, are also regulated by clock genes such as 
Bmal1 and Per1/2. For example, in Bmal1-deficient mice, no diurnal variation 
in ghrelin nor diurnal variation in feeding was observed [9, 10]. It has also been 
reported that a circadian rhythm is observed in the expression of toll-like receptors 
in the small intestine, which is involved in intestinal immunity [11]. Since diurnal 
rhythms in the function of the intestine were first observed, it was assumed that 
they may affect the intestinal microbiota in the intestinal lumen. Recent findings 
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have revealed that the intestinal microbiota plays a pivotal role in the regulation of 
host homeostasis [12–16]. Importantly, several groups have reported diurnal oscil-
lations of intestinal microbiota [17–19]. The bacteria belonging to Clostridiales and 
Lactobacillaceae showed diurnal variation, and at the species level, Lactobacillus 
reuteri decreased and Dehalobacterium increased in the dark phase. Along with 
the diurnal changes in the composition of intestinal bacteria, diurnal fluctuations 
are also observed in the functions of the microbiota, such as vitamin and nucleic 
acid metabolism by the bacteria. The functions of DNA repair, cell proliferation, 
and mucin degradation were dominant in the dark phase, whereas bacterial motil-
ity and sensing pathways were dominant in the light phase. The diurnal rhythm 
in intestinal microbiota was also examined in humans, and it was found that 
Parabacteroides and Bulleidia were increased in the daytime and decreased at night, 
while Lachnospira decreased in the daytime and increased in the nighttime. This is 
consistent with the findings in mice and suggests that there are diurnal rhythms in 
protein synthesis as it primarily occurs in the daytime.

These findings demonstrate that peripheral organs, including intestinal micro-
biota, have circadian rhythms and systemically modulate energy homeostasis and 
metabolism.

3. The nutritional stimuli and circadian rhythms

Metabolic homeostasis is modulated by circadian rhythms, as mentioned above, 
but nutritional stimuli affect circadian rhythms and vice versa.

Importantly, the circadian rhythm found in gene expression is tissue-specific, 
and the type and number of oscillating genes differ depending on the type of 
tissue or cell [20]. Transcriptional factors can define tissue specificities and result 
in the diversity of chromatin structures, but an oscillation has been reported to 
be reconstructed by various nutritional stimuli [6, 21–23]. Notably, the molecular 
mechanism by which metabolic alterations affect circadian rhythms has been inves-
tigated intensively. For example, the transcriptional factors SREBP1 and PPARs, 
which are related to lipid metabolism, are activated periodically by the intake of a 
high-fat diet, thereby driving the specific oscillation of gene expression [24, 25]. 
It has also been shown that fluctuations in energy metabolites are deeply involved 
in transcriptional regulation. Acetyl-CoA is used as an acetylating substrate for 
histones and clock genes, and NAD modulates the oscillation of gene expression by 
acting as a coenzyme for sirtuins that deacetylate proteins [26, 27]. The acetylation 
of histones is also conducted by S-adenosylmethionine (SAM) by the transfer of a 
methyl donor from SAM. S-adenosylhomocysteine (SAH) is produced from SAM 
by methyltransferases. Interestingly, the SAH hydrolyzing enzyme binds to clock 
genes and contributes to the interaction among methionine metabolism, clock gene 
expression, and chromatin remodeling [28]. These findings indicate the adaptability 
and plasticity of transcriptional regulation of clock genes, which flexibly respond to 
metabolic changes, and imply the existence of a circuit in which transcriptional and 
metabolic rhythms regulate each other.

The impact of the timing of the nutritional stimuli has also been investigated. The 
exposure of the intestine to the nutrients is fundamental, but bile acids in the intestine 
secreted from the liver are also reported to be important regulators to elicit circadian 
rhythms [29]. Importantly, time-restricted feeding (TRF), which limits feeding time, 
has been reported to be a good method for restoring circadian rhythms by modulating 
nutritional stimuli. Even when the food had the same amount of energy in this model, 
if the feeding time was limited to less than nine hours a day (TRF) in comparison 
with the mice fed ad libitum for 24 h, the suppression of body fat accumulation and 
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the improvement of glucose intolerance were observed [30, 31]. In addition, TRF 
improved the metabolic disarrangement found in various organs, and the circadian 
rhythm of intestinal bacteria and functions recovered. These findings indicate that 
nutritional stimuli. That is, diet is an important regulator of circadian rhythm and 
systemic metabolism (Figure 1).

4. The sleep, circadian rhythm, and the intestine

The sleep-wake cycle is a good example of the circadian rhythms found in 
living organisms that are regulated by many biological and environmental factors. 

Figure 1. 
The interaction between the circadian rhythm in the central nervous system (CNS), peripheral organs, 
and sleep. The central clock in the hypothalamus is the master keeper of circadian rhythm and is primarily 
entrained by light and dark stimuli, while feeding-fasting rhythm, that is, nutritional stimuli, entrains 
peripheral clocks in peripheral organs such as the liver and intestine. Sleep rhythm is evoked mainly by the 
central clock, and disturbed sleep affects the circadian rhythm in the CNS. The rhythm in peripheral organs 
that is regulated by nutritional stimuli may modulate sleep rhythm.
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In humans, sleep regulation is governed by homeostatic mechanisms and circadian 
rhythms, that is, a two-process model [32, 33]. In this model, sleep is regulated by 
sleep homeostasis (process S) and circadian rhythm (process C; circadian rhythm) 
(Figure 2). Sleep controlled through homeostasis means that sleep debt increases 
during wakefulness and decreases with sleep; thus, when the sleep debt reaches the 
sleep threshold, humans fall asleep and when it reaches the lower limit, humans 
awaken. It is believed that this threshold is dominated by the circadian rhythm, and 
diurnal variation is observed (process C). This idea is that daytime awakening and 
nighttime sleep are determined by the sleep debt that accumulates by continuing to 
stay awake and drowsiness that is induced by the biological clock. It is understood to 
be a system that compensates for sleep time in response to changes in the environ-
ment while physiologically promoting sleep via circadian rhythm.

When mammals sleep, rapid eye movement (REM) sleep and non-rapid eye 
movement sleep (non-REM sleep) occur in a cycle of about 90 min. When you fall 
asleep, non-REM sleep appears first. Subsequently, light REM sleep appears. REM 
sleep is accompanied by rapid eye movements, and the body is in a resting state 
with relaxed skeletal muscles, but the brain is active and awake. The cerebral cortex 
is more active than during wakefulness, and electroencephalography (EEG) shows 
mainly theta waves from 4 to 7 Hz and exhibits an amplitude close to that during 
awakening. Sleep without REM is called non-REM sleep, and the brain is in the 
so-called state of deep sleep. Low-frequency, high-amplitude brain waves called 
delta waves ranging from 1-4 Hz are observed in brain waves, and non-REM sleep 
is characterized as slow-wave sleep based on EEG findings. However, the molecular 
mechanism(s) underlying the cyclical changes that occur in non-REM sleep and 
REM sleep are not yet clear.

Sleep disturbances deteriorate the circadian rhythms across various organs. 
For example, when mice were subjected to sleep disturbances in which the light 
and dark phases were changed weekly, the circadian rhythm of Per2 expression 
in the large intestine disappeared, and the intestinal microbiota was altered, 
with increased Firmicutes and decreased Bacteroidetes at the phylum level [34]. 
Other sleep disorders have been reported to increase intestinal permeability and 
blood LPS levels [35]. In addition, the effects of interventions that cause sleep 
disorders using tactile stimulation without changing the cycle of light and dark 
phases have also been investigated, in which the cycle of light stimulation is 

Figure 2. 
A two-process model of sleep. Sleep debt accumulates during awakening, and sleep is encouraged when the 
sleep threshold is reached. Sleep reduces sleep debt and awakens when the wake threshold is reached. Sleep debt 
increases during awakening and decreases during sleep (process S). The sleep-wake threshold fluctuates diurnal 
(process C).
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periodic. An increase in Lachnospiraceae and Ruminococcaceae and a decrease in 
Lactobacillaceae and Bifidobacteriaceae were observed after a 4-week sleep distur-
bance [36]. Furthermore, the intestinal contents, such as propionate and citrate, 
changed after the intervention, indicating functional changes in the intestinal 
microbiota. When intestinal bacteria from sleep-disturbed mice were transplanted 
into germ-free mice, the blood levels of inflammatory cytokines, such as IL-6, 
increased and insulin resistance was exacerbated in the recipient mice. The blood 
concentration of lipopolysaccharide-binding protein (LBP), which transports LPS 
to the CD14-TLR4-MD2 complex on the cell membrane of macrophages, was also 
increased in sleep-disordered mice. The effects of sleep disturbance without altera-
tion of meals and motions in life were also examined in humans. A randomized 
crossover study was conducted in which nine healthy subjects slept for about 4 h 
for two days and about 8 h for two days with equal daily activities other than sleep. 
A short sleep for two days increased Firmicutes, and decreased Bacteroidetes in the 
intestine as well as worsened insulin resistance and glucose tolerance [37]. These 
findings demonstrate that sleep disturbances deteriorate the central and peripheral 
circadian rhythms, leading to metabolic disorders.

5. The stimuli from the intestine, circadian rhythm, and sleep

From the abovementioned examination of sleep disturbances in animals and 
humans, it was shown that sleep disturbances distort circadian rhythms in the 
central nervous system and peripheral organs. As mentioned above, the circadian 
rhythm in the intestine is regulated by the central and peripheral clocks as well as 
nutritional stimuli, that is, dietary intake. Therefore, the possibility of recovery of 
the host’s circadian rhythm and the control of sleep via the intestine is being inves-
tigated. In fact, even in Per1/2-deficient mice, diurnal oscillation in the intestinal 
microbiota was observed by feeding them in a timely fashion.

Recently, Leone et al. compared the expression of clock genes Bmal1 and Clock 
in the medial basal hypothalamus and liver of germ-free mice with that of control 
mice and found that circadian rhythms diminished in the germ-free mice [19]. The 
mechanism by which intestinal bacteria regulate the circadian rhythm of the liver 
and hypothalamus has also been investigated, and butyric acid, a metabolite of 
intestinal bacteria, was found to be a key molecule in tuning the circadian rhythm 
in the CNS and peripheral organs. In fact, when butyric acid was administered to 
hepatic organoids in vitro, an increase in the circadian rhythm of Per2 and Bmal1 
expression was observed. Moreover, when butyric acid was injected into germ-free 
mice every 12 h, the circadian rhythm of the clock gene in the liver reappeared, 
and the amplitude of the clock gene tended to be enhanced in the medial basal 
hypothalamus. Consistent with this report, the circadian rhythm of Bmal1 and 
Cry1 in the intestinal epithelium disappears in mice in which intestinal bacteria are 
reduced by the administration of a set of antibiotics [38]. Bile acids deconjugated by 
intestinal bacteria are an important signal for tuning the clock genes in the intestine 
by dietary stimuli [12, 39]. Therefore, it is considered that changing the circadian 
rhythm of the intestine by nutritional stimuli could change the circadian rhythm in 
other organs, including the CNS, and may also affect sleep.

In terms of the stimuli from the intestine to modulate sleep, various modula-
tions have been examined. The muramyl peptide derived from the cell wall of 
bacteria, LPS, and inflammatory cytokines such as IL-1b, TNF-a, and IL-18 have 
been reported to promote sleep [40, 41]. These microbial products prolonged 
and increased non-REM sleep and reduced REM sleep in model animals. In 
humans without infectious diseases, the levels of serum IL-1b and TNF-a showed 
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a circadian rhythm, which peaked at night and troughed at dawn, implying that 
these molecules may be a trigger for falling asleep [42]. Studies on sleep have also 
been conducted using antibiotic agents to modulate stimuli from the intestine. For 
example, one study administered a single dose of 200 mg of minocycline or 500 
mg of ampicillin to 19 healthy men and found that administration of minocycline 
significantly reduced the proportion of non-REM sleep, an effect that lasted for 
two days. No effect was observed on REM sleep, and ampicillin did not affect 
either non-REM sleep or REM sleep [43]. These findings imply that changes in the 
gut microbiota may lead to improved sleep quantity and quality. Considering that 
long-term administration of antibiotics is not realistic in clinics, prebiotics and 
probiotics have been intensively investigated. It was reported that administration 
of Lactobacillus brevis to mice increased physical activity, prolonged waking hours, 
and reduced non-REM sleep [44]. Similarly, the administration of prebiotics con-
taining lactoferrin to rats prevented the expected decrease in non-REM sleep due to 
electric shock [45]. In humans, many clinical trials have been conducted to evaluate 
the effects of prebiotics and probiotics on sleep. For example, the daily admin-
istration of Lactobacillus gasseri CP2305 for five weeks was reported to improve 
sleep quality in healthy volunteers, with a reduction in the amount of intestinal 
Enterobacteriaceae [46, 47]. Additionally, administration of a probiotic mixture of 
Lactobacillus fermentum, L. rhamnosus, L. plantarum, and Bifidobacterium longum 
for six weeks was reported to improve sleep quality [48]. Nevertheless, more studies 
are needed to conclude that modulation of nutritional stimuli from the intestine 
changes circadian rhythm and sleep quality.

6. Conclusions

The mechanisms by which circadian rhythm and sleep regulate systemic metab-
olism and nutritional stimuli from the intestine modulate circadian rhythm and 
sleep were summarized and discussed dietary therapies could be a novel treatment 
strategy for both metabolic and sleep disorders, although future studies are needed 
to validate these strategies.
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Chapter 5

ER Stress Response Failure and 
Steatohepatitis Comorbid with 
Diabetes
Takayoshi Sasako and Kohjiro Ueki

Abstract

Dynamic metabolic changes occur in the liver during the transition between 
fasting and eating, which is mainly mediated by insulin, a hormone to promote 
anabolism and suppress catabolism. In obesity and diabetes, insulin resistance is 
induced via various mechanisms, and among them is endoplasmic reticulum (ER) 
stress. We recently reported that eating induces transient ER stress and consequent 
ER stress response in the liver. During eating, expression of Sdf2l1, an ER-resident 
molecule involved in ER stress-associated degradation, is induced as a part of ER 
stress response. XBP-1s regulates expression of Sdf2l1 at the transcription level, 
and Sdf2l1 terminates eating-induced ER stress in the liver, consequently regulat-
ing glucose and lipid metabolism. In obesity and diabetes, however, ER stress 
response is impaired, partly because insulin-mediated translocation of XBP-1s to 
the nucleus is suppressed, which results in further excessive ER stress. Induction of 
Sdf2l1 by XBP-1s is highly down-regulated, but restoration of Sdf2l1 ameliorates 
glucose intolerance and fatty liver. In diabetic patients, hepatic insulin resistance 
induces enhanced ER stress and ER stress response failure in the liver, which in 
turn promote hepatic fibrosis and contribute to the development of steatohepatitis 
comorbid with diabetes.

Keywords: liver, insulin signaling, insulin resistance, diabetes mellitus,  
feeding, endoplasmic reticulum stress, stromal cell-derived factor 2 like 1,  
X-box binding protein 1, fatty liver

1. Introduction

Organisms need to take in nutrients from outside for biological activities and 
survival, and deprivation of nutrients is a heavy burden for organisms. However, 
various responses are induced even during eating, in order to cope with the rapid 
influx of nutrients. The liver plays pivotal roles in the maintenance of systemic 
nutritional homeostasis depending on the feeding conditions, and dynamic changes 
are induced during the transition between fasting and feeding, or eating. During 
fasting, the liver releases glucose by glycogenolysis and gluconeogenesis, and ketone 
bodies by fatty acid oxidation, while during feeding, it stores excessive nutrition 
derived from food by synthesizing glycogen and fatty acids. Conversely, dysregula-
tion of these processes may lead to metabolic disorders, such as insulin resistance 
and fatty liver disease [1].
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In this chapter, we are going to discuss physiological and patho-physiological 
aspects of stress response during eating, by reviewing the insulin signaling cascade 
first, then endoplasmic reticulum (ER) stress, which is becoming an emerging 
player in the regulation of metabolism in the liver, and finally the roles of ER stress 
response failure in the development of steatohepatitis comorbid with diabetes.

2. Insulin action and downstream molecules

Insulin is the major regulator of metabolism which is secreted from pancreatic 
beta cells, and it promotes anabolism and suppresses catabolism in the targeted 
tissues including the liver [2–5].

In the early 1980s, tyrosine kinase activity of insulin receptor was first reported [6], 
and the whole cascade of the signaling has been uncovered in the past 40 years. In brief, 
in the presence of insulin, IR (insulin receptor) phosphorylates IRSs (insulin receptor 
substrates). Among the isoforms of IRSs, IRS-1 and IRS-2 are the major ones, and they 
activate two main signaling pathways: the PI3K (phosphatidylinositol 3-kinase)-Akt/
PKB (protein kinase B) pathway and the Ras–MAPK (mitogen-activated protein 
kinase) pathway. The former is mainly responsible for metabolic actions of insulin, and 
the latter mainly regulates cell growth and differentiation [5] (Figure 1).

In obesity and diabetes, however, the insulin signaling cascade is impaired 
by various mechanisms despite normal or high concentrations of insulin, which 
is called insulin resistance. It is generally thought that serine/threonine kinases, 
such as PKC (protein kinase C), JNK (c-jun N-terminal kinases), IKKβ (inhibi-
tor of nuclear factor kappa-B kinase subunit β), and PP2A (protein phosphatase 
2A), are activated in obesity via lipotoxicity, inflammation, hyperglycemia, 
mitochondrial dysfunction and subsequent oxidative stress, and ER stress, which 
is reviewed in the following subsection. Serine/threonine kinases thus activated in 

Figure 1. 
Insulin signaling pathways (adapted from [7]).
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turn causes inhibitory phosphorylation of insulin receptor, IRSs, and Akt [8, 9]. 
Hyperinsulinemia also down-regulates expression of IRS-2 via suppression of a 
transcription factor, FoxO1 (forkhead box protein O1), in the liver, contributing to 
the induction of insulin resistance [10, 11].

3. ER stress and ER stress response

3.1 Overview of ER stress response cascade

The ER is an organelle involved in synthesis of secretory proteins and membrane 
proteins. In the ER, unfolded proteins, immediately after translation and entrance 
into the organelle, are matured through modification, such as folding, formation of 
disulfide bonds, and initiation of glycosylation. Under ER stress, in which unfolded 
or misfolded proteins accumulate in the ER due to increased protein synthesis or 
chaperone dysfunction, various kinds of ER stress response are induced, and some 
of them are cytoprotective and others are cytotoxic [12].

Among the numerous molecules involved in ER stress response, also called 
UPR (unfolded protein response), BiP (binding immunoglobulin protein), also 
known as GRP78 (glucose-regulated protein 78), is a chaperone with an ATPase 
domain, which plays pivotal roles in ER stress response mainly via interaction 
with ERdjs (ER-localized DnaJ family members) [13]. BiP binds to unfolded or 
misfolded proteins in the ER and promotes folding by consuming ATP. Moreover, 
BiP binds to ER stress sensor molecules, IRE1-alpha (inositol-requiring enzyme 
1 alpha), ATF6 (activating transcription factor 6), and PERK (PKR-like endo-
plasmic reticulum kinase), and prevent them from activation. Under ER stress, 
however, BiP is mainly engaged in increased unfolded or misfolded proteins and 
dissociates from the ER stress sensors, resulting in phosphorylation of IRE1-alpha 
and PERK, as well as cleavage of ATF6 followed by nuclear translocation to the 
nucleus [12, 14].

It is well known that phosphorylated IRE1-alpha splices Xbp1 (X-box binding 
protein 1) mRNA [15]. XBP-1 s protein induces chaperones, including BiP and 
XBP-1 s itself, as a transcription factor by binding to motifs called ERSEs (ER stress 
response elements). XBP-1 s also promotes ERAD (ER-associated degradation) by 
binding to motifs called UPRs (UPR response elements), and attenuates translation 
via mRNA degradation. nATF6 (nuclear ATF6) also works as a transcription factor to 
induce chaperones by binding to ERSEs. Phosphorylated PERK phosphorylates eIF2 
alpha (eukaryotic initiation factor-2 alpha), which suppresses translation and lowers 
protein loading. Overall, these responses are protective against ER stress, by suppress-
ing protein synthesis, inducing chaperones, and promoting protein degradation.

Sustained ER stress is, however, known to induce rather cytotoxic responses. 
Phosphorylated IRE1-alpha activates JNK, resulting in inflammation, oxidative 
stress and apoptosis. Phosphorylated eIF-2 alpha also induces CHOP (CCAAT-
enhancer-binding protein homologous protein), a transcription factor involved in 
apoptosis, as well as oxidative stress and inflammation, via another transcription 
factor, ATF4 [12, 14].

It is difficult to detect unfolded/misfolded proteins in the ER of mammals 
directly, but activation of the upstream ER stress sensors is considered to be a good 
marker to reflect ER stress. Activation or expression of the downstream molecules 
involved in ER stress response are also frequently used as ER stress markers, but we 
are going to discuss the discrepancy between the upstream sensors and the down-
stream effectors, which we call ER stress response failure, in subsections below 
(Figure 2).
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3.2 ER stress and metabolic disorders

In the field of metabolism, ER stress causes metabolic disorders in various 
tissues and, in the liver, ER stress is considered to be involved in the development 
of insulin resistance and fatty liver disease [16]. It was first reported that ER stress 
markers were enhanced in the liver of mouse models of obesity and diabetes  
[17, 18]. Systemic Xbp1 knockout mice are a well-known model of impaired ER 
stress response, which shows elevated ER stress, impaired insulin signaling, 
and glucose intolerance [17]. Moreover, administration of chemical chaperones 
improves not only insulin resistance and hyperglycemia but also fatty liver [19]. 
Similarly, suppressed activation of the PERK branch of the ER stress response 
cascade, by dephosphorylation of eIF2 alpha, also improves hepatosteatosis as well 
as glucose tolerance [20]. Thus generally, impaired responses to chronic ER stress 
or excessive chronic ER stress in the liver are considered to result in hepatic insulin 
resistance and fatty liver disease, although these phenotypes were not necessarily 
replicated in other models [21, 22], and XBP-1 s protein was also reported to up-
regulate lipogenic genes [23].

However, some years later, ER stress response was reported to be suppressed, 
contrary to the earlier reports, and a controversy was thus raised about whether ER 
stress and ER stress response are enhanced or suppressed in obesity and diabetes. 
Activity of nATF6 is suppressed in the liver of mouse models of obesity and diabetes 
[24]. Moreover, binding with p85, one of the key downstream molecules of insulin 
signaling, is required for XBP-1 s protein to be translocated to the nucleus and exert 
its activity as a transcription factor in the liver. In model mice of obesity and diabetes, 
however, insulin-mediated nuclear translocation of XBP-1 s protein is impaired due to 
insulin resistance [25, 26]. A similar insulin signaling-mediated nuclear translocation 
of XBP-1 s protein was recently reported in other tissues as well [27]. Interestingly, 
XBP-1 s protein regulates gluconeogenesis rather directly, via ubiquitination and con-
sequent proteasome-mediated degradation of FoxO1, a transcription factor involved 
in the induction of gluconeogenic enzymes in the liver [28] (Figure 3).

Taken together, insulin signaling appears not only to promote protein synthesis, 
but also to be involved in quality control of synthesized proteins. Moreover, XBP-1 s 
is a multi-talented molecule which is closely associated with regulation of not only 
ER stress response but also glucose and lipid metabolism.

Figure 2. 
Schematic description of the cascade of ER stress response.
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3.3 ER stress in the liver and diseases in humans

In humans, some ER stress markers are known to be affected by insulin resis-
tance and nonalcoholic steatohepatitis (NASH). NASH is associated with phos-
phorylation of JNK and lower XBP-1 s protein levels [29]. Expression of sXBP1 and 
BiP mRNA is not correlated with insulin resistance [30], but is lowered by gastric 
bypass surgery [31]. We and colleagues previously reported that IRS-1 expression 
in the liver is negatively correlated with fibrosis [32], suggesting the protective role 
of insulin signaling against the development of NASH. These reports, however, did 
not distinguish ER stress and ER stress response or NASH in diabetic patients and 
NASH in non-diabetic patients.

4. Roles of Sdf2l1 in the regulation of ER stress and metabolism

4.1 Feeding induces ER stress response in the liver

Recently, we reported that a chaperone, Sdf2l1 (stromal cell-derived factor 2 
like 1), plays crucial roles in the termination of feeding-induced ER stress in the 
liver and consequently in the maintenance of glucose and lipid metabolism. We 
propose that ER stress response failure, including suppressed induction of Sdf2l1 by 
XBP-1 s, is a key link between insulin resistance and steatohepatitis comorbid with 
diabetes [33].

Our first finding was that ER stress is induced transiently during feeding in 
the liver, based on the microarray data using murine liver samples comparing the 
fasting and refeeding conditions in the public domain [34]. We were particularly 
interested in Sdf2l1 among the genes highly up-regulated by refeeding, which 
showed a large increase in expression. Sdf2l1 had been reported to be induced 
by ER stress [35], and to function as a component of the ER chaperone complex 
including BiP [36–39]. Besides, the orthologs in yeast, Pmt1p and Pmt2p, are 
O-mannosyltransferases and known to enhance ubiquitination of unfolded proteins 
as an initiation of ERAD [40–42]. Little is known, however, of roles of Sdf2l1 in the 
regulation of glucose and lipid metabolism.

Figure 3. 
XBP-1s protein in the regulation of glucose metabolism: insulin-mediated nuclear translocation and regulation 
of gluconeogenesis.



Psychology and Pathophysiological Outcomes of Eating

74

Indeed, the cascade of ER stress response is activated during feeding in the 
liver: phosphorylation, expression, and nuclear localization of the downstream ER 
stress marker proteins, as well as expression of ER stress marker genes, are elevated 
(Figure 4) [33]. 

Therefore, although major attention had been focused on the chronic and patho-
physiological aspects of ER stress and ER stress response in the field of metabolism, 
transient ER stress and consequent ER stress response (just for a few hours) are 
induced in the liver by the physiological stimulation of feeding, or eating, even in 
lean nondiabetic mice. Such induction of ER stress during feeding is attributed to 
protein intake and insulin signaling [33], both of which reach the liver during feed-
ing and promote protein synthesis [3, 5, 43].

4.2 Regulation and function of Sdf2l1 as an ER stress response

We explored the regulatory mechanism underlying the induction of Sdf2l1, 
and found that Sdf2l1, as well as BiP, is regulated by transcription factors, XBP-1 s 
and nATF6 by not only chemically induced ER stress but also refeeding in the liver. 
XBP-1 s and nATF6 binds to an 11-bp motif responsible for the induction of Sdf2l1 
upstream in the promotor region [33], which is similar to ERSEs targeted by XBP-1 s 
and nATF6 with nuclear factor Y as a co-factor [12].

We further explored the function of Sdf2l1 in ER stress response, and found that 
knocking down of Sdf2l1 leads to accumulation of exogenously expressed Ins2C96Y, 
a mutant insulin found in Akita mice as a model of misfolded protein degraded 
by ERAD [44], showing that Sdf2l1 modulates ER stress via regulating ERAD. 
Although Sdf2l1 had been known to interact with BiP [36–38], knocking down 
of BiP did not affect such accumulation, suggesting the existence of some other 
counterparts of Sdf2l1. Then, based on the results of mass spectrometric analysis of 
microsomal fractions, we focused on TMED10 (transmembrane emp24-like traf-
ficking protein 10), a membrane protein known to regulate protein transportation 
from the ER to the Golgi apparatus [45]. Indeed, knocking down of either Sdf2l1 or 
TMED10 results in increased accumulation of misfolded protein and enhanced ER 
stress, showing that TMED10 is the major counterpart of Sdf2l1 to regulate ERAD 
and consequently ER stress. Interestingly, in yeast, p24, the ortholog of TMED10, 
interacts with Pmt1/2p and promotes ER export of unfolded proteins for ERAD 

Figure 4. 
Schematic description of the ER stress response cascade in the liver during feeding (adapted from [33]).
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[41], and now the orthologs in mice turns out to interact with each other to regulate 
ERAD to cope with ER stress [33].

4.3 Sdf2l1 modulates ER stress response and metabolism

We then assessed the physiological and pathophysiological roles of Sdf2l1 in 
vivo. Adenovirus-mediated knocking down and knocking out of Sdf2l1 specifi-
cally in the liver of adult mice both result in enhanced ER stress during refeeding, 
impaired insulin signaling in the liver, systemic insulin resistance, glucose intoler-
ance, and markedly increased triglyceride contents in the liver.

Thus, impaired induction of Sdf2l1 results in sustained ER stress, leading to 
insulin resistance and increased triglyceride contents, even with a normal-chow 
diet, indicating that dysregulation of ER stress by suppression of Sdf2l1 is a causal 
factor of metabolic disorders. Together with the previous reports showing that 
ablation of key molecules in ER stress response links impaired glucose and lipid 
metabolism in mice fed on a high-fat diet or a high-fructose diet [17, 21, 22], our 
data strongly suggest that an appropriate transient response to ER stress is induced 
physiologically during feeding, or eating, and terminated by Sdf2l1, and that this 
process may be important for the maintenance of nutrient homeostasis [33].

4.4 Impaired ER stress response in obesity and diabetes

Then we explored the roles of ER stress response in the development of insulin 
resistance and fatty liver in obesity and diabetes. Figure 5 summarizes the changes 
in the ER stress response cascade observed in a mouse model, db/db mice. The ER 
stress sensors are activated, suggesting excessive ER stress in the liver possibly 
due to hyperinsulinemia and over-nutrition. However, downstream molecules of 
the cascade that are expected to cope with ER stress are suppressed in expression 
or insufficiently activated. Among those, Sdf2l1 is highly down-regulated, and 
chromatin immunoprecipitation (ChIP) assay revealed that the down-regulation of 
Sdf2l1 is attributed to suppressed activity of XBP-1 s, not of ATF6 [33], presumably 
due to the decreased insulin action to promote the translocation of XBP-1 s to the 
nucleus by binding to p85 [25, 26].

We call it ER stress ‘response failure’, which results in further excessive ER 
stress, forming a vicious cycle. It is known that activation of the ER stress sensors 

Figure 5. 
Schematic description of the ER stress response cascade in the liver in obesity and diabetes (adapted from [33]).
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is attenuated during prolonged ER stress, resulting in only insufficient activa-
tion or induction of downstream molecules involved in ER stress response [46]. 
Suppression of the whole cascade of ER stress response might be called ER stress 
‘sensing failure’, which draws clear contrast with ER stress ‘response failure’ [33], 
and this novel concept is now gaining publicity [47].

In order to rescue ER stress response failure, over-expression of the upstream 
XBP-1 s protein does not show full recovery of expression of downstream chap-
erones and consequently insulin resistance. On the other hand, restoration of 
suppressed expression of a downstream chaperone, Sdf2l1, does improve insulin 
signaling in the liver, systemic insulin resistance, glucose intolerance, and fatty 
liver. Moreover, larger beneficial effects come from co-restoration of Sdf2l1 and 
BiP, and in accordance with the findings in vitro, we conclude that Sdf2l1 improves 
insulin sensitivity independently of BiP, at least in part [33].

4.5 ER stress and ER stress response in humans

Lastly, we assessed whether impaired ER stress response could be associated 
with progression of human diseases by examining data from male subjects with 
suspected NAFLD (nonalcoholic fatty liver disease) who underwent liver biopsy 
after oral glucose tolerance test early in the morning, partially mimicking the fed 
state. In diabetic subjects, expression of the upstream sXBP1 mRNA is elevated 
in subjects with insulin resistance, but the downstream-to-upstream ratio, the 
SDF2L1/sXBP1 ratio, is lower in subjects with insulin resistance. Similarly, in 
those with diabetes, sXBP1 is positively, but the SDF2L1/sXBP1 ratio is nega-
tively, correlated with stage or fibrosis of NASH. These changes and correlations 
are not observed in nondiabetic subjects, showing that impaired response to 
ER stress, as well as enhanced ER stress, are associated with the progression of 
insulin resistance and steatohepatitis, which is unique to patients with diabetes 
(Table 1) [33].

In the ‘two-hit hypothesis’ on the development of NASH, accumulation of 
lipids or steatosis is promoted by the first ‘hit’, whereas the further progression 
to steatohepatitis requires the presence of the second ‘hit(s)’ [48]. Given that 
ER stress is one of the major potential second hits (and others are inflammation, 
oxidative stress, autophagy failure, and mitochondria dysfunction), our data show 
that not only ER stress but also ER stress response failure serve as the second hits 
in the progression from NAFLD to NASH. Moreover, insulin resistance is one of 
the major potential first hits, but diabetes is a disease in which insulin resistance 
fails to be compensated and insulin action is impaired. Decompensated insulin 
resistance leads to insufficient induction of ER stress response via suppressed 
nuclear translocation of XBP-1 s protein to the nucleus [25, 26]. Thus, our data 
show that insulin-mediated nuclear translocation of XBP-1 s protein links the 
first and second hits, and the SDF2L1/sXBP1 ratio is a promising biomarker [33]. 
It is also implied that mechanisms underlying NASH in diabetic patients and 
those underlying NASH in non-diabetic patients could be different and should be 
elucidated separately (Figure 6).

Insulin 
resistance

Stage (fibrosis)

sXBP1 mRNA (upstream) Elevated Positively correlated

SDF2L1/sXBP1 mRNA ratio (downstream-to-upstream ratio) Lowered Negatively correlated

Table 1. 
Summary of ER stress and ER stress response in diabetic patients (adapted from [33]).
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These findings could account for the therapeutic effects of insulin sensitizers 
against not only diabetes but also NASH [49], although insulin signaling itself pro-
motes anabolism of lipids [1]. Moreover, it may be useful to identify the effectors 
downstream of Sdf2l1 to regulate ERAD more directly, when we consider develop-
ment of more effective drugs for these diseases by shutting down the vicious cycle 
due to ER stress response failure [33].

Figure 6. 
Schematic description of ER stress and ER stress response in the ‘two-hit hypothesis’ on the development of 
NASH comorbid with diabetes (adapted from [33]).

Figure 7. 
Schematic description of our hypothesis on physiological and pathophysiological roles of Sdf2l1-centered ER 
stress response in the liver [33].



Psychology and Pathophysiological Outcomes of Eating

78

Recently, a novel concept of metabolic dysfunction-associated fatty liver 
disease, or MAFLD, was proposed [50, 51], a broader concept than NAFLD, which 
was proposed in the 1980s [52]. The roles of insulin resistance are considered to be 
increasingly important [53], and ER stress response failure is expected to contribute 
also to the development of steatohepatitis in patients with diabetes and MAFLD.

Most recently, Fib-4 index, a marker of hepatic fibrosis, was reported to be a 
good prognostic factor for the development of hepatocellular carcinoma in diabetic 
patients, in a nationwide survey in Japan [54]. Given that our data show that ER 
stress and ER stress response failure are associated with hepatic fibrosis, improve-
ment of ER stress and ER stress response failure might be protective against carci-
nogenesis as well.

Overall, feeding, or eating, induces physiological and transient ER stress in the 
liver, and induced Sdf2l1 appropriately terminates ER stress, in cooperation with 
TMED10, and contributes to normal glucose and lipid metabolism. In obesity and 
diabetes, impaired ER stress termination signals, including the down-regulation of 
Sdf2l1 that is caused by decreased insulin signaling, sustains ER stress and exacerbates 
insulin resistance, creating a vicious cycle. Thus, Sdf2l1 is expected to be a therapeutic 
target and a sensitive biomarker in obesity-associated diseases (Figure 7).

5. Conclusions

We reveal that eating induces physiological and transient ER stress and ER stress 
response, including up-regulation of Sdf2l1, in the liver. In obesity and diabetes, 
however, ER stress response failure, including down-regulation of Sdf2l1, results in 
sustained ER stress, which links insulin resistance and the development of steato-
hepatitis comorbid with diabetes.
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Abstract

Glycation stress (glycative stress) is a general concept of biological stress caused 
by a series of non-enzymatic glycation reactions, including advanced glycation end 
products (AGEs) formation, AGEs accumulation, glycation-associated dysfunction 
of proteins and cellular signaling, inflammation, oxidation, and/or tissue dam-
age. There has been increasing evidence supporting a profound effect of AGEs on 
human diseases such as type 2 diabetes, cardiovascular disease, cancer, Alzheimer’s 
disease, osteoporosis, and dementia, as well as aging process itself. In addition, 
dietary AGEs intake has also been suggested to contribute to tissue dysfunction 
and development of the diseases. Skeletal muscle is the largest organ in the human 
body and important responsibility for maintaining our health as not only locomo-
tor system but also metabolic and endocrine systems. Especially in past decades, 
numerous studies have suggested the contribution of glycation stress to skeletal 
muscle dysfunctions (e.g. muscle atrophy, reducing contractile property, and insu-
lin resistance). In this chapter, we provide current evidence on the potential role of 
glycation stress in the impairment of skeletal muscle functions.

Keywords: glycative stress, skeletal muscle dysfunction, skeletal muscle atrophy, 
advanced glycation end products, AGEs

1. Introduction

Skeletal muscle is the largest organ in the human body, accounting for approxi-
mately 40% of body weight. A primary characteristic of skeletal muscle is its ability 
to contract and cause movement. In addition, skeletal muscle is a metabolic organ 
of high metabolic activity regarding nutrient (glucose, lipid, and protein) storage 
and supply. It has also recently been found that skeletal muscle is a secretary organ 
that produces and releases cytokines and other peptides, which is known as myo-
kine, that function in manner similar to hormones [1]. Thus, skeletal muscle has an 
important responsibility for maintaining our health as not only locomotor system 
but also metabolic and endocrine systems [2]. After the age of 50, approximately 
1–2% of muscle mass and 1.5–5% of muscle strength are lost per year [3]. These 
reductions in muscle mass, strength, and function, the so-called sarcopenia, link 
to numerous adverse consequences including frailty, disability, morbidity, and 
mortality [2].

Over the last few decades, there has been increasing evidence supporting a 
profound effect of advanced glycation end products (AGEs) on human diseases, 
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including type 2 diabetes, cardiovascular disease, cancer, Alzheimer’s disease, 
osteoporosis, and dementia, as well as the aging process itself [4, 5]. Especially in 
past decades, many epidemiological studies have suggested the contribution of 
glycation stress (also called as glycative stress) from AGEs to sarcopenia [6–17]. In 
this chapter, we provide current evidence on the potential role of glycation stress in 
the impairment of skeletal muscle functions.

2. Glycation stress

Glycation stress is a general concept of biological stress caused by a series of 
glycation reactions, including AGEs formation, AGEs accumulation, glycation-
associated dysfunction of proteins and cellular signaling, inflammation, oxidation, 
and/or tissue damage (Figure 1).

Protein glycation is a complex series of sequential reactions collectively called the 
Maillard reaction, which is named after the French chemist Louis Camilli Maillard. 
The Maillard reaction is divided into three stages, early (the formation of reversible 
Schiff base and rearrangement to Amadori products), intermediate (the forma-
tion of unstable AGEs precursors), and late (the formation of irreversible AGEs 
products). At the early stage, the carbonyl group of the reducing sugar reacts with 
the α-amino group at the N-terminal of protein or the ε-amino group of lysine or 
arginine residue, resulting in a formation of Schiff-base intermediates, followed by a 
rearrangement to Amadori products, relatively stable ketoamine. Amadori products 
in the living body include hemoglobin A1c and glycoalbumin. At the intermediate 
stage, the reaction proceeds and produces highly reactive dicarbonyl intermediates 
such as 3-deoxyglucosone and methylglyoxal. These intermediates are up to 20,000 
times more reactive than glucose in glycation reactions [18]. At the late stage, the 
intermediates undergo complex reactions such as oxidation, dehydration, condensa-
tion, and cleavage to form stable AGEs, with a variety of physicochemical character-
istics such as brown color, fluorescence, and cross-linking. Glycation of protein is a 
post-translational modification that progresses non-enzymatically, unlike enzymatic 
glycosylation, phosphorylation, acetylation, and glycosylation. Among more than 20 
types of AGEs identified in vivo, methylglyoxal-derived hydroimidazolone (MG-H1) 
and Nε-carboxymethyllysine (CML) are likely the most abundant [19, 20].

Intracellular protein glycation can cause changes in the protein structure due to 
covalent cross-linking, resulting in the formation of protein misfolding and aggre-
gation [21]. Although these unfunctional proteins are usually degraded through 

Figure 1. 
Conceptual diagram of glycation stress.
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ubiquitin-proteasome system, AGEs-modified protein is the lack of free lysine 
residue needed for ubiquitin conjugation, preventing protein ubiquitination and 
subsequent its degradation by proteasome [22]. In addition, enzymes present in the 
ubiquitin-proteasome system and lysosomal proteolytic system are also undergone 
glycation [23]. Thus, intracellular glycation disrupts proteostasis, inducing cell 
apoptosis, and thereby increasing the risk of disorders.

On the other hand, extracellular AGEs stimulate several signaling pathways 
by a series of cell surface receptors. The most studied of which is receptor for 
AGEs (RAGE), a multi-ligand member of the immunoglobulin superfamily [24]. 
The activation of AGEs-RAGE axis causes the onset of several diseases, including 
diabetic complications, cardiovascular disease, Alzheimer’s disease, and osteo-
porosis, by inducing inflammation and the production of reactive oxygen species 
[25–28]. RAGE is widely expressed in various cells and organs, can be upregulated 
under pathological conditions where AGEs are increased, and participate in those 
aging-related pathophysiologies [29]. On the other hand, other groups of cell-
surface receptors of AGEs with opposite functions to RAGE, including AGE-R1/
Oligosaccharyltransferase 48 KDa Subunit, AGE-R2/protein kinase C substrate 
80 K-H, and AGE-R3/galectin-3, and scavenger receptor families act as regulators of 
endocytosis and clearance of AGEs [30, 31]. These receptors can suppress AGEs-
RAGE interaction, but their expressions and functions are impaired during aging 
and under higher levels of oxidative stress [30]. There is an inverse relationship 
between AGE-R1 expression and AGEs toxicity [30].

3. Dietary AGEs

AGEs are not only produced endogenously; we ingested them from diet. AGEs 
content of food depends on the content of protein, fat, and sugar and the types of 
processing and cooking methods, predominantly on the temperature and dura-
tion of preparation [32]. High temperatures during various processes like baking, 
roasting, frying and grilling promote glycation in food. Scheijen et al. [33] analyzed 
the content of CML, Nε-carboxyethyllysine (CEL), MG-H1 in the protein fraction 
of the 190 food items by UPLC-MS/MS, and they showed that CML and CEL were 
contained in <7 mg/100 g in high-content foods such as fried bacon, chocolate, and 
peanut butter. The content of MG-H1 was higher compared to those of CML and 
CEL, and it was <65 mg/100 g in high-content foods such as black pudding, peanut 
butter, cereals, and biscuit.

Proteins are digested into amino acids and small peptide in the gastrointestinal 
tract. Therefore, dietary AGEs are expected to be absorbed in the circulation 
mostly in the form of free AGEs and AGEs-modified peptides. The amount of AGEs 
absorbed in the circulation was estimated to be 10% in healthy people; 1/3 of the 
absorbed AGEs are excreted in urine within 48 hours and 2/3 remained in the body 
[34]. For healthy people, a daily AGEs intake of around 9,000–23,000 kU/day was 
determined [32]; one AGE Unit was defined as the amount of antibody-reactive 
material that was equivalent to that in 1 μg of an AGEs-BSA standard. The AGEs 
content of major meals [35] is listed in Table 1.

A cross-sectional study revealed that higher levels of dietary AGEs were associ-
ated with higher levels of free plasma and urinary AGEs [36]. In addition, a tracer 
study using 13C2-CML found that dietary CML was accumulated in kidney, ileum, 
colon, lung, brain, testis, heart muscle, skeletal muscle, and liver, but not in fat [37], 
suggesting the contribution of dietary AGEs to tissue dysfunction and development 
of diseases. In fact, a meta-analysis of 13 randomized controlled trials showed a 
decrease in metabolic parameters including body weight, insulin resistance, total 
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cholesterol, low-density lipoprotein, and leptin and an increase in adiponectin levels 
after consumption of low AGEs diets compared to high AGEs diets [38, 39]. This 
study indicates that the restriction of AGEs from food can be effective in reducing 
the incidence of chronic metabolic diseases and promoting health.

4. The effect of AGEs on skeletal muscle

4.1 AGEs accumulation and skeletal muscle dysfunction

In this about 10 years, epidemiological studies have reported the relationship 
between AGEs level in the body and skeletal muscle functions. The first report by 

Meal AGEs kU/serving Calory kcal/serving

Carbonara spaghetti (280 g) 27,033 1,043

Sirloin steak (200 g) 26,843 1,003

Mixed pizza (1/2 piece) 21,783 1,211

Seafood pizza (1/2 piece) 19,676 1,211

Beef cutlet curry (450 g) 17,337 1,407

Hamburger steak (220 g) 11,170 453

Roasted dumplings (10 pieces) 8,668 627

Fried chicken (130 g) 7,997 532

Fried shrimp (245 g) 7,290 588

Deep-fried tofu (155 g) 6,063 204

Salt-grilled saury (130 g) 6,032 315

Hamburger (1 piece) 5,851 302

Soy sauce ramen (270 g) 5,377 476

Fried egg (2 pieces) 4,304 257

Fried potato (160 g) 4,099 448

Cream puff (1 piece) 3,799 123

Fried noodles (190 g) 3,628 512

Strawberry sponge cake (1 cut) 2,998 539

Toast with butter (1 piece) 2,447 259

Spaghetti with meat sauce (280 g) 2,063 616

Tofu with soy sauce (118 g) 624 73

Boiled egg (2 pieces) 382 211

Potato salad (140 g) 249 372

Miso soup (1 cup) 227 39

Raw egg (2 pieces) 164 211

Udon noodles (130 g) 71 339

Strawberry (120 g) 52 96

Banana (90 g) 51 78

Boiled spinach (30 g) 30 9

White rice (150 g) 16 252

Table 1. 
AGEs content in meals.
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Dalal et al. [6] found an association between elevated serum CML level and poor 
grip strength in 559 older women with physical disability (≥ 65 years old). A similar 
result was observed in the InCHIANTI study, which is a population-based prospec-
tive cohort study conducted in the Chianti region in Italy. The study showed that 
elevated plasma CML level was at high risk of slow walking speed (odds ratio 1.56, 
95% confidence interval 1.02–2.38, P = 0.04) in 944 older community-dwelling 
adults (≥ 65 years old) [7]. Sun et al. [9] also reported that elevated serum CML 
level was a risk factor for developing severe walking disability. In the study, which 
had a 30-month follow-up in 394 older women (≥ 65 years old), it was shown that 
compared with the group of lower three quartiles of CML, the patients in the group 
of highest quartile of CML were more likely to develop severe walking disability 
(hazard ratio 1.54, 95% confidence interval 1.04–2.29, P = 0.03). A community-
based cross-sectional study by Yang et al. [16] showed that urinary CML level was 
negatively associated with grip strength among 41 older women but not 63 older 
men (≥ 65 years old). Furthermore, the joint association of urinary CML level and 
mobility function was correlated with the risk of developing sarcopenia among 
older adults (odds ratio 13.76, 95% confidence interval 1.03–183.83, P < 0.05). In 
addition to CML, increased serum pentosidine, a well-known AGEs found in the 
plasma and tissues of diabetic and uremic subjects [40], was shown to be negatively 
associated with skeletal muscle mass in 133 postmenopausal women with type 
2 diabetes (mean age 66.8 years) [10] and in 70 elderly women with or without 
sarcopenia (≥ 53 years old) [17].

These findings are also supported by studies using non-invasive AGEs mea-
surement methods. Because several AGEs have characteristic fluorescence, the 
measurement of skin autofluorescence (SAF) is often adopted to assess the level 
of AGEs in the body. Momma et al. [8] investigated the relationship between SAF 
and muscle strength and power in 232 adult men (median age 46.0 years) and 
found that participants with higher SAF had lower grip strength and leg extension 
power. Kato et al. [11] also reported that SAF was significantly higher in the low 
skeletal muscle index group compared with the normal skeletal muscle index group 
among 132 elderly people (mean age 59.0 years). Moreover, SAF was shown to be an 
independent factor associated with low skeletal muscle index (odds ratio 15.7, 95% 
confidence interval 1.85–133.01, P = 0.012). The negative association between SAF 
and muscle mass (odds ratio 1.48, 95% confidence interval 1.23–1.78, P < 0.001), 
grip strength (odds ratio 1.98, P = 0.003), hip flexion strength (odds ratio 1.50, 
P = 0.012), and hip abduction strength (odds ratio 1.78, P = 0.001) was found 
among 9,203 participants (mean age 57.8 years) in the Nagahama study, which is a 
large-scale population-based cohort study in Japan [13]. Another large population-
based cohort study in the Netherlands, the Lifelines study also demonstrated the 
relationship between SAF and poor physical functioning among 5,624 participants 
(≥ 65 years old) [14]. In a study of diabetic patients, Mori et al. [12] reported that 
knee extension power was negatively correlated with SAF among 36 patients with 
type 1 diabetes (mean age 55.7 years). They subsequently reported that SAF was 
the independent determinant for skeletal muscle mass index (odds ratio 6.38, 
95% confidence interval 1.93–21.08, P < 0.05), grip strength (odds ratio 3.55, 95% 
confidence interval 1.57–8.00, P < 0.05), knee extension power (odds ratio 3.68, 
95% confidence interval 1.87–7.23, P < 0.05), and sarcopenia (odds ratio 7.73, 95% 
confidence interval 2.13–28.02, P < 0.05) among 166 patients with type 2 diabetes 
(mean age 63.2 years) [15]. Collectively, accumulation of AGEs may be a better pre-
dictor of skeletal muscle dysfunctions during aging process. Furthermore, recent 
our preliminary study found that SAF was negatively associated with leg extension 
power in 20 health young men (mean age 19.0 years) (Figure 2). Therefore, glyca-
tion stress may affect muscle strength even in young people, and it is considered 
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that grasping the glycation stress state not only from the elderly but also from the 
young age can contribute to the prevention of future muscle dysfunctions.

4.2 AGEs modification of contractile proteins in skeletal muscle

Decreased skeletal muscle quantity is deemed a crucial cause of aging-associ-
ated muscle dysfunctions. However, recent evidence suggests that the quality of 
muscle tissue is more functionally relevant than its quantity. Muscle contractile 
properties are identified as an important determinant of functional limitations 
in older adults [41]. In this context, several studies have focused on the effect 
of intracellular glycation on protein structure and function in skeletal muscle. 
Syrovy and Hodny [42] first reported in 1993 that incubation of myofibrils with 
ribose promoted the glycation of myofibrillar proteins such as myosin heavy 
chain, α-actinin, actin, and tropomyosin, accompanied by reduced ATPase activ-
ity. The decrease in ATPase activity associated with the glycation is supported by 
several subsequent studies [43–45]. A major component of skeletal muscle, myo-
sin contains 201 lysine residues and offers numerous potential sites for glycation. 
In fact, Ramamurthy et al. [46] demonstrated that glucose exposure to rodent 
skeletal muscle fiber induced myosin structural change and reduction of shorten-
ing velocity of myosin. The study is the first report to show the glycation-induced 
protein structural and functional changes in skeletal muscle. Furthermore, some 
researchers have found that actin and connective tissues were also modified with 
AGEs in skeletal muscle of old rats [47] and human [48]. Structural or chemical 
changes in actin, myosin, and extracellular matrix are likely to deteriorate muscle 
function by affecting actomyosin ATPase activity or stiffness [49, 50]. Our pre-
liminary experiment also found that 45 AGEs-modified proteins were increased 
in skeletal muscle of old mice (24-month age) compared with that of young adult 
mice (6-month age) (unpublished data). These intracellular or extracellular 
AGEs modifications of skeletal muscle proteins may be a potent factor of aging-
associated skeletal muscle dysfunctions.

Figure 2. 
Correlation between skin autofluorescence (SAF) and leg extension power. The subjects were 20 healthy young 
men, and after measuring the subcutaneous glycation state with an AGEs sensor (RQ-AG01J, Sharp Life 
Sciences, Hyogo, Japan), the maximum lift weight of leg extension was measured. Statistical significance was 
assessed using Pearson’s correlation.
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4.3 AGEs and insulin resistance in skeletal muscle

In skeletal muscle, the initial insulin signaling events include insulin binding 
to the extracellular α-subunit of the insulin receptor, rapid phosphorylation of the 
receptor (auto-phosphorylation) and insulin receptor substrate (IRS)-1 on tyrosine 
residues, and recruitment and activation of class IA phosphatidylinositol 3-kinase. 
These lead to the generation of the critical second messenger PI-3,4,5-triphosphate, 
which in turn triggers the activation of Akt [51]. TBC1 domain (TBC1D) family 
member 1 and TBC1D4 act as downstream mediators of Akt. TBC1D1 and TBC1D4 
contain a Rab-GTPase-activating protein domain that prevents glucose transporter 
4 (GLUT4) translocation by inactivating Rab proteins. TBC1D1 and TBC1D4 dis-
sociate from GLUT4 vesicles in the phosphorylated state, and thereby facilitating 
GLUT4 translocation and glucose transport [52, 53].

Many evidence have shown that AGEs impair insulin signaling transduction 
and induce insulin resistance in skeletal muscle. Miele et al. [54] showed that 
exposure of glycated albumin (0.1–0.2 mg/ml) to skeletal muscle cells for 24 hours 
impaired insulin-stimulated 2-deoxyglucose uptake, accompanied by reduced IRS-1 
tyrosine phosphorylation, Akt activity, but not insulin receptor kinase activity, 
suggesting that AGEs affect factors downstream from insulin receptor. AGEs-
induced inhibition of glucose transport was supported by the work of Wu et al. 
[55] that exposure of glyoxal-derived AGEs (0.1 mg/ml) to skeletal muscle cells for 
8–48 hours completely abolished 2-deoxyglucose uptake. Their subsequent research 
found that AGEs-induced impairment of insulin action might be mediated by the 
formation of multimolecular complex among RAGE/IRS-1/src and protein kinase 
C [56]. Animal study by Rai et al. [57] demonstrated that fructose intake (20% in 
drinking water) for 16 weeks decreased insulin-stimulated Akt phosphorylation 
accompanied by elevated serum and muscle AGEs level and RAGE mRNA level in 
rat skeletal muscle. However, these changes were suppressed by co-ingestion of 
AGEs inhibitor aminoguanidine (100 mg/kg). Pinto-Junior et al. [58] showed that 
injection of glycolaldehyde-derived AGEs (20 mg/kg/day) to rat for 12 weeks led to 
whole-body insulin resistance and decreased GLUT4 mRNA and protein levels in 
skeletal muscle. Furthermore, they demonstrated that exposure of glycolaldehyde-
derived AGEs (1.0 mg/ml) to skeletal muscle cells for 2.5 hours increased nuclear 
factor (NF)-κB expression and nuclear protein binding activity into a GLUT4 gene 
promoter NF-κB binding site, suggesting that AGEs reduce GLUT4 transcrip-
tion through NF-κB signaling. These AGEs-induced aggravating effect on insulin 
signaling may induce skeletal muscle insulin resistance, and thereby contributing to 
impairment of whole-body glucose homeostasis with aging or diabetes.

4.4 The effect of AGEs on myogenesis, development, atrophy of skeletal muscle

As described above, AGEs are a crucial factor affecting skeletal muscle func-
tions, especially skeletal muscle mass. Considering the formation process of AGEs 
derived from sugar, it has been initially investigated the effects of AGEs on diabetic 
muscle atrophy. Snow et al. [59] observed distribution patterns of AGEs in skeletal 
muscle of diabetic rats and found the presence of CML intracellularly and at sites 
along the muscle fiber periphery. However, there was no difference in muscle fiber 
cross-sectional area between AGEs-positive and -negative fibers in both control 
and diabetic rats, indicating the indirect effect of intracellular AGEs on muscle 
size. Alternatively, a more detailed study by Chiu et al. [60] demonstrated that 
decreased muscle mass and fiber cross-sectional area in diabetic rats was attenuated 
by the 4-week treatment with AGEs inhibitor, alagebrium chloride, accompanied by 
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decreased AGEs and RAGE expressions. They also investigated the direct effect of 
AGEs on muscle atrophy and found that exposure of glucose-derived AGEs (0.025–
0.2 mg/ml) to human primary skeletal muscle cells for 48 hours induced myotube 
atrophy via RAGE, 5’AMP-activated protein kinase, and Akt signaling-mediated 
upregulation of ubiquitin-proteasome system.

Our recent study supports the involvement of RAGE in skeletal muscle atrophy. 
In addition to diabetes, muscle disuse due to injury, casting, and bedrest is a potent 
inducer of muscle mass loss [61]. However, there was no evidence that glycation 
stress was involved in disuse-induced skeletal muscle atrophy. Therefore, we inves-
tigated the contribution of RAGE to disuse-induced skeletal muscle atrophy [62]. 
Our study showed that 1-week hindlimb suspension procedure to mice led to muscle 
atrophy accompanied by intracellular MG-H1 and CML accumulations. However, 
treatment with RAGE antagonist during the suspension attenuated the atrophic 
response (Figure 3), and muscle mass inversely correlated with the accumulation 
of MG-H1 and CML in skeletal muscle (Figure 4). RAGE inhibition also suppressed 
the atrophy-associated expression of proinflammatory cytokines and activation of 
ubiquitin-proteasome system. These findings suggest the contribution of RAGE to 

Figure 3. 
Soleus weight normalized to body weight and muscle fiber cross sectional area (CSA) after hindlimb 
suspension and/or receptor for AGEs (RAGE) antagonist treatment. Mice in the HS group were subjected to 
continuous hindlimb suspension for 1 week. Age-matched mice that did not undergo hindlimb suspension were 
used as controls (CON). Mice in the HS + FPS-ZM1 group were injected daily intraperitoneally with 1 mg/kg 
FPS-ZM1, a RAGE antagonist, during hindlimb suspension. Data are expressed as means ± SE; n = 7–9 per 
group. Individual data points are indicated on the bar graph. Representative images of immunofluorescence 
are shown. Scale bars, 50 μm. The value of effect size is listed in parentheses. Statistical significance was 
analyzed using Tukey–Kramer multiple comparison tests. This figure was adapted from Egawa et al. [62] with 
permission from the publisher.
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disuse-induced skeletal muscle atrophy. Furthermore, in this study, RAGE expres-
sion was increased in response to suspension, and this was limited to atrophied 
soleus and plantaris muscles but not unatrophied extensor digitorum longus 
muscle. Therefore, muscle disuse itself but not systemic mediators may regulate 
RAGE expression.

The effect of glycation stress on muscle growth was first reported in our research 
[63]. We evaluated the differences in muscle mass, contractile properties and 
molecular responses between mice that received a diet containing high-AGEs and 
low-AGEs for 16 weeks [63]. As a result, exposure to a high-AGEs promoted CML 
accumulation in skeletal muscle, suppressed muscle growth, and induced skeletal 
muscle dysfunctions including suppression of muscle strength, fatigue resistance, 
and force production (Figure 5). In addition, the expression of myogenic factors 
and phosphorylation of p70 s6 kinase, an enzyme playing a key role in the regulation 
of protein synthesis, were decreased in the high-AGEs treated group. These results 
suggest that exposure to AGEs impairs postnatal growth and muscle development.

To clarify the underlying mechanism of AGEs-induced inhibition of muscle 
growth, we next carried out the comprehensive analysis of protein phosphoryla-
tion status by using the reverse phase protein array method [64]. In the study, the 
average level of phosphorylation of skeletal muscle cells exposed to various kinds of 
AGEs (glyoxylic-, pyruvate, glycolaldehyde, and glucose-derived AGEs, 0.1 mg/ml) 
was increased at eight phosphorylation sites and decreased at 64. The most upregu-
lated phosphorylation sites were signal transducer and activator of transcription 3 
(STAT3) Tyr705. The most downregulated phosphorylation sites were extracellular 
signal-regulated kinase (ERK) Thr202/Tyr204. Almost all of the phosphorylation 
sites related to insulin/insulin-like growth factor 1 (IGF-1) signaling were also 
downregulated by AGEs (Figure 6). Increased STAT3 Tyr705 phosphorylation and 
decreased ERK Thr202/Tyr204 phosphorylation were also confirmed in the skeletal 
muscles of mice treated with a diet high in AGEs for 16 weeks. These results suggest 
that systemic AGEs modulate cellular signaling transduction pathways, such as 
STAT3 and insulin/IGF-1 signaling, and thereby contribute to the impairment of 
skeletal muscle growth and development. Accordingly, Adachi et al. demonstrated 
that IGF-1 treatment protected AGEs-induced deterioration of myogenic differen-
tiation in skeletal muscle cells [65].

Figure 4. 
The correlation between methylglyoxal (MG)- or Nε-(carboxymethyl) lysine (CML)-modified protein level 
and muscle weight. For the quantification of MG-modified and CML-modified proteins, the signal intensity 
of full-molecular-weight was quantified after western blotting. n = 8 per group. Statistical significance was 
assessed using Pearson’s correlation. This figure was adapted from Egawa et al. [62] with permission from the 
publisher.
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5.  Therapeutic perspectives for AGEs-induced skeletal muscle 
dysfunctions

AGEs-RAGE axis seems to be the most contributor to skeletal muscle dysfunctions 
under glycation stress condition [66]. Recently, Chiappalupi et al. [67] demonstrated that 
cancer cachexia-induced muscle wasting and inflammatory responses were prevented 
in RAGE-null mice. In this regard, several RAGE antagonists were used for preclinical 
and clinical studies [68, 69]. For example, FPS-ZM1, which was identified by screening 
5,000 compounds for their ability to inhibit RAGE and amyloid-β interaction, can block 
amyloid-β-induced cellular stress [70]. Azeliragon, which is an orally-active small-mol-
ecule antagonist of RAGE, improves cognitive function in Alzheimer disease patients by 
inhibiting inflammation and amyloid-β accumulation [71]. As our study showed, RAGE 
inhibition by FPS-ZM1 could prevent disuse-induced muscle atrophy [62]. Potentially, 
these RAGE inhibitors might be useful for various skeletal muscle atrophy.

Figure 5. 
The grip strength test, wire-hanging test, and in vitro force production of plantaris muscles in mice fed a diet 
low in AGEs (L-AGEs) or a diet high in AGEs (H-AGEs). The grip strength test and wire-hanging test was 
conducted 5 and 4 days before the end of the 16-week study, respectively. For measuring in vitro forth production, 
isolated plantaris muscle was allowed to rest for 30 min and the muscle was tetanically contracted at frequencies 
of 0, 5, 10, 25, 50, 75, and 100 Hz with a 2 min rest between contractions. Data are expressed as mean ± SE, n = 10 
per group. *P < 0.05 vs. L-AGEs mice. Statistical significance was analyzed using Student’s t test or Tukey–Kramer 
multiple comparisons tests. This figure was adapted from Egawa et al. [63] with permission from the publisher.
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Figure 6. 
The phosphoproteins related to insulin/insulin-like growth factor-1 (IGF-1) signaling. C2C12 myotubes 
on day 4 of differentiation were incubated with glyoxylic acid-derived AGEs, pyruvate- derived AGEs, 
glycolaldehyde- derived AGEs, glucose- derived AGEs, or BSA at 0.1 mg/mL for 24 h. After that, reverse 
phase protein array analysis was performed. The phosphoproteins related to insulin/IGF-1 signaling are 
represented as the relative log fold-change (FC) values. This figure was adapted from Egawa et al. [64] with 
permission from the publisher. IRS-1, insulin receptor substrate-1; IGF-1, insulin-like growth factor-1; GSK, 
glycogen synthase kinase; mTOR, mammalian target of rapamycin; 4E-BP1, eukaryotic translation initiation 
factor 4E binding protein- 1; eIF, eukaryotic translation initiation factor; eEF2k, eukaryotic elongation 
factor- 2 kinase.
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Plant-derived phytochemicals are also potentially beneficial for maintaining 
muscle functions. Screening of 536 kinds of plants has confirmed anti-glycation 
activity in more than 100 kinds of materials [72]. Recent our study [73] found that 
propolis, a natural resinous substance produced by honeybees, has an inhibitory 
effect on AGEs formation. Furthermore, propolis intake (0.1%-containing diet) for 
20 weeks under glycation stress conditions from methylglyoxal exposure prevented 
intracellular MG-H1 accumulation and inflammatory cytokine expressions in 
mouse skeletal muscle (Figure 7).

In addition to phytochemicals, organic compound with anti-glycation effect, 
pyridoxamine has been shown to inhibit diabetes-related muscle dysfunctions. 
Muellenbach et al. [74] first showed that treatment with pyridoxamine (60 mg/kg i.p. 
injection) for 6 weeks improved insulin-stimulated glucose transport in the skeletal 
muscle of obese Zucker rats. In a study by Hagiwara et al. [75] using a high-fat diet 
fed rats, it was shown that 12-week treatment with pyridoxamine (300 mg/kg/day in 
drinking water) attenuated reductions in Akt phosphorylation and GLUT4 expres-
sion in the plasma membrane of skeletal muscle. Mastrocola et al. [76] demonstrated 
that pyridoxamine treatment to rats fed a high-fructose diet (60% of calories) for 
12 weeks suppressed CML accumulation, RAGE upregulation, sirtuin-1 reduction, 
mitochondrial dysfunction, and contractile dysfunction in skeletal muscle. These 

Figure 7. 
The content of methylglyoxal (MGO)-derived AGEs and mRNA expression of interleukin (IL)-1β, IL-6, toll-
like receptor 4 (TLR4), and receptor for AGEs (RAGE) in the extensor digitorum longus muscles. The muscles 
were dissected from mice treated with or without propolis (0.1%)-containing diet or MGO (0.1%)-containing 
drinking water for 20 weeks. Data are expressed as means ± SE; n = 3–6 per group. * P < 0.05 between the 
groups. Statistical significance was analyzed using Tukey–Kramer multiple comparisons tests. This figure was 
adapted from Egawa et al. [73] with permission from the publisher.
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results suggest that even in situations where glycation stress increase such as high-
AGEs diet intake, skeletal muscle dysfunctions can be prevented by simultaneously 
ingesting compounds and foods that have anti-glycation effects.

6. Conclusion

Glycation stress is a potential factor that reduces physical functions, which 
has become attention in recent years as well as oxidative stress. Glycation stress is 
mainly caused by intracellular AGEs formation and accumulation in the body, and 
also by ingestion from food products. Exposure to AGEs on skeletal muscle cells 
leads to skeletal muscle dysfunctions including reductions of mass, contractile 
function, insulin sensitivity. These dysfunctions seem to be attributed to RAGE-
induced inflammatory responses and deteriorations of cellular signaling transduc-
tion, including insulin/IGF-1 signaling. However, some therapeutic strategies, such 
as treatment with RAGE antagonists, AGEs inhibitors, phytochemicals can over-
come the aggravating effects. Glycation research on skeletal muscle has not been 
sufficiently carried out, and further studies in the future, especially the elucidation 
of the effect of glycation stress on skeletal muscle and its underlying molecular 
mechanism, and the development of strategies on preventing the accumulation of 
AGEs in skeletal muscle, are desired.
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Metabolic Responses to  
Energy-Depleted Conditions
Tomohiro Suzuki, Tetsuro Komatsu, Hiroshi Shibata  
and Takeshi Inagaki

Abstract

Dietary intervention is one of the most important approaches for the treatment 
of metabolic diseases such as diabetes mellitus. Fasting and caloric restriction have 
profound effects on systemic metabolism. The energy source-producing organs, 
such as the liver, and peripheral tissues rewire their metabolism to meet the energy 
demands of the whole body. Glycogenolysis, fatty acid oxidation, and ketone body 
production are characteristic metabolic changes that occur during fasting and 
caloric restriction. These metabolic changes are regulated by various signaling 
cascades including PPARα and FGF21. Moderate fasting and caloric restriction have 
also been implicated in extending the lifespan in a variety of organisms from nema-
todes to vertebrates. Intensive research has unveiled several regulatory mechanisms 
of longevity including metabolic regulators such as mTOR and sirtuins. The epig-
enome has been attracting attention as a mechanism underlying metabolic diseases 
and longevity. The epigenome is the concept that involves covalent modifications of 
DNA, histones, and RNA, which are mediated by the action of epigenetic enzymes. 
The activity of these enzymes is regulated by energy states, i.e. metabolites includ-
ing ketone bodies and intermediates of various metabolic pathways. Thus, energy 
states are recorded in cells as an epigenetic memory, which may cause future onset 
of metabolic diseases and affect lifespan.

Keywords: Fasting, caloric restriction, diabetes mellitus, obesity, glycolysis, the TCA 
cycle, fatty acid oxidation, ketone body, PPARα, FGF21, insulin, glucagon, longevity, 
metabolites, and epigenome

1. Introduction

For the treatment of diabetes mellitus, dietary intervention is one of the most 
important basic approaches along with exercise therapy. Since dietary guidance for 
diabetes is often based on limiting caloric intake, it is important to understand the 
effects of fasting and caloric restriction on systemic metabolism. Furthermore, the 
effects of the Mediterranean diet and the pros and cons of carbohydrate-restricted 
diets have recently attracted attention, and it is now widely recognized that the 
proportion of certain nutrients in the diet and the order in which they are eaten 
can affect nutrient absorption and systemic metabolism. In countries where exces-
sive food supply has caused obesity and the associated diseases, many people have 
adopted fasting and caloric restriction for weight control. Academic studies have 
shown that moderate caloric restriction has a positive effect on those diseases and 
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contributes to longevity through anti-aging effects and prevention of age-related dis-
eases. However, given that excessive fasting or caloric restriction can lead to malnu-
trition, it is important to accurately understand the effects on systemic metabolism.

During fasting, carbohydrates, fats, and proteins are utilized as energy sources 
in many organs. However, since the brain cannot directly utilize fatty acids 
derived from lipolysis, the insight into energy metabolism in the brain is essential 
to understand the systemic metabolism during fasting. In the early stages of 
fasting, glucose is provided to the brain by glycogenolysis (Figure 1A). In the case 
of prolonged fasting, gluconeogenesis is activated in the liver to produce glucose 
from pyruvate and lactate, as well as from glycerol produced by lipolysis and from 
amino acids produced by proteolysis (Figure 1B) [1]. When fasting is further pro-
longed, glucose is supplied by renal gluconeogenesis, and ketone bodies produced 
by fatty acid oxidation (or β-oxidation), and acetate are used as energy sources 
for the brain and skeletal muscles (Figure 1A) [2, 3]. Thus, brain activity is 
maintained by glucose and ketone bodies from the multiple sources. Of note, most 
of gluconeogenesis takes place in the liver and to a lesser extent in the proximal 
tubules of the kidney, and ketone bodies are mainly produced in the liver.

It has long been known that fasting and caloric restriction are associated with 
an extended lifespan in many organisms. Longevity is regulated by several factors 
such as mechanistic target of rapamycin (mTOR), sirtuins (SIRTs), AMP-activated 
protein kinase (AMPK), forkhead box protein O (FOXO), and growth hormone 
(GH)/insulin-like growth factor-1 (IGF-1), but the mechanism by which these fac-
tors extend lifespan in humans is not yet fully understood. One possible hypothesis 
is that fasting and caloric restriction are memorized in the epigenome of cells. More 
specifically, metabolites produced during fasting serve as inhibitors or substrates 
of epigenetic enzymes. For example, ketone bodies mainly inhibit class I histone 
deacetylases (HDACs) to promote histone acetylation. In addition, acetyl-CoA, 
produced by fatty acid oxidation, and α-ketoglutarate (α-KG, also known as 2-oxo-
glutarate), an intermediate metabolite of the tricarboxylic acid (TCA) cycle (also 
known as the citric acid cycle or the Krebs cycle), are substrates for histone acetyl-
transferases and epigenetic demethylases, respectively. Thus, the states of energy 
metabolism, including fasting, are recorded in cells as epigenomic memories, which 
may cause the development of future diseases.

Figure 1. 
The brain energy sources under the fasting condition. A. Energy sources for the brain, B. Energy sources for 
gluconeogenesis.
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2. Energy storage in the body

Under normal metabolic conditions, some of the excess glucose is stored as 
glycogen, mainly in the liver and muscles, and further excess energy is stored as fat 
mainly in the adipose tissue. Fat in the body consists of triglycerides (TGs), which 
are transported to the adipose tissue in the form of chylomicrons from the intestine, 
and also produced from excess glucose in the adipose tissue and the liver. Under the 
feeding conditions, glucose is metabolized mainly in adipocytes and hepatocytes via 
glycolysis to produce pyruvate, which is then converted to acetyl-CoA and com-
bined with oxaloacetate to enter the TCA cycle as citrate in mitochondria. Excess 
citrate is transported to the cytoplasm and converted to acetyl-CoA, which is then 
used as a substrate for fatty acids synthesis via malonyl CoA produced by the rate-
limiting enzyme, acetyl-CoA carboxylase. Fatty acids are esterified with glycerol to 
produce triglycerides and stored in the adipose tissue.

3. Energy supply under fasting conditions

The liver, muscles, adipose tissues, and brain are all closely involved in energy 
metabolism and are important organs for understanding whole body metabolism 
in the fasting state. The brain cannot directly utilize fat because it is not capable of 
fatty acid oxidation unlike many other organs. Therefore, during prolonged fasting, 
glucose is supplied to the brain from multiple sources to maintain its functions. 
In addition, ketone bodies are produced as an energy source for the brain during 
extremely long fasting. The reason why the brain is unable to oxidize fatty acids 
remains controversial, but it is thought to be because fatty acids cannot cross 
the blood–brain barrier and the brain does not have the enzymes necessary for 
β-oxidation.

In the normal state of energy metabolism under feeding conditions, dietary 
sugar is commonly used as an energy source in all organs. Glucose is oxidized via 
glycolysis to eventually yield two molecules of pyruvate. In the presence of oxy-
gen, pyruvate enters the TCA cycle, and it is completely oxidized to produce six 
molecules of carbon dioxide. At this step, NAD+ and FAD are reduced to produce 
NADH and FADH2, respectively, and are transported to the respiratory chain of 
mitochondria to produce energy in the form of ATP.

In the early stage of fasting, stored glycogen, a branched polymer of glucose, is 
degraded to provide glucose via glucose 6-phosphate (Figure 2). Glycogen-derived 
glucose is used for energy supply by the glycolytic pathway and the TCA cycle in 
most of organs except the liver, muscles, and adipose tissue. However, the amount 
of energy stored as glycogen is consumed in a day of fasting, and hepatic glycogen 
is almost completely depleted after two to three days of starvation. The degradation 
of glycogen proceeds as phosphorylase sequentially removes glucose monomers by 
cleaving the α-(1 → 4) bond in a phosphate-dependent manner. At the branched end 
of glycogen, when degradation proceeds to four glucose residues near the α-(1 → 6) 
bond, three glucose molecules at the branching end are transferred to the other chain 
end by a group of glycogen debranching enzymes. The remaining glucose molecules 
are then hydrolyzed to remove them, and further degradation by phosphorylases con-
tinues. The glucose 1-phosphate produced by phosphorylase is converted to glucose 
6-phosphate by phosphoglucomutase and enters the glycolytic pathway (Figure 2). 
Glucose 6-phosphate is converted to glucose by the action of glucose 6-phosphatase 
(G6Pase) in the liver, and then released into the bloodstream via Glut2 to supply 
glucose to the brain and other organs. On the other hand, G6Pase is not expressed in 
the muscles, so stored glycogen is used only for local energy production.
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During fasting, TGs in the adipose tissue are also degraded and used for fatty 
acid oxidation (Figures 2 and 3). TGs are broken down into fatty acids and glycerol 
by hormone-sensitive lipase (HSL) and a rate-limiting enzyme, adipose triglyceride 
lipase (ATGL). Fatty acids are bound to albumin and transported to the liver and 
muscles, where they are taken up by facilitated transport for fatty acid oxida-
tion. Long-chain fatty acids taken up by the cells pass through the mitochondrial 
membrane to the matrix. Fatty acids are converted to acyl-CoA by acyl-CoA 
synthase and then conjugated with carnitine to form acyl-carnitine by carnitine 
palmitoyltransferase (CPT1) on mitochondrial outer membrane (CPT1a: mainly 
in the liver, CPT1b: mainly in the skeletal muscle and brown fat) and pass through 
mitochondrial inner membrane to the matrix via carnitine-acylcarnitine translocase 
(CACT). Fatty acids are then released from carnitine through the action of CPT2 
on mitochondrial inner membrane (Figure 3). In mitochondrial matrix, fatty acids 
are continuously oxidized via FAD-dependent acyl-CoA dehydrogenase to produce 
FADH2, NADH+H+, and acetyl-CoA (Figure 3). Although fatty acid-derived acetyl-
CoA enters the TCA cycle for energy production, it does not contribute to gluconeo-
genesis because two carbon atoms derived from the acetyl-CoA are removed in the 
TCA cycle. In contrast, the glycerol produced by lipolysis can be used as a substrate 
for gluconeogenesis (Figure 2).

When fasting persists, glucose is supplied to multiple organs via gluconeogenesis 
in the liver. Gluconeogenesis is particularly important to provide glucose as an 
energy source for the brain, which is unable to oxidize fatty acids. In the liver, gluco-
neogenesis is carried out from amino acids, pyruvate, lactate, glycerol, and ketone 
bodies (Figures 1B and 2). During several weeks of starvation, about 80 grams of 
glucose is produced daily via gluconeogenesis, of which 15–20 grams is derived from 
amino acids, mainly alanine, 35–40 grams from pyruvate and lactate, 20 grams from 
glycerol from fat, and 10 grams from ketone bodies [1]. Amino acids are supplied 
by degradation of proteins in the muscles during fasting. Alanine is transported to 
the liver via the bloodstream, and is then converted to pyruvate for gluconeogenesis 
(Figure 2). Pyruvate is metabolized to oxaloacetate by pyruvate carboxylase (PC) 

Figure 2. 
Gluconeogenesis under the fasting condition.
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and then decarboxylated by phosphoenolpyruvate carboxykinase (PEPCK) to pro-
duce phosphoenolpyruvate (PEP) (Figure 2). PEP is an intermediate product of the 
glycolytic pathway, and the following gluconeogenic process utilizes the glycolytic 
enzymes except for the step of fructose-1,6-bisphosphate to fructose-6-phosphate 
which requires fructose-1,6-bisphosphatase [4] and the step of glucose-6-phosphate 
to glucose mediated by G6Pase. Lactic acid is converted to pyruvate by lactate dehy-
drogenase (LDH) for gluconeogenesis (Figure 2). Glycerol is phosphorylated by 
glycerol kinase in the liver to produce glycerol 3-phosphate, which is then oxidized 
by glycerol 3-phosphate dehydrogenase (G3PDH) to dihydroxyacetone phosphate, 
an intermediate of the glycolytic pathway. Dihydroxyacetone phosphate under-
goes gluconeogenesis via glyceraldehyde 3-phosphate or fructose 1,6-diphosphate 
(Figure 2). Furthermore, under long-term starvation for several days or a week 
where water, vitamins, salt, and other minerals are supplied, glucose production 
occurs not only in the liver but also in the renal cortex, which is responsible for 
about 40% of total body glucose production [1].

Gluconeogenesis is tightly regulated by the products of fatty acid oxidation such 
as NADH+H+, acetyl-CoA, and ATP (Figure 4). In normal glucose metabolism, 
pyruvate enters the TCA cycle via acetyl-CoA by the action of pyruvate dehydroge-
nase (PDH). However, during fasting, pyruvate is converted to oxaloacetate by PC 
for gluconeogenesis as described above (Figure 4). The activity of PC is stimulated 
by acetyl-CoA. In addition, NADH+H+, acetyl-CoA, and ATP inhibit PDH activity 
(Figure 4). Furthermore, NADH+H+ inhibits isocitrate dehydrogenase (IDH), 
one of the enzymes responsible for the TCA cycle (Figure 4). Thus, NADH+H+, 

Figure 3. 
Lipid metabolism and ketone body production during fasting.
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acetyl-CoA, and ATP, which are generated by fatty acid oxidation, regulate the 
activities of enzymes in the gluconeogenesis pathway, and these regulatory mecha-
nisms ensure a consistent flow of metabolites for energy supply through gluconeo-
genesis and fatty acid oxidation during fasting. Since PEP produced by PEPCK is an 
intermediate product of the glycolytic pathway, it could theoretically be converted 
to pyruvate and re-enter the TCA cycle. However, because pyruvate kinase (PK) in 
the liver is inhibited by alanine and inactivated by protein kinase A (PKA), which 
is activated by glucagon, PEP produced during fasting is used for gluconeogenesis 
but not glycolysis. In other words, gluconeogenesis and amino acid metabolism are 
consistently regulated under fasting conditions. In addition, nitrogen sources stored 
in the muscles are used for gluconeogenesis in the renal cortex under prolonged 
fasting. Glutamine and alanine are metabolized from branched-chain amino acids 
such as leucine, isoleucine, and valine in the muscles, and released into the blood-
stream. Glutamine is then primarily used for gluconeogenesis via the TCA cycle in 
the renal cortex. This indicates that diet therapies that focus primarily on fasting 
result not only in burning of stored fat but also loss of muscle mass.

4. Ketone body as an energy source during long-term fasting

Under glucose-depleted conditions during fasting, the brain and muscles use 
ketone bodies and acetate as energy sources other than glucose (Figure 1B) [3, 5]. 
These energy sources are critical to sustain function of the brain because it cannot 
directly metabolize fatty acids. A human study investigated the energy sources of 
the brain under long-term starvation for 5–6 weeks. When only water, vitamins, and 
minerals such as salt are supplied, urinary nitrogen excretion, an indicator of amino 
acid-derived gluconeogenesis, dropped to about 4–5 grams per day, and two-thirds of 
the energy source of the brain comes from β-hydroxybutyrate and acetoacetate [1].

The metabolic systems that use ketone bodies as an energy source can be traced 
back to bacteria, archaea, and protozoa. In humans, most ketone bodies are pro-
duced in the liver. During fasting, the most part of acetyl-CoA produced by fatty 

Figure 4. 
Fatty acid oxidation and gluconeogenesis during fasting.
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acid oxidation is used for ketone body production, while only the limited amount 
enters the TCA cycle (Figure 3). At the first step of the TCA cycle, acetyl-CoA is 
conjugated to oxaloacetate through the action of citrate synthase to produce citrate. 
However, oxaloacetate is relatively scarce during fasting because it is consumed by 
glucose production. As a result, excess acetyl-CoA produced by fatty acid oxidation 
is used exclusively for ketone body production. In addition, NADH+H+, acetyl-CoA, 
and ATP, which are produced by fatty acid oxidation, regulate gluconeogenesis-
related enzymes to stimulate gluconeogenesis. In addition, NADH+H+ suppresses 
the activity of IDH in the TCA cycle, which in turn suppresses the TCA cycle and 
directs fatty acid-derived acetyl-CoA toward ketone body production.

Ketone bodies are produced in mitochondria in the following reactions: two 
molecules of acetyl-CoA are combined by acetoacetyl-CoA thiolase to produce 
acetoacetyl-CoA, and an additional molecule of acetyl-CoA is conjugated by HMG-
CoA synthase 2 (HMGCS2) to produce HMG-CoA, which is then cleaved by lyase 
to form acetoacetate (Figures 3 and 5). Acetoacetate can be converted to acetone 
through spontaneous non-enzymatic decarboxylation or to β-hydroxybutyrate 
(D-3-hydroxybutyrate) by 3-hydroxybutyrate dehydrogenase (BDH1) (Figure 3). 
β-Hydroxybutyrate is the most abundant ketone body in the blood. Here, the irre-
versible reaction by HMGCS2 is a key reaction for ketone body production, and the 
activity of BDH1 is increased by NADH+H+.

The basal level of β-hydroxybutyrate in humans is at the level of a few μM under 
feeding conditions, and the blood concentration increases to 200–300 μM after 
12–16 hours of fasting, 1–2 mM after 2 days of fasting, and as high as 6–8 mM after 
prolonged fasting [6]. Ketone bodies also reach more than 2 mM with a ketogenic 
diet that excludes most carbohydrates, and intense exercise for about 90 minutes 
also increases ketone bodies to 1–2 mM. In neonates, the production and utilization 
of ketone bodies are more efficient than adults. The serum concentration of ketone 
bodies is as high as 2–3 mM just after birth, and the neonatal brain uses ketone bod-
ies as an important energy source.

Ketone bodies are produced by the liver and supplied to the brain, muscles, 
and kidneys during fasting, but the liver cannot utilize ketone bodies as an energy 
source because it does not express 3-keto acid CoA transferase (OXCT1/SCOT). 
β-Hydroxybutyrate is produced in the liver and released into the bloodstream via 

Figure 5. 
Production and utilization of ketone bodies.
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monocarboxylic acid transporter 7 (MCT7/SLC16A6) (Figure 5) [6]. During pro-
longed fasting, the high concentration of β-hydroxybutyrate in the blood is taken 
up by the brain through the blood–brain barrier via several monocarboxylic acid 
transporters, including MCT1 and MCT2 (Figure 5). Once taken up into neurons, 
β-hydroxybutyrate reverses the ketone body production pathway to produce acetoac-
etate by BDH1 and further converts to acetoacetyl-CoA by OXCT1/SCOT. The activity 
of BDH1 is promoted by NADH+H+ produced during fatty acid oxidation (Figures 3 
and 5). In addition, the reaction of OXCT1/SCOT is the rate-limiting step to produce 
acetoacetyl-CoA, which is accompanied by the production of an intermediate metabo-
lite of the TCA cycle, succinate, in a succinyl CoA-dependent manner (Figure 5).

In addition, acetate is also utilized as an energy source during prolonged fast-
ing. In the liver, acetate is produced from acetyl-CoA by the action of acetyl-CoA 
hydroxylase during fasting, and is released from the liver to other organs. Acetate is 
utilized as an energy source for acetyl-CoA production via type 2 acetyl-CoA syn-
thase (AceCS2), which is particularly abundant in mitochondria of the muscles [2].

5. Regulatory mechanisms of ketone body production

HMGCS2 is a key enzyme for the regulation of ketone body production. The 
expression of HMGCS2 is strongly regulated by forkhead box protein A2 (FOXA2), 
peroxisome proliferators-activated receptor α (PPARα), fibroblast growth factor 21 
(FGF21), and mTOR, and its activity is enhanced through deacetylation by sirtuin 3 
(SIRT3) [6]. FOXA2 binds directly to the promoter region of HMGCS2 and acti-
vates its transcription. The expression of FOXA2 is regulated by insulin and gluca-
gon. Insulin-mediated phosphorylation inactivates FOXA2 by translocating it out of 
the nucleus, while glucagon activates FOXA2 through p300-mediated acetylation, 
thereby contributing to ketone body production. FOXA2 deacetylation is also 
regulated by class I and class II HDACs and SIRT1, a class III HDAC. In addition, 
mTORC1 complex is known to suppress PPARα, and rapamycin promotes ketone 
body production by inhibiting mTORC1 complex.

6.  Regulation of metabolism under fasting conditions by PPARα  
and FGF21

PPARα is a nuclear receptor expressed in the liver, kidney, heart, and brown 
adipose tissue, which is activated by long-chain fatty acids and involved in fatty 
acid metabolism (Figure 6). PPARα forms a heterodimer with retinol X receptor 
(RXR) and regulates transcription by binding to the response sequence called 
PPAR response element (PPRE) in the gene regulatory regions. In the liver, PPARα 
promotes the expressions of a variety of genes related to β-oxidation, including 
FGF21, HMGCS2, CPT1a, and acyl-CoA oxidase (ACOX), which is the rate-limiting 
enzyme for peroxisomal β-oxidation (Figure 6).

FGF21, a target gene of PPARα, is a member of the FGF family, with 22 
members in humans, and belongs to the same subfamily as FGF15/19 and FGF23 
[7, 8]. FGFs in this subfamily characteristically function as hormones. FGF21 is 
expressed in the liver, adipose tissue, skeletal muscle, and pancreas, and the liver 
mainly secretes FGF21 as a hormone [9]. The expression of FGF21 is enhanced 
by fasting and ketogenic (or high-fat) diets [7, 10]. FGF21 levels in infants are 
higher than fasting FGF21 levels in adults, which is thought to be induced by 
milk-derived free fatty acids. In addition to PPARα, glucocorticoid receptors, 
activating transcription factor 4 (ATF4), cAMP response element binding protein 



113

Metabolic Responses to Energy-Depleted Conditions
DOI: http://dx.doi.org/10.5772/intechopen.100391

H (CREBH), carbohydrate response element binding protein (ChREBP), PPARγ, 
farnesoid X receptor (FXR), and activin B induce the expression of FGF21 in the 
liver [11], while liver X receptor (LXR) inhibits the expression [12]. In the skeletal 
muscles, FGF21 is expressed through ATF4 under specific conditions such as 
metabolic stresses in mitochondria, and is also regulated by the phosphatidylino-
sitol-3 kinase (PI3K) and Akt signals [12].

FGF21 plays an important role in the regulation of systemic energy metabolism 
during fasting. In the white adipose tissue, FGF21 induces lipolysis by enhancing 
the transcription of HSL and ATGL [7]. Free fatty acids produced by lipolysis pro-
mote fatty acid oxidation and the protein expression of HMGCS2, which induces 
the production of ketone bodies (Figure 6). FGF21 also enhances the expression 
of lipolytic enzymes in the liver, suppresses glycogenolysis, and promotes gluco-
neogenesis, but does not significantly affect glycolysis. FGF21 binds to the FGF 
receptor (FGFR) and its co-factor β-Klotho on the plasma membrane of target 
cells, and regulates transcription and translation of the target genes via phosphor-
ylation cascades. FGF21 also regulates glucose metabolism in the liver partially 
via peroxisome proliferator-activated receptor γ coactivator 1-α (PGC-1α), which 
acts as a co-activator of transcriptional regulators and induces gene expression 
related to gluconeogenesis, fatty acid oxidation, and ketone body production 
during fasting [13]. In rodent models, pharmacological concentrations of FGF21 
promote glucose uptake in adipocytes, increase insulin sensitivity, reduce blood 
triglyceride and hepatic fat, and suppress weight gain on a high-fat diet. In 
addition, it induces the expression of Glut1 in adipocytes [14], increases the 
number of pancreatic islets and the content of insulin per islet [15], and reduces 
blood glucagon levels by suppressing glucagon secretion [14]. In diabetic mon-
keys, FGF21 lowers blood glucose, serum insulin, triglyceride, and low density 
lipoprotein (LDL) cholesterol levels, increases high density lipoprotein (HDL) 
cholesterol levels in the blood, and induces weight loss without inducing hypogly-
cemia [16]. Human blood FGF21 levels were shown to be elevated in individuals 
with obesity, type 2 diabetes, and insulin resistance. It is also reported that blood 
FGF21 levels in hyperlipidemic patients are twice as high as in the normal group, 
and that administration of fibrate, a PPARα ligand, increases blood FGF21 levels. 

Figure 6. 
Regulation of energy metabolism by FGF21.
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In addition, FGF21 levels in humans are increased by prolonged fasting for 7 days 
[17]. Thus, even under feeding conditions, FGF21 induces a fasting-like metabolic 
states, such as gluconeogenesis, fatty acid oxidation, and ketone body production 
(Figure 6) [12].

Living organisms suppress GH and reproductive signals to reduce unneces-
sary energy consumption during fasting. Mice with excess FGF21 show reduced 
response to GH and suppressed reproductive signals (Figure 6) [18, 19]. In detail, 
FGF21 transgenic mice show reduced phosphorylation of signal transducer and 
activator of transcription 5 (STAT5) downstream of Janus kinase (JAK) 2 in 
response to GH in the liver and reduced blood IGF-1 levels [18]. In addition, FGF21 
transgenic female mice have a suppressed luteinizing hormone (LH) surge due to 
inhibition of vasopressin signals in the hypothalamus [19]. The latest statistical 
analysis, which excluded the contribution of insulin resistance and body fat per-
centage, showed elevated blood FGF21 levels in human anorexia [20], suggesting 
that FGF21 may be involved in impaired GH signaling in anorexic patients. In addi-
tion, FGF21 plays a role in energy conservation by inducing a hibernation-like state 
(torpor) in mice [7]. During mouse torpor and squirrel hibernation, in addition 
to hypothermia and hypoactivity, it is known that pancreatic lipase is ectopically 
induced outside the pancreas and FGF21 induces the ectopic expression in the liver 
[7, 21]. The pancreatic lipase is capable of hydrolyzing TGs into glycerol and fatty 
acids over a wide temperature range, and thus may provide fatty acids as an energy 
source during torpor and hibernation.

Furthermore, FGF21 transgenic mice exhibit a long lifespan (Figure 6) [22]. It 
is reported that the median lifespan of wild-type mice was 28 months, while that 
of FGF21 transgenic mice was 38 months. Interestingly, the longevity of the FGF21 
transgenic mice did not require restriction of food intake, and insulin sensitivity 
was maintained even when food intake was increased. This suggests that FGF21 
increases lifespan by shifting systemic metabolism to a fasting-like state regard-
less of changes in food intake. These phenotypes are attributed to the suppression 
of GH/IGF-1 signaling accompanied by decreased IGF-1 production, but do not 
involve mTOR signaling, AMPK signaling, and NAD+ metabolism. In the signaling 
of the endocrine FGF subfamily (FGF15/19, FGF21, and FGF23), β-Klotho on the 
plasma membrane is required for FGF15/19 and FGF21, and α-Klotho for FGF23. 
α-Klotho was originally reported as a longevity gene [23], and it inhibits insulin/
IGF-1 signaling by its truncated extracellular region circulating in the bloodstream. 
Thus, it is possible that α-Klotho causes longevity through a similar mechanism to 
FGF21, but α-Klotho is different from FGF21 in that it causes insulin resistance [22]. 
FGF21 also decreases preference for sweetness and alcohol via the central nervous 
system [24–27], which may contribute to the regulation of eating behavior in 
response to the energy states.

7. Regulation of metabolism during fasting by insulin and glucagon

Low blood insulin levels play an important role in the regulation of energy 
metabolism during fasting. Insulin activates PI3K through phosphorylation 
of insulin receptor substrate (IRS), and subsequent activation of Akt leads to 
phosphorylation and translocation of FOXO1 out of the nucleus, resulting in the 
suppression of the expression of ATGL, the rate-limiting enzyme in lipolysis. In 
addition, insulin signaling phosphorylates FOXA2 and excludes it from the nucleus, 
thereby suppressing the expression of HMGCS2, the rate-limiting enzyme for 
ketone body production. Therefore, the decrease in insulin signaling during fasting 
is involved in the expression of ATGL, gluconeogenesis-related genes, and ketone 
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body production-related genes. Fasting also regulates the expression of IRSs and 
the PI3K activity. The expression of IRS-2 and the PI3K activity are elevated during 
fasting and decrease immediately after food intake in the liver [28]. In this context, 
IRS-2 appears to act for a short time after food intake so that it can respond again 
to the next coming dietary stimuli, whereas the expression of IRS-1 is relatively 
constant regardless of feeding conditions [28]. Therefore, it is considered that while 
both IRS-1 and IRS-2 are involved in inhibition of gluconeogenesis immediately 
after food intake, IRS-1 is mainly involved in glycogen production that is initiated 
at an interval after that. IRS-1 and IRS-2 differ not only in their expression pat-
terns but also in their functions. IRS-1 deficient mice do not show strong diabetic 
symptoms, because IRS-2 can compensate for glucose intolerance by promoting 
the proliferation of pancreatic β cells [29]. The increased transcription of the IRS-2 
gene during fasting and its repression after refeeding are regulated by the glucagon 
receptor-PKA-CREB-regulated transcription coactivator 2 (CRTC2)-CREB pathway 
and the insulin receptor signaling in the liver, while the regulation mechanism in 
other tissues remains unclear [30]. Refeeding induces insulin binding to the insulin 
receptor and downstream PI3K activation, which represses IRS-2 transcription via 
FOXO1 phosphorylation by Akt.

During fasting, glucagon is secreted from pancreatic α cells in response to 
hypoglycemia and stimulates glucose production in the liver through gluconeo-
genesis and glycogenolysis. The glucagon receptor-cAMP-PKA pathway promotes 
gluconeogenesis by inducing the expression of the catalytic subunits of G6Pase and 
PEPCK in the liver. PKA-dependent phosphorylation of CREB and dephosphoryla-
tion of CRTC2 forms CREB-CRTC2 complex that recruits a histone acetyltransfer-
ase, CREB binding protein (CBP) and promotes transcription of the gene encoding 
PGC-1α. Furthermore, PGC-1α, which is activated by SIRT1-mediated deacety-
lation and inactivated by general control nonderepressible-5 (GCN5)-mediated 
acetylation, promotes gluconeogenesis together with FOXO1 and hepatocyte 
nuclear factor 4α (HNF4α) [30].

8. Caloric restriction and life span

Fasting and caloric restriction have received so much attention because of their 
relationship to longevity. Fasting and caloric restriction to the extent that they do 
not lead to malnutrition are associated with longevity from nematodes to verte-
brates, and are effective against aging and age-related diseases. For example, it has 
already been known for 80 years that restricting food intake prolongs lifespan in 
rats and mice [31]. Studies in monkeys showed that feeding a calorie-restricted diet 
from a young age inhibits the development of obesity, type 2 diabetes, cardiovas-
cular disease, and cancer, and delays the onset of sarcopenia, senile deafness, and 
brain atrophy [31]. Although the molecular mechanisms by which caloric restriction 
maintains health and extends lifespan are not yet fully understood, various factors 
have been identified to be involved, including FGF21, insulin and IGF-1 signaling, 
mTOR, AMPK, SIRTs, NAD+, FOXO, heat shock factor (HSF), and nuclear factor-
erythroid 2-related factor 2 (NRF2) [31].

FOXO is a DNA-binding transcriptional regulator, which promotes the expression 
of a group of genes involved in DNA repair, autophagy, antioxidant activity, stress 
tolerance, and cell proliferation [31]. NRF2 and HSF1 are thought to be involved 
in the maintenance of protein homeostasis and cell structure through induction of 
antioxidant and drug-metabolizing enzymes, thus extending lifespan [32].

mTOR, first found in bacteria collected from Easter Island soil, is a serine/
threonine kinase that is activated by a variety of factors and regulates a wide 
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range of biological processes. mTOR is activated by insulin and IGF-1 signaling, 
intracellular nutrients such as amino acids and glucose, and energy states as well 
as oxygen and stresses to regulate cell proliferation, metabolism, nutrition, and 
environmental stresses [33]. It was also shown that inhibition of mTOR signaling 
prolongs lifespan in yeast, C. elegans, Drosophila, and mouse, but the mechanism 
is not fully understood [32, 33]. mTOR forms two distinct protein complexes, 
mTORC1 and mTORC2, each of which phosphorylates different target substrates. 
While mTORC1 is strongly inhibited by rapamycin, mTORC2 is less affected [32]. 
Therefore, much remains to be learned about biological functions of mTORC2.

mTORC1 is activated by growth factors such as IGF-1, stresses, energy states, 
oxygen, and amino acids [33]. mTORC1 promotes ribosome biosynthesis and 
protein synthesis in the muscles, and inhibits ketone body production in the liver. In 
addition, it promotes adipocyte differentiation through activation of sterol regula-
tory element binding protein 1 (SREBP1) and PPARγ, and increases the number 
and the size of pancreatic β-cells. Furthermore, mTORC1 suppresses autophagy, 
enhances glycolytic gene expression, and regulates mitochondrial oxidative metab-
olism. Suppression of mTOR signaling by caloric restriction, methionine-restricted 
diet, and rapamycin is thought to be involved in longevity, presumably through the 
complex regulatory mechanisms described above [32].

mTORC2 is activated by insulin, IGF-1, and leptin through PI3K and other 
pathways, and then phosphorylates Akt, serum- and glucocorticoid-induced 
protein kinase 1 (SGK1), and protein kinase C (PKC) family members. Akt and 
SGK1 further phosphorylate FOXO1, which results in nuclear export of FOXO1 
and repression of the expression of gluconeogenesis-related genes [32, 33]. Thus, 
mTORC2 is involved in the regulation of energy metabolism, but its role in longev-
ity is still unclear.

SIRTs are known as “longevity genes,” and forced expression of SIRTs extends 
lifespan in yeast, C. elegans, and Drosophila [34]. SIRTs are NAD+-dependent 
deacetylases. Since NAD+ and NADH levels are strongly related to fatty acid 
oxidation, ketone body production, and gluconeogenesis, SIRTs are thought to be 
involved in lifespan extension by fasting. Although the molecular mechanisms of 
longevity are not fully understood, it was reported that SIRT1 and AMPK activates 
PGC-1α, and that overexpression of SIRT1, SIRT3, and SIRT6 results in enhanced 
genomic stability, suppression of NF- κB signaling, and improvement of metabolic 
homeostasis via histone deacetylation [31]. In addition, Sir2.1 of C. elegans activates 
DAF-16, a FOXO-type transcription factor [34].

Insulin and IGF-1 signals function as a sensor of nutritional states, and are sup-
pressed by fasting and caloric restriction. During fasting, IGF-1 signaling is repressed 
by FGF21 as described earlier. On the other hand, the mechanism of suppression 
of IGF-1 signaling by caloric restriction is complex and may differ among species. 
In humans, it was reported that protein intake is more important than total caloric 
intake for the suppression of IGF-1 signaling [31]. Insulin and IGF-1 signals have 
been shown to be involved in longevity, but its mechanism remains unclear. Genome-
wide association studies (GWAS) showed an association between insulin and IGF-1 
signaling and human lifespan, and also suggested that Akt, FOXO, PI3K, and SGK 
signaling pathways are involved in longevity [35]. Treatment of epithelial cells with 
serum from patients with Laron syndrome, which is characterized by refractoriness 
to GH, increases the expression of the superoxide dismutase 2 (SOD2) and decreases 
the expression of mTOR [36]. In addition, FOXO transcription factors are upregulated 
in the absence of IGF-1 signaling [36]. These studies suggest that insulin and IGF-1 
signaling suppresses stress resistance responses. In C. elegans, mutations of the daf-2 
gene that suppresses the activity of DAF-2, a homolog of the insulin/IGF-1 receptor, 
increase lifespan through the inhibition of the PI3K-phosphoinositide-dependent 
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kinase (PDK)-Akt pathway [34]. In Snell mice with mutations in pituitary-specific 
positive transcription factor-1 (PIT-1) and Ames mice with mutations in the gene 
encoding the regulator of PIT-1, their lifespan increased by up to 68% compared to 
control mice [36]. In these mice, in addition to GH, thyroid stimulating hormone 
(TSH) and prolactin levels were low. However, the observations that lifespan is 
extended in GH receptor-deficient mice and in mice lacking the gene encoding 
pregnancy-associated plasma protein A (PAPP-A), an activator of IGF-1 [36], support 
the idea that insulin and IGF-1 signaling contributes to longevity.

9. Energy states and epigenetics

The energy states of organisms, such as fasting and caloric restriction, are 
memorized in cells, and can lead to the development of future diseases. Recently, 
epigenetic mechanisms have received much attention in the field of metabolism. 
The epigenome is a mechanism for regulation of gene expression without changing 
the genome sequence. Due to its high plasticity, epigenetic regulation is suitable 
for the memory of metabolic states. Such epigenetic regulations include covalent 
modifications of DNA, histone, and RNA. More than 100 modifications have 
been identified, among which methylation, phosphorylation, ubiquitination, and 
acetylation are well studied, while glycosylation, crotonylation, and succinylation, 
although functional, are poorly understood [37]. These modifications influence 
spatial chromatin structure and recruitment of transcription factors and enzymes 
that are involved in chromatin remodeling. A number of studies have revealed that 
fasting and obesity-associated diseases that induce a fasting-like metabolic state 
have a functional link to the epigenome.

Accumulating evidence indicates that diet is one of the most important environ-
mental factors that cause epigenetic changes in the growth process of organisms. 
One striking evidence of dietary effects on early development was found in honey 
bees [38]. Female honey bees have two distinct phenotypes, and female larvae 
that receive royal jelly exclusively develop into fertile queen bees while the other 
females develop into sterile workers. These phenotypic changes are accompanied by 
differential DNA methylation patterns and gene expressions between queens and 
workers through DNA methyltransferase 3 (DNMT3). Such epigenetic alterations 
during development in response to nutritional states are also found in mammals. 
A well-known example is the nutritional effect on coat color of the mouse by DNA 
methylation of the Agouti viable yellow (Avy) locus [38]. Insertion of an endog-
enous retrovirus (ERV) upstream of this gene locus causes constitutive expression 
of the Agouti gene as the ERV functions as an alternative promoter, resulting in 
yellow coat color and adult-onset of obesity. The DNA methylation level at the 
ERV locus increased in offspring but not in the mother in response to gestational 
intake of compounds related to the methionine cycle including folate. In rats, the 
locus-specific change in DNA methylation of the Ppara gene was also observed in 
offspring of the father or mother fed with a low protein diet [38]. It is also reported 
that feeding high-fat diet to pregnant Japanese macaques led to global hyperacety-
lation of histone H3 in their offspring [38]. In humans, epidemiological studies 
developed the important concept of ‘Developmental Origins of Health and Disease’ 
(DOHaD), which proposes that unfavorable adaptation to nutritional stress at the 
embryonic stage is a risk for abnormal growth and development and subsequent 
health disorders later in life [38]. Cohort studies on the Dutch Famine of 1944–1945 
revealed that the severe maternal starvation during the peri-conceptional period 
induced mental and metabolic abnormalities such as obesity and type 2 diabetes 
along with changes in DNA methylation in the next generation.
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Although epigenetic profiles are more prone to be altered by nutritional states 
during peri-conceptional, gestational, and early postnatal periods, dietary effects 
on the epigenetic state are also found in adult animals. Several lines of evidence 
have revealed that overnutrition induces epigenetic changes in adult organs. One 
study revealed 232 differentially methylated regions (DMRs) on the genomic DNA 
in the adipose tissue between mice fed a normal chow diet and those fed a high fat 
diet [39]. Importantly, the DMRs were also found in humans when comparing lean 
and obese subjects. Histone modifications are also influenced by diet. It is reported 
that mice fed a high-fat diet show the increased acetylation levels of histone H3K9 
and H3K18 in the genomic regions encoding TNFα and CCL2 in the liver [40]. A 
mass spectrometry-based approach showed that high-fat diet increased the level of 
di-methylated histone H3K36 (H3K36me2) and other histone modifications in the 
mouse liver [41]. In human urine-derived podocyte-like cells, palmitate treatment 
induced sustained activation of FOXO1 even in the presence of insulin, which was 
accompanied by the increased H3K36me2 level in the promoter region of the FoxO1 
gene [42]. The H3K27me3 in the FoxO1 promoter region decreased in the kidney 
of rat fed a high-fat diet. In addition to the DNA and histone modifications, RNA 
methylation is an emerging regulatory mechanism of epigenetics/epitranscrip-
tomics. For example, there reported that a high-fat diet enhanced the expression of 
fat mass and obesity-associated protein (FTO)/alkB homolog 9 (ALKBH9), an RNA 
demethylase, and suppressed the N6-methyladenosine (m6A) levels in the mouse 
adipose tissue, which resulted in obesity [43]. The beneficial effects of fasting on 
health have also attracted attention in the field of epigenetics. Fasting is implicated 
in histone modifications via ketone body production as described below. In addi-
tion, a clinical human study showed that fasting stress increased methylated CpG 
sites of the Leptin and Adiponectin genes only in the group born with normal body 
weight but not in the group born with low body weight [44]. Collectively, epigenetic 
profiles reflect nutritional states not only in the fetus and infants but also in adults.

10. Metabolite and co-factor-mediated regulation of epigenetic enzymes

Although it is not well understood which component in the diets is responsible 
for epigenetic changes in organisms, it should be noted that the activity of epigenetic 
enzymes depends on metabolites and co-factors such as metals. These enzymes 
include acetyltransferases, deacetylases, methyltransferases, and demethylases for 
DNA, histone, and RNA. In reactions that add or remove epigenetic modifications, 
these enzymes utilize metabolites derived from metabolic pathways including glycol-
ysis, fatty acid oxidation, the methionine cycle, and the TCA cycle. These metabolic 
pathways supply metabolites, such as acetyl-CoA, NAD+, S-adenosylmethionine 
(SAM), and α-KG as substrates to the enzymes (Figure 7). Ferrous iron is also an 
essential co-factor for epigenetic demethylases. Considering that the kinetic and 
thermodynamic properties of the interaction between an epigenetic enzyme and a 
metabolite are in a similar range as the physiological concentrations of metabolites 
[37], it is possible that dynamic changes in the availability of metabolites and co-
factors may affect epigenetic outcomes. Here, we discuss the potential for regulation 
of epigenetic modifications through metabolites and co-factors.

HATs, such as CBP/p300, are enzymes that transfer an acetyl group from acetyl-
CoA to lysine residues on histone proteins (Figure 7B). Acetyl-CoA is supplied from 
various nutrients through metabolic pathways such as glycolysis, the TCA cycle, 
and fatty acid oxidation (Figure 7A). In a study examining which nutrient-derived 
acetyl-CoA alters histone acetylation, only lipids, among various nutrients, induced 
direct acetylation of histones via fatty acid oxidation in mammalian cells [45]. Another 
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study showed that the treatment of pancreatic β cells with palmitate increased HAT 
activity and histone acetylation [44]. However, a mass spectrometry-based study 
demonstrated that a high-fat diet rather decreased acetyl-CoA levels in the mouse 
white adipose tissue, which correlated with histone acetylation [45], suggesting that 
the regulation of histone acetylation by metabolites is more complex in obesity.

Acetyl groups on histones are removed by the action of HDACs. SIRTs (SIRT1–7), 
a class III HDACs, are NAD+-dependent deacetylases that sense the energy state in 
cells (Figure 7). They have been shown to be involved in longevity in a variety of 
species, including yeast, C. elegans, and Drosophila, although epigenetic mecha-
nisms are not fully understood [32, 33]. Importantly, a decrease in NAD+ levels due 
to activated glycolysis was sufficient to inhibit the activity of NAD+-dependent 
deacetylases and promoted histone H4K16 acetylation during differentiation of 
murine muscle cells [37], suggesting that fasting can be involved in the regulation 
of epigenetic enzymes. Butylate, a short-chain fatty acid produced by intestinal 
fermentation, is known to inhibit histone deacetylases [45]. Butyrate and a class 
I HDAC inhibitor have been reported to suppress obesity-associated phenotype 
in a mouse model of high-fat diet induced obesity (Figure 7B) [45]. Similarly, 
β-hydroxybutyrate, one of the ketone bodies, inhibits class I HDACs (HDAC1, 
2, 3, and 8) (Figure 7B) [6]. Considering that the inhibition potency (IC50) of 
β-hydroxybutyrate on these HDACs is around 2–5 mM in an in vitro assay, and that 
the concentration of β-hydroxybutyrate in humans during long-term fasting is 
6–8 mM, β-hydroxybutyrate is a potential physiological inhibitor of HDACs [6]. In 
the mouse kidney, fasting induced hyperacetylation of histone H3K9 and H3K14, 
and the HDAC-mediated expression of FoxO3 enhanced the expression of oxidative 
stress resistance genes [46].

DNMTs, histone methyltransferases (e.g., enhancer of zeste homolog 2 (EZH2), 
SET domain-containing methyltransferases (SETs), and mixed-lineage leukemias 

Figure 7. 
Metabolite-mediated regulation of epigenetic enzymes. A. Production of substrates and co-factors of epigenetic 
enzymes in the metabolic process, B. Substrates, co-factors, and inhibitory metabolites of epigenetic enzymes.
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(MLLs)), and RNA methyltransferase (e.g., methyltransferase like 3 (METTL3) 
and METTL14) require SAM as a methyl donor for methylation of DNA, histone, 
and RNA, respectively (Figure 7B). SAM is provided by the methionine cycle from 
dietary components such as methionine and folate (Figure 7A). Decreased folate 
levels in the circulation was reported in patients with type 2 diabetes, and the folate 
levels were correlated with DNA methylation levels in the liver [44]. Additionally, 
administration of folate to mice fed a high-fat diet altered the DNA methylation pat-
terns of genes in the adipose tissue and improved obesity-associated phenotype [44].

Among epigenetic demethylases, DNA demethylases (ten-eleven translocation 
methylcytosine dioxygenases (TETs)), histone lysine demethylases with a JmjC 
domain (e.g., KDMs), and RNA demethylases (ALKBH5 and FTO/ALKBH9 require 
oxygen and α-KG as substrates and ferrous iron as a cofactor (Figure 7B). α-KG is 
an intermediate metabolite of the TCA cycle and is also supplied by a flux of amino 
acids such as glutamate (Figure 7A), while ferrous iron is taken up from outside the 
cell via transferrin receptors or supplied internally by ferritin-selective autophagy 
[47]. Interestingly, these demethylases are classified into the 2-oxoglutarate-
dependent dioxygenase (2OGD) family, and the structure of their catalytic domain 
is highly conserved among all the enzymes [48]. Notably, the iron-binding site of the 
enzymes is composed of a highly conserved amino acid sequence, that is, histidine, 
and aspartate or glutamate located two amino acids away from the histidine, fol-
lowed by histidine located around a hundred amino acids away from the two amino 
acids (HXD/G…H). A ferrous iron molecule bound to these amino acids serve as a 
catalytic center of the demethylase, which oxidizes the methyl group of the sub-
strates and removes the methyl group from DNA, histone, and RNA. Several studies 
suggested that both α-KG and iron are critical regulators of 2OGDs. α-KG has been 
shown to increase during adipocyte differentiation and to promote differentiation 
through demethylation of H3K9 at the Pparg locus [49]. Similarly, adipocyte dif-
ferentiation in 3T3-L1 cells, which involves dynamic changes in the epigenome, is 
inhibited by iron depletion, although how the ferrous iron level is altered during 
differentiation has not been explored [50, 51]. It is also noteworthy that some types 
of cancer cells harboring mutations on IDH1 and IDH2 produce an inhibitor of 
2OGDs, (R)-2-hydroxyglutarate (R-2HG) (Figure 7) and show characteristic DNA 
and histone hypermethylation [37]. Additionally, fumarate and succinate can inhibit 
2OGDs (Figure 7), and deletion of fumarate dehydrogenase and succinate dehydro-
genase induced histone and DNA hypermethylation [37]. Considering the recent 
findings that KDM5A/JARID1A and KDM6A/UTX function as oxygen sensors whose 
demethylase activity is inhibited under hypoxia [52, 53], it is possible that change 
in the concentrations of metabolites and cofactors may also affect the demethylase 
activity of 2OGDs, and thus control epigenetic consequences of cellular processes.

Therefore, it is conceivable that energy states could regulate epigenetic 
mechanisms and be memorized, subsequently influencing the onset of a variety 
of diseases. Thus, understanding the relationship between energy states and the 
epigenome is essential for establishment of an appropriate diet-based therapy. As 
future challenges, it is necessary to elucidate how concentrations of metabolites 
and cofactors change during biological processes, and which epigenetic enzymes 
are responsible for the metabolite- and/or cofactor-mediated epigenetic alterations. 
However, measuring local concentrations of metabolites and cofactors, especially 
in the nucleus, has been difficult due to technical barriers. We have recently devel-
oped a fluorescence resonance energy transfer (FRET)-based biosensor to measure 
nuclear α-KG concentrations and have found that nuclear α-KG concentrations 
increase with adipocyte differentiation [54]. The development of such tools will 
shed light on the regulatory mechanisms of the epigenome by biomolecules in 
the future.
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11. Future perspectives

Now that the development of the internet and other factors have made it easy 
for non-medical professionals to obtain medical knowledge, the effects of caloric 
restriction, fasting, the order in which foods are eaten, and the nutritional composi-
tion of diets have become familiar topics of interest in the treatment of diabetes 
and obesity. Therefore, it is more and more important than ever for researchers to 
understand whole body metabolism based on accurate evidence. There is no doubt 
that diet plays an important role in the maintenance of health, and new molecular 
mechanisms including epigenetics have recently emerged in addition to the widely 
accepted concepts on metabolism. In addition, the involvement of unknown 
regulatory factors has been implicated. Extensive research will lead to a better 
understanding of energy metabolism in the body and contribute to the extension of 
healthy life.
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Chapter 8

Role of Gut Microbiota in  
Bile-Acid Metabolism
Yuji Naito, Tomohisa Takagi and Ryo Inoue

Abstract

The role of the gut microbiota in modifying the pathophysiology of various 
diseases, including neurodegenerative diseases, is increasingly becoming clear. Bile 
acids have been shown to be endogenous factors that affect gut microbiota, and 
bile-acid metabolites directly or indirectly affect host physiology and pathophysiol-
ogy. The development of metagenomic analysis for gut microbiota and systematic 
bile-acid measurement using LC–MS/MS has triggered a breakthrough for research 
in this field. Clinically, an inhibitor of the ileal bile-acid transporter (Elobixibat) 
was used as a therapeutic agent for chronic constipation, which also paved the way 
for progress in bile-acid signal research. Additionally, this review emphasizes the 
importance of gut microbiota-bile acid-receptor signals when considering nutri-
tional approaches to promote healthy longevity.

Keywords: Akkermansia muciniphila, bile acid, gut microbiota, ileal bile-acid 
transporter, TGR5

1. Introduction

Bile acids have been studied for more than 100 years, but recently, their inter-
action with intestinal flora has been drawing attention and is being increasingly 
clarified. Bile-acid research, which has been conducted mainly in the field of liver 
disease, has led to the development of ursodeoxycholic acid (UDCA), which is 
generally accepted to improve clinical and biochemical index values in patients with 
cholestatic liver disease. TGR5 (G protein-coupled bile-acid receptor 1, GPBAR-
1), identified in 2002, is a G protein-coupled receptor with seven transmembrane 
domains and is widely distributed in various organs and tissues. TGR5 can be 
activated by primary and secondary bile acids, indicating the function of bile 
acids as signal transduction molecules and in regulating energy metabolism and 
glycolipid metabolism [1]. Bile acids undergo various metabolic processes such as 
deconjugation by intestinal bacteria; it has also been shown that the host response is 
regulated by the reaction between the metabolite and the receptor [2]. Under these 
circumstances, an inhibitor of the ileal bile-acid transporter (IBAT) localized at the 
terminal ileum has been shown to be effective in treating constipation [3, 4] and has 
become a topic of clinical research. This review focuses on the interaction between 
bile acids and gut microbiota.
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2. Classification of bile acids and their metabolites

Bile acids are synthesized from cholesterol in the liver; in humans, cholic acid 
(CA) and chenodeoxycholic acid (CDCA) are typical primary bile acids [5]. In 
the rodent liver, chenodeoxycholic acid is further converted to muricolic acid 
(MCA). After biosynthesis, CA and CDCA undergo further glycine conjugation 
or taurine conjugation in the liver. Among human conjugated bile acids, taurine 
conjugates and glycine conjugates accumulate in the gallbladder at a concentration 
ratio of approximately 1:3 and are secreted from the bile duct into the duodenum 
in response to food intake. On secretion into the duodenum, taurine conjugates 
(tauro-CA, tauro-CDCA) and glycine conjugates (glyco-CA, glyco-CDCA) are 
deconjugated by the bile salt hydrolase (BSH) of the gut microbiota; these decon-
jugated bile acids are involved in the formation of micelles and the absorption of 
dietary fat (Figure 1).

Lactobacillus plantarum, Lactobacillus johnsonii, Clostridium perfringens, and 
Bifidobacterium longum have been reported to be specific bacteria carrying the BSH 
gene [6]. Because the BSH gene is expressed in many bacteria and the presence of 
BSH is favorable to the host, the presence of these bacteria can be interpreted to 
be a result of selection by the host. BSH has been suggested to play an important 
role in the colonization and survival of bacteria in the gut [7]. Jarocki et al. [8] first 
analyzed the occurrence of BSH in 14 strains belonging to the Bifidobacterium genus 
and purified and analyzed two BSHs from B. pseudocatenulatum and B. longum 
subsp. suis for their selected biochemical and molecular features. Deconjugation by 
BSH seems to be meaningful in human physiology and is involved in the lowering 
of cholesterol levels, maintenance of intestinal homeostasis, maintenance of the 
intestinal circadian rhythm, and supply of glycine and taurine to the surround-
ing bacteria [6]. In particular, free bile acids (CA, CDCA) have been reported to 
be directly involved in the expression of clock genes in intestinal epithelial cells 
that can control peripheral circadian rhythms in the intestinal tract and liver. 
Govindarajan et al. [9] demonstrated that unconjugated bile acids are potential 
chronobiological regulators of host circadian gene expression, especially in the 
intestine and liver. These data may indicate the potential role of microbiota-gen-
erated bile acids as chronological regulators of the peripheral circadian clock and 

Figure 1. 
Synthesis, conjugation, and metabolism of bile acids by gut microbiota.
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suggest that intervention strategies that alter gut bile-acid profiles could influence 
the circadian clock. Joyce et al. [10] investigated the role bacterial BSH in the host 
physiology and have demonstrated that bacterial BSH activity significantly impacts 
the systemic metabolic processes and adiposity in the host and represents a key 
mechanistic target for the control of obesity and metabolic syndrome.

Primary bile acids are actively reabsorbed by the ileal bile-acid transporter 
(IBAT) present in the terminal ileum in addition to being passively absorbed. 
Consequently, bile acids secreted into the intestinal tract could return to the liver 
via the portal vein, 95% of which is reused. Bile acids are reported to be reused by 
enterohepatic circulation and circulated in the human body 4–12 times a day [11]. 
The details of the mechanism regulating IBAT expression have not yet been eluci-
dated; however, IBAT expression appears to be affected by gut microbiota and is 
markedly enhanced in germ-free mice [12].

Bile acids that flow from the small intestine to the large intestine are further 
metabolized by abundant gut bacteria. First, multi-step reactions of specific 
bacteria result in the hydroxyl group at the C-7a position of the deconjugated 
bile acids (CA and CDCA) being dehydroxylated (7α-dehydroxylation) to form 
secondary bile acids, such as deoxycholic acid (DCA) and lithocholic acid (LCA). 
Specifically, CA is metabolized to deoxycholic acid (DCA), which in turn is metabo-
lized to lithocholic acid (LCA). Specific Eubacterium and Clostridium cluster XIVa 
species, belonging to the Firmicutes phylum, are involved in this conversion in a 
complex manner, but the entire pathway has not yet been clarified. More than 90% 
of bile acids in feces are secondary bile acids, and in humans, DCA and LCA are 
the most abundant [13]. These bile acids affect host physiological function via the 
TGR5 receptor, which is a bile-acid receptor, and are involved in water secretion to 
the lumen of the large intestine and peristaltic movement of the tract. Therefore, 
secondary bile acids produced by the gut microbiota are essential for the physi-
ological function of the host, and a decrease in their concentration could lead to 
a corresponding decrease in intestinal peristalsis. Thus, a decrease in bile-acid 
concentrations may not only induce constipation symptoms, but also adversely 
affect the gut-brain axis.

Furthermore, some amount of CDCA is further metabolized to UDCA by gut 
bacteria carrying the 7α- and 7β-hydroxylsteroid dehydrogenase (HSDH) genes. 
Bacteria such as Ruminococcus gravus, Ruminococcus productus, Collinsella aerofaciens, 
and Clostridium absonum have the HSDH gene but have not been studied in detail. 
Although the luminal concentrations of these bile-acid metabolites in the large 
intestine are low, recent reports have reported anti-inflammatory, anti-bacterial, 
and wound healing promoting effects of these metabolites [14]; thus, further stud-
ies are required.

As described above, primary bile acids secreted into the duodenum in a conju-
gated form are metabolized by various intestinal bacterial genes. This interaction 
is complex because bile acids also have a more direct effect on the survival of the 
gut microbiota. Islam et al. [15] have demonstrated that bile acid is a host factor 
that regulates the composition of the cecal microbiota in rats, and that CA feeding 
simplifies the composition of the microbiota, with outgrowth of several bacteria 
in the classes Clostridia and Erysipelotrichi. Furthermore, importantly, several 
bile-acid receptors have been discovered and each bile acid has differing binding 
ability to these receptors; these aspects should be considered to understand the 
bile acid-mediated host response. Metabolic disorders have an impact on longev-
ity and the recent findings showed the relationship between bile acid metabolism 
and metabolic disorders [16–18]. Broeders et al. [16] have showed that CDCA 
promotes mitochondrial uncoupling via bile-acid receptor (TGR5) in human brown 
adipocytes and increases brown fat activity and energy expenditure in women. 
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Because it has been shown that TGR5 localizes in many cells and tissues, including 
enteroendocrine cells, neurons, macrophages, muscle and endothelial cells, the bile 
acid-mediated host response should be carefully analyzed.

3. Serum bile-acid profile as a biomarker

The profiles of various bile acids can be selectively measured using quantitative 
systematic liquid chromatography–tandem mass spectrometry (LC–MS/MS) for 
samples such as blood and stool. Furthermore, quantitative measurement using 
internal standard substances has made it possible to rapidly conduct research using 
a large number of clinical samples [19, 20]. Features of serum bile-acid profiles have 
been reported in patients with inflammatory bowel disease [19], colon cancer [21], 
irritable bowel syndrome [22], chronic constipation [23], liver diseases such as fatty 
liver and fatty hepatitis [24], and neurodegenerative diseases such as Alzheimer’s 
disease and cognitive dysfunction [25, 26].

The relationship between colorectal cancer and the gut microbiota is a hot topic 
of research. Fusobacterium nucreatum, detected relatively specifically in colorectal 
cancer tissues, is a sulfate-reducing bacterium that can produce hydrogen sulfide, 
which is a gene mutagen. Taurine released from taurine-conjugated bile acids has 
been suggested to be a substrate for hydrogen sulfide production [27]; therefore, 
the carcinogenic-promoting effect of a high-fat diet may be partially explained by 
the increase in levels of taurine-conjugated bile acids caused by the diet. Bile-acid 
profile information for patients with colorectal cancer has also been reported. 
Uchiyama et al. [21] measured serum bile-acid profiles of healthy individuals, 
colorectal adenomatous polyps, and colorectal cancer at each clinical stage and 
analyzed the principal components of 30 types of bile acids. Free CA, 3epi-DCA, 
CDCA, 3-dehydro CA, glyco-CA, and tauro-CA were extracted as principal compo-
nents (PC) 1 and free 3-dehydroDCA was extracted as PC 2 by canonical discrimi-
nant function coefficients. They concluded that the verification of discriminability 
using the cross-validation method revealed that the correct classification rate was 
66.3% for the original data and 52.6% for the cross-validation data. Kuhn et al. [28] 
also demonstrated the association between serum concentrations of individual bile 
acids and colon cancer risk and was the first to show the importance of conjugated 
bile acids compared to that of unconjugated bile acids. They observed statisti-
cally significant positive associations between most conjugated primary bile acids 
(glyco-CA, tauro-CA, glyco-tauro-CDCA, tauro-CDCA, and glyco-hyocholic acid 
[GHCA]) and colon cancer risk.

The clinical usefulness of serum bile-acid profiles has also been analyzed in 
several diseases other than colorectal cancer. Recent reports have demonstrated that 
the concentration of conjugated secondary bile acids (glycol-DCA, glycol-LCA, 
tauro-DCA, and tauro-LCA), but not of the unconjugated forms, increases paral-
lelly with the progression of the disease, especially in patients with Alzheimer’s 
disease and dementia. Nho et al. [26] were the first to show that altered bile-acid 
profiles and increased ratios of glyco-DCA:CA, tauro-DCA:CA, and glyco-
LCA:CDCA were significantly associated with structural and functional changes 
in the brain, as indicated by greater atrophy and reduced glucose metabolism. 
Higher levels of secondary conjugated bile acids (glyco-DCA, glycol-LCA, and 
tauro-LCA) were significantly associated with worse cognitive function in 1,464 
subjects, including 370 cognitively normal older adults, 284 individuals with early 
mild cognitive impairment (MCI), 505 individuals with late MCI, and 305 patients 
with Alzheimer’s disease [25]. The increase in the concentration of conjugated bile 
acids in the blood should be considered to be caused by the high-fat diet-stimulated 
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increase in the bile-acid biosynthetic reactions in the liver and the decrease in the 
bile-acid deconjugation reactions in the intestinal tract, indicating a decrease in 
the gut microbiota carrying the deconjugation gene for BSH, as has been men-
tioned above.

We previously performed a correlation analysis between the bile-acid profile 
and gut microbiota in a fatty liver model and a colon cancer model in mice fed a 
high-fat diet and indicated that this correlation analysis is useful for assessing the 
functionality of dietary factors [29, 30]. High-fat dietary load increased serum lev-
els of conjugated bile acids (tauro-CA, tauro-DCA) and decreased levels of uncon-
jugated bile acids (such as CA), but the administration of epigallocatechin gallate 
(EGCG), a functional ingredient in tea, normalized bile-acid profiles. Furthermore, 
an analysis of gut microbiota revealed a positive correlation between an increase in 
the abundance of Akkermansia and their effects on bile acids [29]. Similarly, in the 
colon cancer model, we found that agarooligosaccharide suppressed the increase 
in levels of taurine-conjugated bile acids and suppressed the increase of bacteria 
classified into Clostridium subcluster XIVa that are involved in secondary bile-acid 
metabolism.

As described above, quantitative bile-acid profile measurement using the LC–
MS/MS method has made it possible to obtain integrated bile-acid information that 
distinguishes between conjugated and unconjugated types; consequently, the roles 
of bile acids in physiology and pathophysiology are being elucidated. It is important 
to note that such analysis should be conducted with the understanding that the 
bile-acid profiles are influenced by dietary factors, including high-fat diet, liver 
function, lipid metabolism, cholesterol level, and gut microbiota.

4. An inhibitor of ileal bile-acid transporter (IBAT)

In a gnotobiotic experiment wherein feces of patients with chronic constipation, 
especially those with delayed intestinal transit time, were transplanted into germ-free 
mice, short chain fatty acids and secondary bile acids, which are metabolites of the 
gut microbiota, were identified to be factors that promote intestinal peristalsis, and 
the administration of butyric acid or DCA activated serotonin signals in the gut and 
restored the decreased intestinal peristalsis of these gnotobiotic mice [31]. In addition, 
the amount of bile acids in the feces of patients with chronic constipation and irritable 
bowel syndrome was found to be decreased, suggesting that improving this decrease in 
the bile-acid concentration in the large intestine may be a suitable therapeutic strategy.

Elobixibat, the first inhibitor of IBAT, expressed in epithelial cells in the termi-
nal ileum and suppresses the reabsorption of bile acids, thereby causing bile acids 
to flow into the lumen of the large intestine (Figure 2). Elobixibat is effective as a 
therapeutic agent for chronic constipation as it induces a secondary bile-acid signal, 
causing water to be secreted into the lumen of the large intestine and thus promot-
ing gastrointestinal peristalsis [3, 4]. These physiological effects of bile acids are 
thought to be mediated by the TGR5 receptor localized in intestinal cells. The analy-
sis of bile acids in feces has indicated an increase in DCA levels after the admin-
istration of Elobixibat compared to those before administration [23]. Intestinal 
neuroendocrine cells (EC cells) are considered to be the main TGR5 receptor-
expressing cells, and TGR5 receptor-deficient mice have been demonstrated to have 
decreased intestinal peristalsis [32]. The binding of bile acids to the TGR5 receptor 
expressed on the luminal side of EC cells is hypothesized to activate serotonin 
synthesis signals and enhance secretion, leading to the activation of peristalsis. The 
reactivity of the TGR5 receptor to different bile acids varies; the TGR5 receptor has 
high reactivity with LCA and DCA and low reactivity with CDCA and CA [33]. 
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TGR5 receptor expression is also reported to be affected by gut microbiota [12]. 
In other words, the dose dependence of the efficacy of Elobixibat may be strongly 
influenced by the intestinal bile-acid profile and intestinal flora of each individual. 
In addition, Elobixibat activates bile-acid metabolism, and in future studies, it is 
necessary to consider the effects of Elobixibat on the whole body, including effects 
on cholesterol metabolism and fatty liver.

An observational study that used the Japanese version of the Patient 
Assessment of.

Constipation-Quality of Life (PAC-QOL) questionnaire has demonstrated 
that the scores of physical discomfort and psychosocial discomfort significantly 
decreased in patients with constipation after the treatment with Elobixibat for 
4 weeks, indicating the possibility that Elobixibat could affect the gut-brain axis [34].

5. Akkermansia muciniphila and bile-acid signals for well-being

Well-being is a key word in the WHO’s definition of health: a state of complete 
physical, mental, and social well-being and not merely the absence of disease or 
infirmity. Thus, medical care aimed at wellbeing is necessary. Recent reports have 
revealed the involvement of gut microbiota and bile-acid metabolism in extending 
healthspan and lifespan [35]. The gut microbiota of two different mouse models 
of progeria was characterized by intestinal dysbiosis with alterations including 
an increase in the abundance of Proteobacteria and Cyanobacteria and a decrease 
in the abundance of Verrucomicrobia compared to the gut microbiota of control 
mice. Fecal microbiota transplantation from wild-type mice enhanced healths-
pan and lifespan in both progeroid mouse models, and transplantation with the 
Verrucomicrobia Akkermansia muciniphila was sufficient to exert beneficial effects. 
Furthermore, an analysis of gut microbiota metabolites revealed that various 
bile acids were reduced in the progeroid mouse models, and this dysregulation in 
bile acids was improved by transplantation with Akkermansia muciniphila [35]. 

Figure 2. 
Ileal bile-acid transporter (IBAT) inhibitor (elobixibat) and its effect on the function of the large intestine. 
Elobixibat inhibits IBAT expressed in epithelial cells in the terminal ileum and partially suppresses bile-acid 
reabsorption. The flow of bile acids into the lumen of the large intestine activates TGR5 receptors, causing the 
secretion of water into the lumen of the large intestine and thus promoting gastrointestinal peristalsis.
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Morita et al. [36] reported that Akkermansia was more abundant in  individuals 
from Ogimi and Lachnospiraceae, Collinsella, Peptococcus, and S24–7 were more 
abundant in individuals not from Ogimi. Ogimi is a village located in the northern 
region of Okinawa’s main island and has a population of approximately 3,000; it 
is known as the village of longevity in Japan. Grajeda-Iglesias et al. [37] recently 
demonstrated that Akkermansia muciniphila, especially if it is pasteurized, causes 
major changes in metabolism, elevating the concentrations of several metabolites 
that have been previously associated with positive effects on health in mouse mod-
els. Pasteurized Akkermansia muciniphila was more efficient than live Akkermansia 
muciniphila in elevating the intestinal and circulatory concentrations of poly-
amines, short-chain fatty acids, 2-hydroxybutyrate, and multiple bile acids, all of 
which may have a positive impact on human health.

Bile-acid analysis by LC–MS/MS has enabled the identification of new metabo-
lites related to health and longevity. Detailed metagenomic analysis and intestinal 
metabolite analysis of Japanese centenarians recently revealed a novel bile-acid 
metabolite, isoallo-lithocholic acid, which has a bactericidal effect on specific 
intestinal bacteria [38]. Although details of the effect of Akkermansia muciniphila on 
bile-acid metabolism are not fully understood, our previous analysis using a high-fat 
diet load mouse model suggests that the bacterium promotes the deconjugation of 
conjugated bile acids and suppresses the production of secondary bile acids [29]. A 
double-blind comparative study in obese individuals has already been conducted to 
investigate whether Akkermansia muciniphila improves the intestinal environment 
[39]. They demonstrated that Akkermansia muciniphila reduced the levels of the 
relevant blood markers for liver dysfunction and inflammation while the overall gut 
microbiome structure was unaffected after three months of supplementation [39].

The neuroprotective effect of tauroursodeoxycholic acid (TUDCA), a hydro-
philic bile acid and naturally produced in the liver by conjugation of taurine to 
UDCA, has been recently elucidated [40]. Several studies have shown that TUDCA 
has neuroprotective action in several models of neurodegenerative disorders, 
including Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease [40]. 
Currently, there is one registered clinical trial with TUDCA in Alzheimer’s disease, 
in the United States (Clinical Trials registration: NCT03533257).

Additionally, countermeasures against sarcopenia are important clinical issues 
in research aimed at improving well-being. Maintaining muscle strength with diet 
and exercise is important to prevent sarcopenia, and recent studies have shown that 
TGR5 present in the skeletal muscle plays an important role in muscle maintenance 
[41, 42]. Exercise-induced stimulation enhances TGR5 receptor expression in the 
skeletal muscle, and the increased after-meal levels of bile acids in the blood act as 
ligands for the TGR5 receptor, helping maintain muscle and prevent sarcopenia. 
Furthermore, TGR5 signaling in the muscle activates muscle metabolism and 
enhances glucose clearance, which also has a positive effect on glucose metabolism 
[41, 42]. Countermeasures against so-called frail complexes, such as sarcopenia, 
locomotive syndrome, and frailty, are extremely important clinical issues in sup-
porting medical care aimed at improving well-being. It should be emphasized that 
the gut microbiota-bile acid-receptor signal is a novel therapeutic and prophylactic 
target molecule for improving frailty.
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Chapter 9

Relations between Dietary Habits,
Lifestyle and Leading Obesity
Shradha Mistri

Abstract

Obesity, hypertension, depression currently in the rise are some of the many
problems faced by a common person due to poor dietary and sleeping habits along
with some genetic disorders. An extensive study has been done over two years with
205 subjects regarding their eating & sleeping habits and their mental & physical
state on a day-to-day basis. The subjects include both males and females ranging
from 15 years of age to 70 above. Altogether 12.68% of people suffer from obesity
while just 51.21% of them have an appropriate weight. Women below the age of 25
have shown an overpowering presence of PCOS affecting their health and 38.53% of
the population showcasing suffering from hypertension and 14.14% suffering from
depression. Sleep has yet proven to be a defining factor in wellbeing. 17.07% of the
population exhibit signs of sleep deprivation while just 63.9% of the population
sleep over 7 hours daily. Like many other countries, in India, the shift from tradi-
tional healthy food to fast food & processed food is taking place, resulting in various
health problems like obesity, heart problems, arthritis, weakness, diabetes, high
blood pressure, difficulty in breathing, stroke & so on. The aim of this meta-
analysis was to quantify the effects of nutrition, mental health and exercise on the
various aspects of a person’s well-being.

Keywords: Obesity, Hypertension, PCOS, Diet, Sleep, Depression

1. Introduction

Obesity is a chronic medical condition on the rise almost on the global epidemic
level, which negatively impacts the health of people. The World Health Organiza-
tion (WHO) defines it as the accumulation of excessive fat in the body creating
risks for a healthy life [1]. In the year 2015, it was estimated that around 603.7
million adults were obese worldwide and then recently in 2018, it shows that the
rate has increased and now 650 million adults suffer from obesity and 1.9 billion
adults are overweight [2]. Studies have also shown that in the past 25 years, the
prevalence of obesity has doubled in 73 countries globally [3]. In the last 30 years
the rate of obesity has doubled amongst adults and children, and tripled amongst
the adolescents [4]. In India, more than 135 million people are affected by obesity,
prevalence rate of obesity and central obesity varies from 11.8% to 31.3% and 16.9%
to 36.3% respectively according to the ICMR-INDIAB study conducted in 2015 [4].

Obesity is increasing globally in epidemic proportions over the past 50 years and
has become a public burden with profound impacts on mortality, morbidity and
cost of living, and thus has been recognised as a diseased state [4–6]. Therefore, to
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understand the general public’s standing when it comes to health the commonly
used metric is the Body Mass Index (BMI) for defining anthropometric height/
weight characteristics in adults and for categorizing them into groups. BMI basically
is the ratio between body weight and the square of body height which is commonly
used to assess bodily mass in epidemiological studies, since it corrects for height [7].
BMI primarily represents an individual’s fatness, along with the risk factors for the
prevalence of various health issues. This survey uses BMI to categorize as well as
decipher the prevalence of obesity amongst the 205 individuals who participated,
due to its wide acceptance in defining specific categories of body mass as a health
issue [3, 7]. Being overweight is defined as the BMI being equal to or higher than
25 kg/m2. From the studies, it has been revealed that the mean BMI is increasing by
the years and they are skewing towards the right, showcasing a hasty increase of
obesity [8]. Multiple Factors create a chronic positive energy balance which leads to
obesity. This excess energy gets converted to triglyceride that gets stored in the
adipose tissue depots and increases body fat accumulation and weight gain [1].

Obesity rates are rapidly increasing, especially amongst those with low incomes
and education levels, suggesting that the gap among socioeconomic strata for obe-
sity rates may be closing [9]. Consequences of leading sedentary life and poor diet
leads to obesity, which now is nothing short of a global health hazard. Studies have
even shown from both cross-sectional and longitudinal ways that consuming more
of Western or highly processed diet over Mediterranean-style diet leads one to
develop depression, anxiety and obesity [10]. At same time, sometimes genetics can
also play a role in gaining weight. It has been observed that one subjects show
resistance towards adipocyte secreted hormone leptin; this hormone opposes fat
accumulation [7].

Hypertension is closely associated with the prevalence, pathophysiology, and
morbidity of obesity and bears a positive linear correlation with BMI [3]. Height-
ened inflammatory activity leads to vascular dysfunction, coronary and cardiovas-
cular diseases, and development of hypertension in patients suffering from severe
obesity. Therefore, Obesity has been identified as the most important determinant
of hypertension [3]. High sodium intake causes increased renal sodium reabsorption
along with the combination of amplified renin-angiotensin aldosterone and sympa-
thetic nervous system activity in obesity. All these leads up to hypertension and
extracellular volume expansion in obesity [3, 7]. It has been estimated that world-
wide over 300 million people suffer from depression and over 650 million are
affected by obesity (2019).

Mental health disorders, mood and anxiety disorders are frequently co-occurring
with obesity. Studies suggest that exposure to childhood trauma generally contrib-
utes in developing obesity as one grows older, especially in women and that rates of
obesity are much higher in people who suffer from problems. A recent cross-sec-
tional study also found developing anxiety due to excess weight and vice versa are
quite extensive [11, 12].

The relation of obesity and PCOS is intertwined, where obesity is taken under
consideration for the pathophysiological cascade of PCOS through 2 major path-
ways- insulin resistance & hyperandrogenism at the same time the increase in
visceral fat due to PCOS can lead to obesity [6]. PCOS is considered a multifactorial
disorder with various genetic, endocrine, hormonal alterations like hyperandro-
genaemia and environmental abnormalities [13]. During infancy and early child-
hood, a change in the pre- and postnatal weight gain leads to central obesity, which
if not taken under control can develop into polycystic ovary syndrome (PCOS) after
reaching adult height [14]. Women with PCOS have higher normal serum concen-
trations of androgen and show more clinically significant insomnia symptoms &
daytime sleepiness in comparison to women without PCOS. Adolescents with PCOS
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and obesity have extremely poor actigraphy-estimated sleep, sleep efficiency and
show longer sleep onset latency [15]. Thus, obese individuals are at a higher risk of
developing sleep apnea, where the airway gets partially or completely obstructed
while sleeping [6]. These obstructions in the night-time sleep leads to daytime
somnolence, morning headache, systemic hypertension, which circles back and
leads to hypertension and cardiac problems [9].

In this survey we also consider women above the age of 45 and women usually
experience menopause during that time frame (42–50) which definitely alters the
body composition, which usually is an increase in total and abdominal fat mass due
to oestrogen deficiency. Usually, the average weight gain ranges between 2.2 kgs to
4.1 kgs during this period. Independent of weight modifications, the menopause has
been shown to be associated with major changes in body composition and fat
distribution [16].

2. Methods and materials

Interview surveys include questions on self-reported weight and height, which
have been used to monitor trends over time. A total of 205 subjects participated in
the study. Following convention, we defined prevalence of overweight and obesity
(in adults (aged >18 years) overweight categorised as BMI ≥25 to <30 kg/m2 and
obesity as BMI ≥30 kg/m2; in children, classification is based on the International
Obesity Task Force [IOTF] definition; appendix). We did a systematic literature
review with search criteria as those pertaining to our subjects under consideration.
We identified all articles reporting prevalence of overweight and obesity based on
BMI [5]. In totality data was collected from 120 female subjects and 85 male subjects
with their consent. The age group ranged between 15 to 70 years of age. A few above
70-year-old subjects volunteered in this study as well. Data regarding their eating &
sleeping habits and their mental & physical state on a day-to-day basis. A special
interest was taken to understand the relation between mental and physical disorder,
and their association with eating patterns as well as weight gain. The subjects hailed
from Mumbai, Kolkata and Bangalore in India. The students were mostly high
school and college going individuals, whilst the rest hailed from either corporate
sectors (private companies) or government services. Few subjects were also hailing
from impoverished backgrounds who have to work as labourers to earn a living. The
height was recorded in either centimeters or foot whilst collecting data and
converted into centimeters during tabulations. Although all the readings of height
were converted into metre so that the BMI value could be calculated. On the other
hand, the weight was collected, tabulated as well as implemented in the formula in
the form of kilogram units. In our analysis, we recorded a systematic bias, but this
bias is greater in some regions than in others. Self-reported weights for women in
some countries tend to be under-reported and self-reported heights for men tend to
be over-reported. However, self-reported weights and heights are a major source of
information for studies of obesity [5]. The body mass index (BMI), calculated by
dividing the body weight in kilograms by the square of height in meters, is a simple
metric used to indicate overall body fatness [17]. WHO defines a normal BMI range
as 18.5 to 24.9, whereas a BMI ≥25 kg/m2 is considered to be overweight, and a BMI
≥30 kg/m2 is classified as obese, with severe obesity defined as a BMI ≥40 kg/m2
[1, 2]. The daily diet of the subjects were segregated on the basis of them either
being vegetarians or non-vegetarians, if they consumed dairy products, and if they
had breakfast in the mornings. Breakfast is considered the important meal of the
day and research findings have proven that skipping the most important meal of the
day can lead to weight gain and a slew of other problems like elevated blood
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pressure, higher levels of total and low-density lipoprotein cholesterol, gastric
problems etc. Another important factor which was considered and given impor-
tance was to sleep and the gap between the subject’s last meal and going to sleep. A
7-to-8-hour continuous sleep in the night is an extremely crucial factor for a proper
functioning of the human body. Studies have shown that when people don’t get
enough sleep, they have increased levels of a hunger hormone called ghrelin and
decreased levels of the satiety/fullness hormone called leptin, which could lead to
overeating and weight gain. Also, according to the experts it’s crucial that we keep
an interval of 3 hours between our dinner and sleep as it allows your body time to
digest your food so you’re not up at night with an upset stomach, indigestion or
heartburn.

Most of the fast food contains a large amount of sugar, fats and carbs and less
minerals and vitamins. They are energy dense food which means that one consumes
large amounts of unhealthy calories in the shape of fast food which leads to weight
gain and ultimately obesity. The frequency of fast food in a month is an important
factor in deciding the reason behind rapid weight gain. The frequency has been
recorded in terms of 1–2, 3–4, 5–6 and more than 6 (>6) times in a month. The
cheapest foods are those containing high levels of fat and sugar. Thus, the way to get
the most calories for the least money is to eat a diet that is high in fat and sugar [9].

Consuming water, at least 4 litres in a day is impertinent with mental and
physical wellbeing. Drinking water helps in fighting infections all over your body by
flushing out toxins, maintaining homeostasis and also flushing the wastes being
generated by the body constantly. It’s especially good for getting rid of and
preventing urine infections and kidney stones. We have collected the data regarding
consuming water in the form of cups as the standard measurement, where 4 cups of
water are equivalent of a bottle of 1 litre water.

Studies have shown that whilst excessively working out to lose weight is not a
beneficial method, as diets play more important role than exercise in maintaining
body weight, still exercise is extremely important to build stamina, muscle mass,
improve immunity, endurance, and keep the vital organs on high functionality. The
burning of calories through physical activity, combined with reducing the number
of calories you eat, creates a “calorie deficit” that results in weight loss. The record
of exercise is more to understand if people devote even an hour of their day to
properly exercise where most of today’s work takes place by sitting in front of the
computer monitor. The data on exercise was collected on 5 basis- Walking, Cardio
regime, Weight’s training, playing sports or none of the physical activities at all.
Finally, the mental health disorders as well as hereditary syndromes were also
recorded, as they play an important role in the overall wellbeing of a person. The
leading disorders kept in mind were blood pressure, diabetes, asthma, thyroid,
cholesterol and PCOS. There is a confirmed relationship between obesity and PCOS.
Obesity is considered a factor in the pathophysiological cascade of PCOS through 2
major pathways: IR & hyperandrogenism. However, obesity can also be considered
a complication of PCOS, considering the presence of increased visceral fat in PCOS
[6]. The mental disorders considered in this study were Hypertension/stress,
Depression, Anxiety and Sleep Apnea. We did not conduct an elaborate study on
the eating patterns in individuals with Bulimia or Anorexia as it was a general public
survey and provides scope for further research.

3. Result

The normal BMI defined by WHO ranges normal as 18.5 to 24.9, whereas a BMI
≥25 kg/m2 is considered to be overweight, and a BMI ≥30 kg/m2 is classified as
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obese, with severe obesity defined as a BMI ≥40 kg/m2 [1, 2]. In the National
Family Health Survey’s report, it is revealed that the population of obese have
doubled in the past decade.

Figure 1 shows that from the information collected of the 205 individuals which
were self-reported, we can deduce that around 48.78% individuals were harbouring
abnormal weight, considering that BMI is directly linked to the body weight and not
the fat content in the body. Being underweight also falls under the category of
abnormal BMI. Under the abnormal BMI category of men and women, around
11.7% were underweight, 21.66% were overweight and 12.37% were Obese.
Although the number of women were higher to men under the underweight and
obese category, the populous of men under the overweight category was way
higher, by almost a 7.5% hike.

Exercises were divided into four categories after determining that the subjects
selected were practising these routines primarily. According to Tables 1 and 2 the
data collected shows that 53.65% of the populous exercised by walking for at least
30 minutes, around 20% of them took part in cardio exercises and 11.21% visited the
gymnasium to be properly guided by a trainer, who helped them with weights and
endurance training along with cardio exercises. Just about 3.9% of the populous
practised Yoga, which was observed in individuals who were ageing between the 51
to 70 range. It was also revealed that just 63.9% of the populous were getting an
adequate sleep of a minimum 7 hours. Only 58.33% of the women in this study got
adequate sleep. Most of the women suffering from sleep apnea or who received
inadequate sleep in the night usually were agonized by High blood pressure or
Hypothyroidism if they were above 36 years old, whereas the women between the
age range of 15 to 35 years couldn’t sleep suffered from PCOS, hormonal disbalances
and Hypertension.

In order, to understand the underlying relation between mental health and
obesity. Figure 2 shows that around 30.58% of male and 44.16% of female suffer
from Hypertension, almost all the men and women who had developed high blood
pressure and hypertension were either overweight or obese and the people having
low pressures were mostly underweight. Thus, in the study around 10.73% of the
populous were suffering from either high or low blood pressures. Just about 6.82%

Figure 1.
Graphical representation of the percentage of subjects having normal and abnormal BMI values. The abnormal
BMI have been further divided into people who are underweight, overweight and obese (n = 205).
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of the entire populous under observation were diabetic, where the men suffered
from this metabolic disorder far more than the women. Around 10.58% out of the
85 men in this study were diabetic. 8.51% of the overweight and obese women
gained weight due to metabolic and hormonal imbalance of the blood-sugar;
whereas 8.57% of the overweight/obese men gained weight due to the very same
reason. One of the major reasons for weight gain in women of the age range of 15 to
50 was due to PCOS and Hyperthyroidism. Around 15% of the women involved in
this study were suffering from PCOS and around 19.14% females who were either
overweight or obese had this syndrome as a contributing factor for the weight gain.
People who abnormally put on a lot of weight or by lineage, have a high chance of
developing polycystic ovaries and that inherently causes hormonal disbalance, fat
accumulation, hair loss, facial hair growth and weight gain amongst other things.
Women above the age of 50 showed a hike in weight either due to diabetes or
menopause. Although there is no proof that menopause is the sole reason for weight
gain. These women gained weight despite sleeping properly, eating well, having a
proper gap between supper and bedtime, and exercising; thus, further research is
required to understand the weight gain in elderly women.

Amongst the overweight/obese women, around 48.93% of the females did not
suffer from any sort of major health problems, and still gained weights due to
amalgam of reasons, like lesser sleep time, less water intake, lesser gap time
between the last meal and bedtime, no exercises. On the other hand, 57.14% of the
obese or overweight men who did not have any major health issues, were following
a very healthy lifestyle in all aspects. The extra weight could be muscle mass or
heavier bones rather than fat accumulation, a factor which is not transparent with a
BMI reading.

Figure 2 shows that 16.66% of the women and 10.58% of the men suffered from
Depression and 21.66% of women and 11.76% of the men were plagued by anxiety.
Lack of sound sleep of at least 7 hours was observed mainly in the youth (15–35)
with a 24.39% and 34.14% overall. Although, 17.07% of the study populous

Figure 2.
Graphical representation of women and men, who suffer from mental disorders such as Anxiety, Sleep apnea,
Depression and other disorders such as Hypertension, Blood pressure dysregulation, Diabetes, Asthma,Thyroid
and others (n = 120 for females and n = 85 for males).
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complained of suffering from Sleep Apnea. Amongst all the subjects 43.95% of the
individuals suffering from mental disorders of anxiety and depression showed
irregular BMI. The study was conducted in the city, while few subjects hailed from
the underprivileged part of the city who earned their keep by manual labour, most
of them belonged to the upper middle-class part of the society. Despite this from
Figure 3 we can see that only 22.92% of these people sought the professional
guidance of a dietician or nutritionist, out of which 26.66% were women and
17.64% were men.

From Tables 1 and 2, another interesting fact is pointed out was 80% of the
labourers involved in this study were either in the normal or underweight BMI
range despite having a high carbohydrate diet. The working class consume high
energy dense food, a lot of vegetables all freshly prepared. On the other hand, 62.5%
of the homemakers were overweight and obese despite following all the healthy
habits considered to maintain a healthy BMI.

4. Discussion

The prevalence of obesity has vigorously increased in the past three decades
speculating the composition of current diet, decreasing levels of physical activities,
changes in energy intake versus the expenditure to be the cause. Tackling this
problem has to be the main priority as the rate of obesity refuses to settle down.
Therefore, conducting field physical examination surveys that provide robust mea-
surements as well as routine surveys which collect self-reported heights and weights
is necessary. A combination of both these methods shall reveal a better periodic
assessment of self-report bias and strengthen surveillance over the general public.
Member States of WHO in 2013 made a resolution of stopping the rise in obesity by
2025, although noble this target is overambitious considering no countries showed
downwards trend in the past 3 decades [5].

In this survey as mentioned earlier, BMI index has been used as the determining
factor to understand overall wellbeing of an individual. Body mass index (BMI) is
the ratio between body weight and the square of body height, and is commonly used
to assess bodily mass in epidemiological studies [7]. This entire survey was

Figure 3.
Graphical representation of women and men, who sought the help of health and nutrition specialists like
dietician or a nutritionist (n = 120 for females and n = 85 for males).
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conducted to understand the rise in obesity, especially in the youth and thus was
conducted in colleges primarily to observe the physical activities of students as well
as their eating habits. Overweight is defined by a BMI equal to or higher than 25 kg/
m2 and obese is 30 kg/m2 or higher [7, 18].

Due to the socio-economic strata, it is observed that the minority and low-income
individuals are disproportionately affected by obesity as the cheapest and accessible
food is high in fats and sugar. Due to rapid changes in socioeconomic status and
demographic in a developing country like India, the adoption of an energy- and fat-
rich diet and a sedentary lifestyle has become the norm [1]. In the study itself, it was
observed that the youth especially the college going students, indulged in junk food
possibly for two reasons, as they are not earning, they prefer cheaper food on a daily
basis, also due to ‘Westernization’ of lifestyles [4]. People who have more financial
resources combat these circumstances more easily and, consequently, are more phys-
ically active and less obese than those with fewer resources [9].

From these results, it’s evident that the rise in mental disorders like depression,
anxiety and hypertension is quite prevalent. Mood disorders and anxiety, and
weight gain are closely related and recognized as common conditions among ado-
lescents and young adults [19]. The weight gain after diagnosing depression, lower
HRQOL and anxiety is just as common as developing depression and other mental
issues due to obesity [20–22]. There is a common factor between obesity and
depression, i.e., the lower availability of rewarding dopamine D2 receptors. This
leads them towards emotional eating as means of feeling better in response to
negative emotions, which intake is proven as one behavioural mechanism between
depression and subsequent development of obesity [20]. The brain treats high
palatable foods that are energy-dense, especially high sugar and fat food as rewards.
People under stress usually are attracted towards sugar and fat concentrated food to
cope with negative emotions or confusing internal states of hunger and satiety with
physiological changes associated with emotions, also called as the ‘comfort food
hypothesis’ [6, 23]. Obstructive sleep apnea (OSA) accompanied with elevated
blood pressure is extremely common in patients with obesity, due to fat deposition
around the upper respiratory airways, chest wall, and truncal fat, which leads to a
decrease in the functional residual capacity [3, 6]. Mechanistically, partial sleep
modulates with hormones leading to increased serum ghrelin and reduced serum
leptin, both of which result in elevated appetite [23].

From this survey, many girls were seen suffering from PCOS, which now has
been declared as a rising epidemic among young girls. Usually children, before
hitting puberty do not have gonadotropic and/or ovarian disorder, but have an
excess of central that triggers an adaptive mode of accelerated growth and adaptive
mode of subfertility (PCOS) [14]. PCOS shows clinical features of insulin resistance
(IR), hyperandrogenism. The presence of IR appears as impaired insulin-mediated
suppression of lipolysis and lipid oxidation, resulting in increased serum free fatty
acids, which is associated with obesity [24, 25].

Weight gain after achieving menopause is a very common occurrence, although
studies conducted on these aspects are quite contradictory. Women have been
shown to gain weight the most between the ages of 25–34, rather than postmeno-
pausal. Menopause does influence the body composition due to ageing but not any
distinct increase in weight gain [16] From this survey, we do observe that women
are extremely health conscious in their 30s and on the other hand men especially
take major steps of looking after their health in comparison to the women in their
50s. From the study we can also deduce that both men and women prefer to walk
for at least half an hour (Females - 59.16% and Males- 45.88%) over exercising in
the gyms (Females- 8.33% and Males - 15.29%).
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One interesting observation noticed in this survey study was that men and
women doing labour work in the field, by default follow a high carbohydrate diet
and stay healthy. The labourers do not have the privilege of consuming four whole
meals a day, due to shortage of time and workload. Therefore, they were seen
consuming high carbohydrate foods like rice, beets, potatoes etc. twice a day to
endure the entire day’s labour. The high carbohydrate food acts as a fuel for their
sane functioning. The key is naturally occurring high carbohydrates to keep them
full, provide energy, improve insulin function and heavy labour to create calorie
deficit. Another interesting hypothesis is that the dramatic decrease in smoking
could also likely be a cause of global increase in BMI. Smoking impairs appetite as
well as causes chronic obstructive pulmonary disease, which itself results in a lower
body mass [8].

5. Conclusion

In Summary, the prevalence of obesity is greater in women than men which
increases with age. Overweight and obesity rates have increased considerably dur-
ing the past 35 years to the extent that more than one-third of the world’s population
is now classified as overweight or obese [1]. Though a mammoth task, it’s impera-
tive that obesity epidemic is reversed through prevention. Countries need to get
involved and effectively intervene against major determinants such as excessive
caloric intake, physical inactivity, active promotion of food consumption by indus-
try and stopping the gradual weight gain in children [5, 9]. These interventions
could help resolve the increase in BMI associated with mood disorders especially in
females [19]. According to WHOmeasures to prevent obesity by individual’s choice
of healthy foods and regular physical activity are the easiest, most accessible and
affordable ones [4]. At the same time sleep also should be incorporated into man-
agement plans for obesity [26].

This study has few limitations which provide a scope for further investigation.
BMI was considered as a classification source of the populous under scrutiny which
is a rather poor indicator of percent of body fat and deposition [1, 8]. There is a
known subset of the obese population devoid, of cardiometabolic complications
such as diabetes mellitus, IR, and cardiovascular disease who show normal BMI yet
have excess visceral adiposity, and are known as metabolically healthy obese
(MHO) which is particularly observed in Asian men [6]. Also, in this survey we
observed men leading a rather healthy life in all aspects yet having a higher BMI, as
BMI doesn’t differentiate between muscle or fat mass. Also in this study, we have
considered mental health disorders such as depression, anxiety, sleep apnea along
with lifestyle habits. As the survey was done to understand the all-round behaviour
of the public to maintain a healthy lifestyle, we could not delve further into eating
disorders such anorexia and bulimia, which has a wide scope of understanding the
increase in the rate of obesity especially amongst the youth [17].

Apart from the country taking rigorous surveys and collaborating with the
industries to balance the socio-economic situation to steadily bring down the
growth curve of obesity, individuals too can lead and maintain a healthy life and
BMI. Grains should be consumed in a minimally refined, high-fibre form, and
intakes of refined starches and sugars should be minimized. Non hydrogenated
dietary fats must be consumed. Vegetables and fruits must be eating in abundance
while red meat should be considerably reduced. Daily exercise of any sort is always
recommended [27].
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Chapter 10

Hypertension as Three 
Systematic Dysregulations of 
Na+ Homeostasis in Terrestrial 
Mammal, and Salt in Gut Might 
Cause Brain Inflammation
Mizuo Mifune and Yoshihiko Kanno

Abstract

Although Na+ homeostasis in vivo is essential for mammals, it is known that 
excessive salt (NaCl) intake has played a major role in the development of hyperten-
sion. In vivo, there is a hormonal system, the renin-angiotensin-aldosterone system 
(RAAS), that specializes in regulating Na+ retention, especially the amount of Na+ in 
plasma. Na+ homeostasis in vivo has been achieved mainly by the RAAS, through 
regulation of vascular tonus (blood pressure) and Na+ handling in the kidney 
(Na+ diuresis). Recent studies have revealed a third mechanism of Na+ homeostasis 
in vivo: regulation of interstitial Na+ levels in tissues, such as subcutaneous tissues, 
by tissue macrophage immunity. In the pathogenesis of salt-sensitive hyperten-
sion, Recent research have been revealed that three molecular axes (Ang II - Rho/
NOX-eNOS system, Aldosterone-rac1 -ENaC system, and tissue Na+ − TonEBP in 
macrophage -VEGF-c) are significantly involved in maintaining Na+ homeostasis in 
salt induced hypertension. Furthermore, the mechanism by which salt causes hyper-
tension via the immune system (intestinal, local mucosal, and tissue immunity) 
has also been reported. In this article, we would like to propose that three molecular 
dysfunctions are involved in the development of salt-sensitive hypertension through 
three immunological mechanisms in the maintenance of Na+ homeostasis. Next, I 
would like to explain the importance of gut-RAAS and abnormality of intestinal 
microflora (dysbiosis) in salt-sensitive hypertension. It has been known that the 
metabolites (e.g., short-chain fatty acid neural amino) produced by microflora are 
deeply involved in central (CNS) and sympathetic nervous system (SNS) activity. 
In addition, we would like to explain of the importance of brain-RAAS and cere-
bral inflammation in salt-sensitive hypertension. Moreover, recent research have 
revealed that the detection-mechanism in the brain for Na+ concentration([Na+]) 
in vivo and in the tongue for [Na+] in diet. These finding suggests that excessive 
salt intake may cause brain dysfunction, most delicate organ, before the onset of 
salt sensitive hypertension, and may also destroy brain structure after the onset 
of salt sensitive hypertension. Thus, we would like to insist that excessive salt 
intake might not only induce hypertension, but also be toxic especially for brain. 
Finally, we would like to explain that The DASH diet (Dietary Approaches to Stop 
Hypertension) is one of the universal diets for adult human, not only by reducing 
salt, but also by reducing metabolic stress and improving of dysbiosis.



Psychology and Pathophysiological Outcomes of Eating

168

Keywords: homeostasis, multisystem, immunity, dysbiosis, taste

1. Introduction

For terrestrial mammals, dehydration is fatal. Because, dehydration cause 
lowering circulating plasma volume (plasma Na+), lowering blood pressure, and 
decrease of organ blood flow, leading to death. To prevent dehydration, ter-
restrial mammals have been developed the mechanisms to maintain BP and Na 
in the body. This defense mechanism against dehydration is the renin–angioten-
sin–aldosterone system (RAAS) which is a hormone system that regulates blood 
pressure, systemic vascular resistance and maintain [Na+]in the body [1, 2]. To 
prevent tissue hypo-reflux due to hypotension during dehydration and to main-
tain the effective circulating plasma volume, Ang-II caused vascular contraction 
and re-absorption of Na+ (Figure 1).

In the detailed description, when renal blood flow is reduced, juxtaglomerular 
cells in the kidneys secrete renin into circulation. Plasma renin then carries out the 
conversion of angiotensinogen, released from the liver to angiotensin I. Angiotensin 
I is subsequently converted to angiotensin II(Ang-II) by the angiotensin-converting 
enzyme (ACE) found on the surface of capillary endothelial cells, predominantly 
those of the lungs. Ang -II is octapeptide described as Ang- [1-8]. There are two 
receptors for Ang-II, type 1 receptor (AT1R) and type II receptor (AT2) [3]. Ang-II 
is a biologically active peptide that mediates its effects via the angiotensin-II type 
1 receptor (AT1R). On the other side, AT2R exerts mainly anti-AT1R [4]. Ang-II 
stimulation via AT1R was originally known as a circulating hormone that regu-
lates blood pressure and electrolyte balance by acting on vascular contraction, 
renal sodium handling, sympathetic activity, and vasopressin release. As detailed 
description, Moreover, Ang II stimulates the secretion of aldosterone also via AT1R 
in the adrenal cortex [5].

Aldosterone increases the reabsorption of Na+ via epithelial sodium channels 
(ENaC) in the renal tubules (collecting ducts), at the same time causing the excre-
tion of potassium [6]. In this way, systematic RAAS was defined as an endocrine 
system involved in blood pressure regulation and body electrolyte balance. This 
pathway (renin – Ang-II-aldosterone axis) is called as “classical and systematic 
RA(A)S”.

Figure 1. 
Bipolarity of pathophysiological effects in renin – angiotensin- system.
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Moreover, RAAS is now considered a “ubiquitous” system that expressed locally 
in various tissue and exerts multiple paracrine/autocrine effects involved in tissue 
physiology and homeostasis. This concept is considered as “tissue RAAS”. Local 
angiotensin pathway and their physiological importance were elucidated in differ-
ent tissues including the heart, blood vessels, kidney, brain, adipose tissue, liver, 
lymphatic tissue, reproductive system, and eye. In these tissues, local RAAS acts 
independently from systematic RAAS in a paracrine and paracrine manner but may 
still interact with systematic RAAS to exert endocrine effects [7].

If the RAS is abnormally active, blood pressure will be too high. There are 
several types of drugs which includes ACE inhibitors, Angiotensin-II type I receptor 
blocker (ARBs), and renin inhibitors that interrupt different steps in this system to 
improve blood pressure. These drugs are one of the primary ways to control high 
blood pressure, heart failure, kidney failure, and harmful effects of diabetes [8].

On the other side, a novel axis of the renin-angiotensin system (RAS) was 
unveiled by the discovery of angiotensin- (1-7) [Ang- (1-7)]. Angiotensin-
converting enzyme 2 (ACE2), not ACE, was shown to be the main mediator of this 
reaction (Ang-I (1-10) to Ang (1-7), not Ang-II (1-8)), and Mas was found to be the 
receptor for the heptapeptide. Compared to classical RAS axis (ACE-AngII-AT1R), 
novel RAS axis (ACE2-Ang(1–7))-MAS act anti-hypertensive and anti-inflammatory 
effect [9].

In this chapter, we explained that the RAAS system is most pivotal hormonal 
mechanism for sodium retention in vivo. Apart from the systemic RAAS system, 
organ-specific effects have been recognized in various organs (kidney, cardiovas-
cular, and brain) involved in sodium retention and blood pressure formation (renal 
RAAS, cardiovascular RAAS, and brain RAAS). Ang-II and aldosterone have been 
found to have pro-inflammatory effects via AT1R and MR. Originally, the balance 
between Na and aldosterone should be a seesaw-relationship, but it has been found 
that this relationship is broken in the development of salt-sensitive hypertension. 
Thus, a boost and runway of RAAS, the most important mechanism to maintain of 
Na homeostasis for terrestrial mammals, has been recognized as the basis for the 
development of hypertension.

2. Vascular tonus dysfunction by AngII-RhoA/NADPH-eNOS axis

Ang-II has three physiological effects to elevate blood pressure via AT1R, 
vascular contraction, renal absorption, and aldosterone secretion. As detailed 
description, Ang II is a potent vasoconstrictive peptide that causes blood vessels 
to construct via AT1R in vascular smooth muscle cell, resulting in increased blood 
pressure. Ang II also activate sodium reabsorption through NHE3 via AT1R in the 
renal tubules (proximal duct). Moreover, Ang II stimulates the secretion of aldoste-
rone also via AT1R in the adrenal cortex.

Ang-II also exerts three pathological effect, oxidative stress production, induc-
tion of inflammation and fibrosis [10]. Ang II stimulation can activate NAD(P)H 
oxidase to produce ROS, resulting in oxidative stress damage [11]. ROS production 
in VSMC by Ang II caused also mitochondrial dysfunction and cellular injury [12].

In vascular smooth muscle cells, RhoA/ROCK determine sensitivity to vaso-
constrictors by Ang II in salt-sensitive hypertension [13, 14]. The Rho family 
small GTP binding protein, what is called Rho GTPase (consist of Rho (RhoA, C), 
Rac (Rac1,2) and Cdc42), is part of the Ras superfamily and has important func-
tions in regulating intracellular signaling and cell morphology. The Rho family 
has various cellular functions such as cell migration, phagocytosis, endocytosis, 



Psychology and Pathophysiological Outcomes of Eating

170

morphogenesis, and cytokinesis. The Rho family is also involved in cell cycle pro-
gression and gene expression, cell polarity, hematopoiesis, and Wnt signaling [15].

In endothelial cells, the RhoA/ROCK activation and ROS production via Ang-II 
stimulation in VSMC pathway negatively regulates NO production through eNOS 
dysfunction [16]. Endothelial dysfunction is caused by reducing NO bioavailability, 
leading to peroxynitrite (ONOO-) formation which is reactant superoxide with NO. 
Endogenous NO is critical for regulating renal hemodynamics and sodium homeo-
stasis, including renal vasodilation and natriuresis [17], and is also control cerebral 
blood flow and Cerebrospinal fluid Na concentration [18].

The importance of NO in vivo cannot be overestimated. To maintain of homeo-
stasis, the cellular action of nitric oxide, which is second messenger is as important 
as oxygen [19]. At first, vascular smooth muscle is dilated by NO produced by 
endothelial Nitric Oxide Synthase (eNOS), which is present in vascular endothelial 
cells. NO is a molecule with a simple chemical structure that exists in a gaseous state 
at room temperature. NOS is an enzyme involved in the metabolic reaction that syn-
thesizes L-citrulline from the amino acid L-arginine to form L-citrulline and NO. 
There are three types of NOS: eNOS, which is found in the vascular endothelium; 
neural NOS (nNOS), which is found in nerve cells; and inducible NOS (NOS), 
which is induced by stress. It has been reported that excessive salt overload reduces 
the vascular dilation response, and arginine administration is known to restore this 
function. In the development of essential hypertension, oxidative stress (superox-
ide (O2-), hydrogen peroxide (H2O2)) produced by NADPH oxidase and xanthine 
oxidase in blood vessels reduces the production of NO by eNOS, which is thought to 
be one of the mechanisms of essential hypertension [20].

In addition, the activation of eNOS in the export and import arteries increases 
the renal medullary blood flow. Activation of nNOS in the macula dense decreases 
the regulatory capacity of TGF. In addition, iNOS decreases the renal Na reabsorp-
tion capacity. Thus, impaired endothelial function via dysfunction of eNOS due 
to increased oxidative stress is the cause of the development of hypertension from 
resistance vascular dysfunction. Furthermore, dysfunction of other NOS (nNOS 
and iNOS) is also involved in impaired medullary blood flow and tubular function 
in the kidney [20]. Thus, NOS in vascular endothelial cells is the most important 
molecule for the regulation of total peripheral vascular resistance, and other NOS 
also function in specific roles in the kidney and brain, and under specific conditions 
such as during inflammation. This suggests that dysfunction of these three NOSs 
may be the cause of the development of hypertension. In addition, the dysfunction 
of NOS is thought to be caused by increased oxidative stress, both systemic and 
local. Therefore, the activation of RhoA and the production of ROS by Ang II in 
VSMC caused NO production system in eNOS in endothelial cell might be pivotal 
mechanism of contractile augmentation and reducing renal blood flow, resulting Na 
retention in salt induced hypertension [21].

We would like to propose that the dysfunction of AngII-RhoA/NADPH-eNOS 
axis found in salt-sensitive hypertension cause vascular dysfunction by tissue local 
oxidative stress formation [22].

3. Na+ retention by aldosterone-rac1-ENaC axis cause in vivo

Ang II is a typical hormone that contracts the vascular smooth muscle of resis-
tance vessels, but Ang II also has two other effects, such as sodium reabsorption 
in the proximal tubule and aldosterone secretion from the adrenal gland [23]. The 
action of aldosterone is mediated by serum and glucocorticoid-regulated kinase 
1 (SGK1) as a transcription factor, which is involved in the synthesis of ENaC 
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protein in the luminal membrane, the synthesis of Na+ pump (Na+/K + - ATPase) 
in the lateral basement membrane, and the inhibition of endogenous sodium 
pump, and activation of endogenous sodium pump inhibitory factor (digitalis-like 
substance) [24].

Essentially, the kidneys promote sodium diuresis by increasing blood pressure, 
increasing renal medullary blood flow, leading to increasing intraglomerular pres-
sure. This is called baroreflex diuresis, which was firstly pointed out by Guyton. In 
other words, the kidneys regulate the amount of sodium in the body through the 
excretion of Na+, which is called the sodium handling action of the kidneys [25]. 
This is called renal sodium handling. Renal handling consists of the production 
of primary urine by maintaining renal medullary blood flow with Ang II and NO, 
and the reabsorption of sodium in the tubules. To maintain renal medullary blood 
flow, there is tonus regulation of the two resistance vessels, glomerular export and 
import arteries, and a tubular feedback mechanism (TGF). Na+ reabsorption by 
the tubules is mediated by NHE (Na+/K+ exchanger in the proximal tubules [26], 
NKCC (Na+/K+/2Cl- co-transporter) in the ascending Henle loop, NCC (Na+/
Cl- co-transporter) in the distal tubules, and mineralocorticoid receptors in the 
collecting ducts. The epithelial sodium channel (ENaC) by the mineral corticoid 
receptor (MR) in the collecting duct, and four main Na+ reabsorption transporters 
[27]. At the onset of hypertension, functional changes in renal sodium handling are 
observed due to changes in renal medullary blood flow and renal tubular Na+ reab-
sorption. First, in the proximal tubule NHE, stimulation of tubular AT1 receptors 
by systemic circulating Ang II enhances Na reabsorption by NHE. Secondly, NCCs 
in the distal tubule promote Na reabsorption from NCCs with increased metabolic 
stress (hyperinsulinemia, hypokalemia, glucocorticoids, acidosis) (WNK-NCC 
system) [28] and activation of the sympathetic nervous system (β3-adrenalegic 
NCC system) [29]. The final effector of Na+ reabsorption is the activation of MR 
by aldosterone stimulation, which results in Na+ reabsorption from ENaC. Notably, 
homeostatic activation of rac1 was observed in the abnormal increase in Na+ reab-
sorption by MR-ENaC, and it has been reported that MR-ENaC is activated and 
Na+ reabsorption is enhanced independently of aldosterone stimulation [30]. In 
addition, aldosterone is known to promote pathological cardiovascular remodel-
ing by inducing inflammation [31]. Therefore, eplerenone, an anti-aldosterone 
drug, has been reported to have a predominant inhibitory effect on cardiovascular 
events in large clinical studies. In addition, eplerenone, an anti-MR drug, has been 
reported to have a significant inhibitory effect on cardiovascular events in large 
clinical studies [32].

Aldosterone-activated ENaC is most pivotal in the mechanism of Na+ retention 
in kidney was observed. Interestingly, the activation of ENaC was not dependent on 
the elevation of aldosterone concentration itself, but on the constitutive activation 
of rac1, a small G protein family with RhoA. We would like to propose that this 
increased renal sodium reabsorption observed in salt-sensitive hypertension is an 
abnormality of the aldosterone-rac1-ENaC axis.

4.  Three immune mechanisms are involved in the development of  
salt-sensitive hypertension

Recent studies have revealed that three immune mechanisms are involved in the 
development of salt-sensitive hypertension [33]. First, excess salt from the diet is 
involved in blood pressure dysregulation through cytokine production by intestinal 
immunity [34]. Na+ in the intestine activates T lymphocytes (TH17 cells) that pro-
duce interleukin-17 (IL-17), a strong pro-inflammatory cytokine, in the intestine, 
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where 70% of the systemic immune cells are located. The increased oxidative stress 
produced by NADPH oxidase in neutrophils activated by circulating IL-17 was 
found to be a mechanism that greatly reduced the function of eNOS in the vascular 
endothelium [35]. It has also been reported that the activation of TH17 cells simulta-
neously causes a decrease in the function of regulatory T cells (Treg), which control 
the allergic reaction, a runaway immune response [36]. In other words, excessive 
salt induces systemic vascular endothelial dysfunction and immunodeficiency 
through systemic activation of IL-17 by dysbiosis. Therefore, excessive salt is also 
involved in cognitive dysfunction by decreasing blood flow to the brain [37], and 
in the development of multiple sclerosis, an autoimmune disease of the brain [38]. 
We hypothesize that dietary salt impairs the function of the Ang II-RhoA/NADPH-
eNOS axis, a blood pressure regulating system, by impairing eNOS function 
(vascular endothelial dilatation) associated with hyper-cytokine induced oxidative 
stress via intestinal immunity abnormality.

Second, it has been reported that the acquired immune system, mainly T lym-
phocytes, may be involved in the function of renal tubules in the regulation of renal 
Na+ handling [39, 40]. T-lymphocytes may be involved in the regulation of renal tubu-
lar function via stimulation from sympathetic nerve activation (via β3-adrenal recep-
tors) and glucocorticoids (via SGK1 (serum glucocorticoid - regulated kinase 1)) in the 
renal medulla through activation of mTOR (mammalian target of receptor) [41, 42]. 
We would like to propose that abnormal activation of T lymphocytes of the acquired 
immune system reduces the regulatory function of renal Na+ handling mechanisms 
manipulated by the aldosterone-rac1-ENaC axis.

Third, tissue immunity, which is controlled by macrophages [43] has been found 
to regulate the amount of interstitial Na+ in skin by regulating tissue lymphatic 
reflux, and it has been reported that dysfunction of this mechanism contributes 
to the development of hypertension [44]. Excess interstitial Na+ was found to 
accumulate in skin and muscle before increasing the amount of circulating plasma 
Na+, which might cause salt-sensitive hypertension, by imaging the concentra-
tion of 23 Na+ in tissues using sodium-magnetic resonance imaging (23Na-MRI) 
[45]. Although the amount of plasma Na+ is regulated by the RAAS system, high 
concentrations of Na+ in the interstitial fluid in subcutaneous tissues activate the 
mononuclear phagocytic cell lineage (macrophages and monocytes) and induce the 
transcription of their own osmotic-responsive enhancer binding protein (TonEBP). 
The increased expression of this transcription factor, TonEBP (tonicity-responsive 
enhancer binding protein), activate mononuclear phagocytic action. The TonEBP 
activation increases the expression and secretion of vascular endothelial growth 
factor (VEGF)-C, induces hyperplasia of lymphatic vessels in the subcutaneous 
tissue, and removes excess Na+ via lymphatic vessels [46]. However, the drainage 
of interstitial Na+ by increased lymphatic vessels, which is activated by TonEBP-
VEGF-C in tissue-macrophage, may not be effective in condition of the loss of 
intercellular matrix, such as proteoglycans, for some reason, and the buffering and 
retention effect of Na+ as interstitial Na+ is lost, resulting in increased plasma Na+. 
In this way, it is assumed that an increase in the amount of Na+ in the plasma leads 
to the development of salt-sensitive hypertension. In practice, it has been reported 
that the amount of Na+ in the skin and muscles of patients with hypertension is 
higher than that of normal subjects [47], and that the accumulation of Na+ in the 
skin of patients with chronic kidney disease is associated with left ventricular 
hypertrophy [48]. Therefore, it has been proposed that dysfunction of lymphatic 
vessels regulated by tissue macrophage in the skin may cause excessive interstitial 
Na+ accumulation and associated salt-sensitive hypertension. This mechanism may 
also be involved in local immunity against bacterial infections, as activation of 
TonEBP in the skin leads to bactericidal NO production by activating iNOS [49]. 
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Surprisingly, TonEBP is also reported to be expressed in the renal medulla and 
hypothalamus and is involved in the urine concentration mechanism in the renal 
medulla [50] and the secretion of arginine vasopressin in the hypothalamus [51].

In other words, salt-sensitive hypertension, which is a dis-regulation of 
Na+ homeostasis in the body, is caused not only by abnormalities in the regulation 
of plasma Na+ by RAAS, but also by the dysregulation of interstitial Na+ through the 
tissue immune system (tissue macrophage-TonEBP (macrophage)-VEGF-C/NO). 
VEGF-C/NO axis) (Figure 2).

5.  Salt in gut, mediating through microbiome and gut-RAAS, cause 
hypertension

As mentioned earlier in this chapter, excessive salt in the intestine is assumed to 
be trigger of onset of hypertension via dysbiosis of the gut microbiome (GM) [52]. 
In an animal study, it was reported that a decrease in lactobacillus murinus caused 
by salt intake altered the intestinal microbiome and contributed to the development 
of hypertension [53]. The effects of dietary content on the intestinal microflora are 
not limited to salt, but also include due to excessive sugar and carbohydrate, causing 
abnormalities in glucose metabolism, and to dietary fiber deficiency in the develop-
ment of hypertension, causing constipation. Single-chain fatty acids such as acetic 
acid and butyric acid produced by the intestinal microflora have been reported to play 
a favorable role in the regulation of blood pressure [54]. On the other hand, trimeth-
ylamine N-oxide (TMAO), a gut-microbiota of choline and L-carnitine, has been 
reported to exert vascular injury effects. Thus, the gut and hypertension are closely 
related, based on the metabolic and immune effects of the intestinal microbiota [55].

Furthermore, the GM is also thought to be involved in sympathetic nerve 
dysregulation by abnormal metabolism of tyrosine, which is a neurogenic amino 
acid, synthetized to sympathetic neurotransmitters (dopamine, norepinephrine, 
and epinephrine) [56]. Among these, tryptophan is the most important neurogenic 
amino acid [57]. Tryptophan is converted to serotonin, which has various effects on 
the nervous system, including the central nervous system, peripheral nervous sys-
tem, and enteric nervous system [57]. Tryptophan is also involved in the function 
of T-lymphocytes and has been found to have effects on the immune system [58]. 

Figure 2. 
Na+ homeostasis in terrestrial mammal body is architected by three axes, Na+ circulation in side, Na+ 
absorption from outside, and Na+ concentration maintenance in tissue and body fluid.



Psychology and Pathophysiological Outcomes of Eating

174

Thus, monoamine metabolism in the intestine is very important, and the intestinal 
microbiota is greatly involved in the control of blood pressure through regulation of 
the sympathetic nervous system and immunity.

In addition, the intestine has a local RAAS to regulate water uptake of sodium in 
colon. This is called gut RASS. In this mechanism, Ang-II - AT1R - aldosterone axis 
is responsible for bowel movement and sodium absorption via ENaC. On the other 
hand, this Ang-II - AT1 - aldosterone axis influences intestinal inflammation. On 
the other hand, the Ang-(1–7)- ACE2- MASR axis has been reported to have anti-
hypertensive and anti-inflammatory effects [59]. Recent studies have shown that 
ACE2 is involved in the regulation of amino acid transport in the intestine [60]. In 
addition, ACE2 is a receptor for the COVID-19 virus, and cytokine storm caused by 
this viral infection has been found to be due to attenuation of the anti-inflammatory 
and anticoagulant effects of ACE2. Therefore, this property of ACE2 has led to the 
development of therapeutic agents for coronaviruses [61].

6. Na+ sensor in brain cause Na appetite

The brain controls systemic blood pressure and maintains homeostasis of Na+  
in the body through the HPA (hypothalamus - pituitary – adrenal grand) system 
and the sympathetic nervous system (SNS). In addition, it has been reported that 
oxidative stress is involved in the pathogenesis of salt-sensitive hypertension by 
abnormal enhancement of the brain RAAS and SNS [62].

Recent studies have shown that Na+ homeostasis in the body is maintained by 
Na+ sensors (Nax) in the brain that detect cerebrospinal fluid Na+ (CSF Na+) [63], 
and that the brain detects Na+ in the diet by ENaC in the taste cells on the tongue 
[64]. Recent studies have shown that the Na+ concentration in the cerebrospinal 
fluid (CSF) of salt-sensitive hypertensive rodents is significantly higher than that of 
the control group, even though the blood Na+ concentration is the same. Nax exist 
at the subfornical organ (SFO) and the vasculosum of the lamia terminalis (OVLT) 
in circumventricular organ (CVO) belonging to the of the third ventricle, which is 
exceptionally lacking a blood–brain barrier (BBB) [65]. Nax senses changes in cere-
brospinal sodium (CSF Na+) in the SFO and OVLT, and its signals regulate fluid and 
salt intake behavior in response to dehydrate condition [66]. The signal of increased 
CSF Na+ concentration activates the peripheral sympathetic nervous system through 
activation of the paraventricular nucleus (PVN) and the rostral ventrolateral 
medulla (RVLM), which are both sympathetic control centers. In addition, this 
signal is transmitted to the hypothalamus to regulate the vasopressin (antidiuretic 
hormone) secretion [51]. Thus, the homeostasis of Na+ in the body is controlled by 
the activation of SNS and RAAS functions in the brain via CSF [Na+] signals.

Humans perceive five basic tastes: sweet, sour, bitter, umami, and salty. ENaC, 
which is present in taste cells in the taste buds of the tongue, detects salty taste. This 
ENaC, as mentioned earlier section, is in the renal collecting ducts and is also the 
final regulator of natriuresis. In vertebrates, ENaC is found in the colon, lungs, and 
sweat glands, in addition to the kidney and tongue, and regulates sodium reabsorp-
tion. In addition, ENaC and MR have been found to coexist in the brain choroid 
plexus, where SFO and OVLT, those which sense CSF Na+, are located. In other 
words, humans sense Na+ in the ENaC of the tongue and regulate the excretion 
of Na+ out of the body through urine (kidneys), sweat (sweat glands), and stool 
(colon). This Na+ balance for Na+ homeostasis is controlled by the brain, which 
senses Na+ in the CSF and controls the Na+ input via the tongue and Na+ output via 
kidneys [67, 68].
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In addition, it is known that excessive salt intake and emotional stress can 
cause a significant increase in blood pressure. Emotional stress increases blood 
pressure by activating SNS and RAAS, and the blood pressure elevation caused 
by this stress is greater in salt-sensitive patients than in salt-resistant patients 
[69]. As a reason why salt preference, in concert with emotional stress, exacer-
bates salt-sensitive hypertension, it has been shown that Ang-II activation of 
AT1R occurs in various brain regions (amygdala, anterior hypothalamic area, 
PVN) related to stress response [70]. In salt-sensitive hypertension, abnormali-
ties of the RAAS and SNS are observed also in the brain, and this is mediated by 
increased oxidative stress and inflammation in the brain, which in turn leads to 
dysfunction of salt-tasting taste cells in the tongue and increased Na+ concentra-
tion in the CSF [71]. Furthermore, as mentioned above, it has been found that 
excessive salt causes inflammation in the brain by decreasing cerebral blood 
flow due to dysfunction of NOS in systemic blood vessels caused by salt-induced 
dysbiosis.

Thus, in salt-sensitive hypertension, excessive salt causes brain RAAS and SNS 
abnormal activity through increased intracerebral inflammation and oxidative 
stress, when the mechanism of the regulation of Na+ homeostasis in the bran is 
disrupted, leading to systemic circulatory failure, neurological dysfunction, and 
chronic inflammation.

7. Epigenetics in salt-sensitive hypertension

In addition to genetic predisposition, environmental factors experienced during 
fetal life and childhood have been found to influence brain and nervous system func-
tions through epigenetic changes. For example, the DOHaD theory (developmental 
origins of health and disease) has been proposed that inadequate nutrition during 
fetal life may lead to the risk of chronic diseases such as hypertension in adulthood 
[72]. It has also been pointed out that excess salt also may induce epigenetic salt-
sensitive hypertension [73]. For example, it has been reported that salt-sensitive 
hypertension is caused by abnormalities of the glucocorticoid system in uterine 
environment. In addition, transcriptional changes in genetic activity due to DNA 
methylation and histone modifications in ENaC and NCC, which regulate sodium 
reabsorption in the kidney, have also been reported [74]. These finding suggests 
that excessive salt intake may lead to the development of salt-sensitive hypertension 
through acquired genetic changes, and the importance of salt reduction education 
from an early age [75].

8. Preventive diet for hypertension

The INTERSALT study, which is an international study that compared blood 
pressure in populations in the world with different amount of salt intakes, has 
revealed the relationship between salt intake and blood pressure. There was a strong 
positive correlation between daily urinary sodium excretion and the degree of 
increase in blood pressure with age [76]. This suggests the importance of reducing 
Na+ intake. The antagonistic effect of K+ on Na+ has been recognized [77], and it 
has an antihypertensive effect on the kidneys by promoting the excretion of Na+. 
According to Eaton et al.’s estimate, K+ intake in the Paleolithic period was 6070 mg/
day, but in modern society, it has dropped to 2500 mg/day, about 1/3 [78]. In fact, in 
a meta-analysis on the antihypertensive effect of K+ loading, it has been pointed out 
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that the higher the NaCl intake, the more marked the antihypertensive effect of K+ 
in salt sensitive hypertension [79].

In the United States, the DASH diet (Dietary Approaches to Stop Hypertension) 
has been proposed as a hypertensive diet. This diet was recommended by the 
National Heart, Lung, and Blood Institute (NHLBI) of the National Institutes of 
Health (NIH) in the United States to improve hypertension. The DASH diet recom-
mends fruits, vegetables, whole grains, and low-fat dairy products, and has been 
established as evidence in large-scale studies [80, 81]. The DASH-diet is based on 
Na+ restriction and K+ supplementation, suppression of intestinal inflammation 
by limiting fat, and intake of prebiotics such as dietary fiber. Among these, the 
production of short-chain fatty acids such as butyric acid, lactic acid, and acetic 
acid from dietary fiber by microbiota is said to contribute significantly to anti-
inflammatory effects and improvement of energy metabolism. From this point 
of view, it is no exaggeration to say that the DASH diet is an all-round health food 
formula because of its low Na+ content, proper intake of K+ that excretes sodium, 
low fat content that suppresses inflammation in the intestines, and high fiber 
content. However, a risk of salt restriction in daily diet is attended in the special but 
often patients in Japan. They are elderly patient with hypertension, and patients 
receiving hemodialysis. As both have a risk of malnutrition by carrying out the salt 
restriction, the Japanese Society of Hypertension Guidelines for the Management 
of Hypertension (JSH 2019) allowed them to take salt over 6 gram per day [82]. 
We also emphasize that decreasing salt intake from 20 gram to 15 gram per day has 
enough meaning as salt restriction [83].

9. Finally, low-salt diet may protect our brain

As vertebrates evolved from the sea to the land, they developed the RAAS 
system and came to have a Na+ retention system that could withstand desiccation 
and dehydration.

Furthermore, humans began to develop a taste for salt, finding it delicious in 
their meals. With the increase in industrial production of cheap NaCl, excessive 

Figure 3. 
Our hypothesis: Excess salt in gut induced hypertension and brain damage in a deterioration spiral manner 
among three systematic dysregulation of Na+ homeostasis.
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salt intake first became possible, causing hypertension and hypertensive diseases 
such as stroke. Furthermore, it has very recently been pointed out that excess salt 
can trigger dysbiosis of the intestinal microflora, which can lead to autoimmune 
brain diseases. In this study, we clarified that three mechanisms that maintain 
Na+ homeostasis (the circulating plasma Na+ system (AngII-eNOS axis), the total 
Na+ retention system in body (Aldosterone-ENaC axis), and the tissue Na+ sens-
ing system (TonEBP (in macrophage)-VEGF-C axis) are impaired in salt-sensitive 
hypertension (Figure 3).

In the brain, which is the command center of Na+ homeostasis in vivo, exces-
sive salt causes cerebral blood flow (CBF) decrease because of NOS dysfunction. 
Secondly, ENaC dysfunction in taste cells causes taste disorder, which leads to 
a preference for strong salt tastes. In addition, the increase in CSF Na+ leads to 
the activation of tissue macrophages in the brain (microglia) via TonEBP activa-
tion, which causes inflammation in the brain. Thus, we pointed out that the same 
molecular biological mechanism that leads to the development of salt-sensitive 
hypertension may also lead to brain toxicity in the form of exacerbation of salt 
preference (toxicity), emotional instability (CBF decrease), and pathological 
brain remodeling (structural damage in the brain such as atrophy). Excess salt may 
also lead to further development of acquired salt-sensitive organ damage through 
epigenetics. Therefore, we would like to emphasize that it is extremely important to 
be aware of salt reduction in our daily diet.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Type 2 Diabetes mellitus, as one of the major universal public health disorders 
wide spread, requires patients’ lifestyle modulation which would be conducive 
in dominating blood glucose. The aim of the study was to evaluate the effect 
of lifestyle modification on glycemic control of type 2 diabetic patients at Suez 
Canal University Hospitals at Ismailia city. A quasi-experimental design made up 
of a control group and a study group with pre- and post-test administration was 
applied. This study was carried out at the Family Medicine Outpatient Clinic and 
the Diabetic Outpatient Clinic of Suez Canal University Hospitals at Ismailia city 
in Egypt. 92 type 2 diabetic patients were included in this study. The Diabetes 
Knowledge Questionnaire; Health promoting lifestyle profile II Scale; and Physical 
assessment sheet were used for data collection in the two groups. After implement-
ing of the program, those patients who received lifestyle modification intervention 
achieved better total score of knowledge & knowledge related practice about DM, 
health promoting lifestyle domains values and glycated hemoglobin, compared 
with the control group. Factors related to lower glycated hemoglobin in the present 
study were lower fasting blood sugar level and increasing physical activity. Overall, 
lifestyle modification program has a positive influence on blood glucose control of 
patients with type 2 diabetes mellitus. Therefore, it is recommended to that lifestyle 
modification interventions should be integral part of the curative management of 
type 2 diabetic patients, and further study in other places to investigate the effect of 
lifestyle modification on glycemic control of those patients.

Keywords: “lifestyle modification”, “type 2 diabetes mellitus”, and “glycemic control”

1. Introduction

Diabetes Mellitus (DM) is one of the widespread and universal health problems 
that affect many people worldwide. It is defined as a metabolic disorder caused by 
different factors, which is characterized by hyperglycemia (elevated blood glucose 
level) and is usually associated with carbohydrate, fat and protein metabolism 
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abnormalities [1]. There are two main types of DM: Type 1diabetes mellitus 
(T1DM) and Type 2 diabetes mellitus (T2DM). T2DM is the commonest form of 
diabetes, constituting nearly 90% of the diabetic patients in any country [2].

Type 2 diabetes mellitus is a heterogeneous and progressive illness, with an 
underlying mechanism ranging from predominantly insulin resistance with relative 
insulin deficiency, to predominantly an insulin secretory defect with lesser degrees 
of insulin resistance. The spread of T2DM is increasing all over the world, probably 
due to the expectations of population’s long life, a sedentary lifestyle and above 
all, the increasing rates of obesity. There are two sub-divisions of T2DM. The “Not 
Insulin Requiring” diabetes, managed by lifestyle measures alone and sometimes 
oral drugs, and the “Insulin requiring for diabetes control”, where insulin is required 
to control, rather than survival [3].

A recent study proved that the uncontrolled diabetes, particularly elevated 
blood sugar over a prolonged period of time could lead to a number of short and 
long-term health complications. Such complications were divided traditionally into 
two main subtypes: the diabetes specific micro-vascular complications of retinopa-
thy, nephropathy, and neuropathy which were caused by injuries to the small blood 
vessels; and the thrombotic macro-vascular complications of myocardial infraction, 
hypertension, and peripheral arterial disease which were presented due to arterial 
damage [4].

Many chronic diseases, as proved by recent studies, are associated with poor 
lifestyle and unwise human conduct. Lifestyle is an individual’s typical way of life 
which includes activities and attitudes that influence man’s health, whether healthy 
or unhealthy. A healthy lifestyle often results in better health and happiness. In con-
trast, an unhealthy lifestyle may cause illness and morbidity. Lifestyle related risk 
factors are associated with the development and progression of T2DM. These risk 
factors such as sedentary lifestyle, smoking, alcohol consumption, dietary choices 
and overweight are modifiable. The cornerstone of DM management includes 
appropriate lifestyle choices supported by regular medication and blood glucose 
self-monitoring, where necessary [5, 6].

The core of Type 2 diabetes mellitus treatment depends mainly on physical 
activity and nutrition therapy. The recent studies have proved the benefits of physi-
cal activity on individuals who maintain a physically active lifestyle and therefore, 
they are less likely to develop insulin resistance, impaired glucose tolerance, or 
T2DM. The effects of exercise training on glycemic control and related physiologi-
cal parameters have also been extensively studied in type 2 diabetic patients. On 
the same line, healthy nutrition is the basis for the treatment of T2DM. It positively 
maintains blood glucose to be within normal limits and effectively minimizes the 
complications of the T2DM and weight loss is also an important goal because it 
improves glycemic control [7, 8].

The community health nurse had an effective role in patient education about all 
newly lifestyle modification for T2DM. No matter that encouraging and supporting 
lifestyle modifications could help in enabling type 2 diabetic patients to feel more 
satisfied in controlling of their disease. Pender’s health promotion model (HPM) is 
one of the widely used models to plan for changing unhealthy behaviors and promote 
general hygiene. Pender’s model was developed after the health belief model, to assist 
nurses in understanding the major determinants of health behaviors as a basis for 
behavioral counseling to promote healthy lifestyles. According to Pender’s model, 
health promotion is a dynamic and positive process that encompasses conducts 
supporting a healthy lifestyle, including physical activity, dieting, spiritual growth, 
interpersonal relationships, health responsibility, and stress management. In nutshell, 
a health-promoting lifestyle is a multi-dimensional pattern of voluntary behaviors 
needed for promoting one’s health conditions, self- growth, and perfection [9].
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Moreover, a great importance should be paid for the patients’ regular follow-up 
with the health care provider so as to avert any long-term complications. In diabetes 
Mellitus care, lifestyle modification can prevent or delay the complications and also 
decrease the need for medication. Because of the alarming and danger threaten DM 
statistics, the sacred role of nurses in assisting patients to control associated mor-
bidity and mortality is becoming increasingly significant. Nurses, who are always 
on the front line, can screen patients for early diabetes identification, recognize and 
initiate corrective measures for inadequate treatment regimens, help patients set 
and achieve therapeutic goals and assess diabetes-related complications as soon as 
they arise [10]. DM, as a chronic disease, often has a relapsing and remitting course 
with substantial impact on function and quality of life (QOL). For chronic illnesses 
where there is no cure, it is important to establish that therapy which really makes 
people feel better.

1.1 Diabetes mellitus

1.1.1 Definition

Diabetes Mellitus (DM) is a complex, chronic disease that caused by inherited 
and/or acquired deficiency in production of insulin by the pancreas or by the 
ineffectiveness of the insulin produced; both require continuous medical care 
with multifactor risk-reduction strategies beyond glycemic control. It is defined 
as a metabolic disorder caused by different factors and is characterized by hyper-
glycemia (elevated level of blood glucose) with disturbances in carbohydrate, fat 
and protein metabolism. The chronic hyperglycemia is associated with long-term 
damage, dysfunction and degeneration/deterioration of various organs, particularly 
eyes, kidney, nerves, heart and blood vessels [8, 11].

1.1.2 Etiologic classification of DM

This classification includes four types:(1) Type 1 diabetes mellitus (T1DM), (2) 
Type 2 diabetes mellitus (T2DM), (3) Other specific forms of diabetes: Genetic 
defects of beta cell function; Genetic defects of insulin function; exocrine pancre-
atic diseases; Endocrinopathies; drugs and chemicals; infections; rare immunologic 
forms of diabetes; other genetic syndromes associated with diabetes; Latent auto-
immune diabetes in adults (LADA); Maturity-onset diabetes of the young (MODY)
and (4) Gestational diabetes mellitus (GDM) [8].

The majority of cases of diabetes can be broadly classified into 2categories: 
T1DM– autoimmune which is primarily a result of pancreatic beta cell destruc-
tion with consequent insulin deficiency, which is prone to ketoacidos is. This form 
includes cases due to an autoimmune process and those for which the etiology of 
beta cell destruction is unknown; T2DM – may range from predominant insulin 
resistance with relative insulin deficiency to a predominant secretory defect with 
insulin resistance. Ketosis is not as common. GDM refers to glucose intolerance with 
onset or first recognition during pregnancy. Other specific types include a wide 
variety of relatively uncommon conditions, primarily specific genetically defined 
forms of diabetes or diabetes associated with other diseases or drug use [12].

1.1.3 Latent autoimmune diabetes in adults

Latent autoimmune diabetes in adults (LADA) is a late manifesting autoimmune 
form of diabetes in adults, most commonly diagnosed in patients above35years of 
age, characterized by clinical insulin independence in the first months after the 
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diagnosis, with the presence of serum antibodies against glutamic acid decarbox-
ylase (anti-GAD65) and/or other anti-islet antibodies and a low serum peptide C 
level. LADA is a form of T1DM with slowly progressive autoimmune-mediated 
destruction of beta cells. This diabetes subtype is present in 5–10% of subjects with 
diabetes diagnosed after 35 years of age and categorized asT2DM. Clinical mani-
festations of LADA do not always allow a definite diagnosis, presenting diagnostic 
challenges when differentiating with T2DM. A definite diagnosis of LADA requires 
identification of auto-antibodies typical for T1DM, mostly antiGAD65, and/or a low 
serum peptide C level [13].

1.1.4 Monogenic diabetes

Monogenic diabetes amounts to 1–2% of all diabetes cases. It is caused by single 
gene mutations. Most forms are associated with a defect of insulin secretion, and 
the most common ones are maturity-onset diabetes of the young (MODY), mito-
chondrial diabetes, and neonatal diabetes. Considering the monogenic forms in the 
differential diagnosis of diabetes may contribute to treatment optimization and 
proper evaluation of prognosis in the patient and his family members. A definite 
diagnosis of monogenic diabetes is a result of genetic testing. The most common 
form of MODY is associated with HNF1A and glucokinase gene mutations [13].

Typical clinical presentation of MODY due to an HNF1Agene mutation includes: 
(1) Early onset of diabetes (typically before 25 years of age; (2) No insulin depen-
dence and keto acidosis, low insulin requirement, detectable peptide C levels 
despite the disease being present for several years or even longer; (3) Diabetic 
family history over at least 2 generations, with early-onset diabetes in at least two 
family members. OGTT performed at an early stage of diabetes usually shows 
high postprandial glucose level elevation with often normal fasting blood glucose; 
(4) Absence of auto antibodies typical for T1DM; and (5) Glycosuria higher than 
expected based on blood glucose levels [13].

1.2 Type 2 diabetes mellitus

1.2.1 Type 2 diabetes mellitus (T2DM)

It is universally known that Type 2 diabetes mellitus is considered a modern-day 
epidemic of epic proportions, affecting all classes of the society. The prevalence 
is becoming alarmingly high among younger age groups. Global prevalence of 
diabetes mellitus is about 9%. The prevalence of diabetes is expected to double by 
2030 from 8.3 to 17.6% globally, excluding the high numbers of undiagnosed cases 
estimated as 175 million. Approximately 1.9% of the global disability adjusted life 
years (DALY) is attributed to diabetes. The International Diabetes Federation (IDF) 
estimates that 450 million people are living with diabetes, with 5.1million dying 
from it annually worldwide. T2DM is the greatest contributor to the burden of 
diabetes globally accounting for up to 90% of people with diabetes worldwide [14].

T2DM is a chronic and progressive medical condition which results from two 
major metabolic dysfunctions: insulin resistance and a relative insulin deficiency. 
Insulin resistance in which clinical signs may include: acanthosisnigricans–charac-
terized by hyper pigmentation (darkening of skin pigment) especially in the neck 
and axillae; skin tags – benign (non-cancerous) skin growths on the body or face; 
central obesity – defined by a high waist-to-hip ratio, waist-to-thigh ratio and waist 
circumference; menstrual irregularities; and hirsutism– excess facial and body hair, 
especially on women. A relative insulin deficiency in which chronic hyperglycemia 
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with multiple disturbances in carbohydrate, protein and fat metabolism develops 
when a person’s beta cell function is no longer sufficient to meet his/her insulin 
requirement [15].

1.3 Risk factors of T2DM

Several factors contribute to the high incidence of DM, such as population growth 
rate, ageing population, age structures, urbanization, unhealthy diet habits, obesity, 
sedentary lifestyles, lack of physical activities, failure to access to healthcare facilities 
both in rural and urban areas in addition to the economic and health transition of the 
country. Moreover, the increased case of DM is also triggered by the positive family 
history of the disease [16]. The literature reveals three interrelated spheres of risk 
factors that contribute to the development of T2DM: (1) genetics, (2) environment or 
lifestyle, and (3) metabolic abnormalities. It is imperative to implement appropriate 
interventions for the prevention and treatment of T2DM among adult patients, where 
there is an understanding of the risk factors predisposing adults to this disease [17].

1.3.1 Genetic factors

Although research has not clarified a single gene that is alone responsible for 
the development of T2DM, there are many findings in literature that support the 
genetic hypothesis. Higher concordance rates are found among identical (96%) 
than dizygotic twins in some but not all twin studies which have been a compelling 
evidence of a significant genetic component in T2DM. Moreover, 40% of first-
degree relatives of T2DM patients may develop diabetes, whereas the incident rate is 
only 6% in the general population [5].

• Environmental or lifestyle factors:

There are a wide range of lifestyle factors which are of great importance to the 
development of T2DM disease, such as smoking, alcohol consumption, physi-
cal inactivity, obesity, obstructive sleep apnea, unhealthy diet (dietary fiber (a 
low-fiber diet with a high glycemic index), dietary fat (total and saturated fat 
intake) and frequent consumption of processed meat [5].

• Metabolic abnormalities or changes:

A recent study proved that resistance to insulin was the underlying abnor-
mality in most people who develop T2DM. Such resistance resulted from an 
interaction between both genetic and environmental factors. Those factors 
were associated with the development of insulin resistance. The initial reac-
tion of the beta cells was to increase output of insulin in order to overcome the 
insulin resistance and to maintain normal blood glucose levels. Unless insulin 
resistance was reversed, hyper secretion of insulin was insufficient to maintain 
normoglycemia indefinitely and progression to the states of impaired glucose 
metabolism (impaired fasting glucose (IFG), impaired glucose tolerance (IGT) 
and eventually T2DM) [18].

1.4 Pathophysiology of T2DM

The main pathophysiological cause of T2DM is the failure of pancreatic beta 
cells which leads to inadequate secretion of insulin and increased insulin resistance 
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which refers to decreased tissue (especially the liver, adipose tissues and muscle) 
sensitivity to insulin. Normally, insulin binds to special receptors on cell surfaces 
and initiates a series of reactions involved in glucose metabolism. In T2DM; 
intracellular reactions are diminished, making insulin less effective at stimulating 
glucose uptake by the liver. Physical inactivity and obesity lead to insulin resistance, 
increased production of glucose by the liver and decreased glucose uptake in skel-
etal muscles. In order to compensate beta cells, increase insulin secretion, but the 
progressive failure of beta cells leads to hyperglycemia and finally T2DM [19, 20].

The inappropriately increased alpha-cell function and consequent hypergluca-
gonemia, in addition to insulin resistance and beta cell dysfunction, they all have 
long contributed to hyperglycemia in diabetic patients, by stimulating hepatic 
glucose production. In fasting state, hyperglycemia is directly related to increase 
hepatic glucose production while in postprandial state, hyperglycemia results from 
the combination of insufficient suppression to glucose output and defective insulin 
stimulation of glucose disposal in target tissues, mainly skeletal muscles. Anti-
hyperglycemic agents are directed to one or more of the pathophysiological defects 
of T2DM; they modify physiological processes related to appetite, nutrient absorp-
tion or excretion [21, 22].

1.5 Clinical manifestation of T2DM

It is almost traditionally known that classic symptoms of diabetes are polyuria 
(the need to urinate frequently), polydipsia (increased thirst & fluid intake), poly-
phagia (increased appetite) and weight loss and the symptoms that may provide 
cause for testing T2DM include increased thirst or urination, numbing of extremi-
ties, impotence, blurred vision and fatigue [23]. Other symptoms that are com-
monly present at diagnosis include; a history of blurred vision, itchiness, peripheral 
neuropathy, recurrent vaginal infections, poor healing skin wounds and fatigue. 
Patients with T2DM may rarely present with non-ketonic hyperosmolar coma, a 
condition of very high blood sugar associated with a decreased level of conscious-
ness and low blood pressure. Many people however have no symptoms during the 
first few years which are diagnosed on routine testing [24].

1.6 Diagnosis of T2DM

The diagnostic criteria for diabetes mellitus are at least one of the following: 
[1] Glycated hemoglobin test (HbA1c) ≥ 6.5%. That test should be performed in a 
laboratory using the National Glycohemoglobin Standardization Program (NGSP) 
method which was certified by the NGSP standardized to the Diabetes Control and 
Complications Trial (DCCT) assay; [2] The Fasting Plasma Glucose Test (FPG) ≥ 
126 mg/dl. Fasting is defined as no caloric intake for at least 8h; [3] 2-hour plasma 
glucose ≥ 200 mg/dl during an Oral Glucose Tolerance Test (OGTT). This test 
should be performed as described by the WHO, using a glucose load containing the 
equivalent of 75 g, anhydrous glucose dissolved in water; or [4]. In a patient with 
classic symptoms of hyperglycemia (polyuria, polydipsia, weight loss) or hyper-
glycemic crisis (Diabetic ketoacidosis (DKA), Hyperglycemic Hyperosmolar State 
(HHS)), a random plasma glucose ≥200mg/dL (11.1mmol/L). In the absence of 
unequivocal hyperglycemia, results should be confirmed by repeat testing [25].

1.7 Complications of T2DM

T2DM is considered as one of the most leading causes of premature morbidity 
and mortality worldwide as a result of the long-term micro vascular and macro 
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vascular complications associated with this disease. For instance, diabetic retinopa-
thy is the most leading cause of blindness among adults aged 20-74 years; diabetic 
nephropathy, which affects approximately 40% of type 2 diabetic patients, is the 
leading cause of chronic kidney disease in patients starting replacement therapy; 
and diabetic neuropathy, which affects up to 50% of individuals with diabetes, 
increases the risk of foot ulcers and limb amputation [26].

In fact, more than 80% of non-traumatic limb amputations follow a foot ulcer 
or injury, and the risk of amputation in individuals with diabetes is up to 25 times 
greater compared with patients without diabetes. Although micro vascular com-
plications increase morbidity and lead to premature mortality, the major cause of 
death in individuals with diabetes is cardiovascular disease (CVD), which in turn 
accounts for approximately 65% of all diabetes-related deaths. For example, tran-
sient ischemic attacks are 2-6 times more common in patients with T2DM, while the 
risk of developing heart failure is a startling 2- to 8-fold higher [26].

The sudden development of short-term complications, such as hyperglyce-
mic crisis (DKA, HHS and severe hypoglycemia) that can lead to coma and, if 
untreated, death, are a daily threat to the many people worldwide with diabetes 
who have major difficulty in accessing essential treatment supplies (including 
insulin) [27].

Recent studies have shed the light on "hypoglycemia" (blood glucose < 3.9 
mmol/L or 70 mg/dL) as a common unwanted effect in people treated with insulin 
and occurs when there is an imbalance in insulin dose, food consumed and activity. 
Usually the condition is manageable, but occasionally, it can be severe or even life 
threatening, particularly if the patient fails to recognize the symptoms, especially 
while continuing to take insulin or other hypoglycemic drugs. The signs of hypo-
glycemia can vary from person to person and may occur suddenly such as: hunger, 
perspiration, rapid heartbeat, weakness, feeling sleepy, feeling drunk, difficulty 
speaking, trembling, dizziness, confusion, and anxiety [28, 29].

DKA results from absolute insulin insufficiency, leading to metabolic acidosis 
(pH <7.3), hyperglycemia (blood glucose >11 mmol/L). DKA may also be pres-
ent in up to 25% of young people presenting with T2DM. DKA should be treated 
as a medical emergency by an experienced medical team [30]. Hyperglycemic 
Hyperosmolar Non ketonic Syndrome (HHNS) usually occurs with T2DM and can 
occur with T1DM. It is often triggered by a serious infection, another severe illness, 
or by medications that lower glucose tolerance or increase fluid loss (especially in 
people who are not drinking enough fluids). Symptoms of HHNS include; high 
blood sugar levels, dry mouth, extreme thirst, dry skin and high fever. HHNS leads 
to loss of consciousness, seizures, coma and death [31].

No doubt, early detection and good glycemic control can slow the progression 
of the acute and chronic complications of DM, which cause significant mortality 
and morbidity in both developing and developed countries. Such chronic com-
plications of DM if once developed are irreversible except by early detection and 
 management [4].

1.8 Management of T2DM

Both patients and health care professionals are partners in managing T2DM, in 
which the health professionals support the patients in self-managing their disease. 
Management of every patient should start with a detailed evaluation of the initial 
diagnosis including diabetes complications and its risk factors. This, of course, 
provides basis for continuing treatment plan, treatment administration, monitor-
ing, and review [32]. The main goals of treatment of DM are to reduce complica-
tions through control of glycaemia, blood pressure, macro vascular (i.e., coronary, 
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cerebrovascular, peripheral vascular), control of lipids, hypertension and smoking 
cessation. Metabolic and neurological complications can be reduced through 
control of glycaemia [33].

The treatment of hyperglycemia should start with the establishment of a target 
HbA1c that, in most cases, will be ≤ 7.0%, as this has been shown to reduce long-
term microvascular complications in newly diagnosed patients with T2DM. HbA1c 
targets may be higher (up to 8.5%) if the benefits of intensive glycemic control are 
unlikely to outweigh the risks and burden, such as in individuals with limited life 
expectancy, high risk of hypoglycemia, multimorbidity, or based on the values and 
preferences of the person with diabetes. It should be emphasized to people with 
T2DM that reductions in HbA1c levels are associated with better outcomes even if 
recommended glycemic targets cannot be reached, and inability to achieve HbA1c 
target should not be considered a treatment failure [34].

If the level of HbA1c at diagnosis is less than 1.5% above target and the person 
with T2DM, lacks metabolic decompensate and/or symptoms of hyperglycemia, 
the first step of treatment should be healthy lifestyle conduct. If healthy behavior 
interventions are insufficient to achieve target HbA1c levels within 3 months, they 
should be combined with oral antihyperglycemic medications (Table 1) [35].

In the face of significant hyperglycemia (i.e., HbA1c >1.5% above target), 
pharmacotherapy is usually required at diagnosis concurrent with healthy behav-
ior interventions. People who have evidence of metabolic decompensation (e.g., 
marked hyperglycemia, ketosis or unintentional weight loss) and/or symptomatic 
hyperglycemia should be started immediately on insulin, regardless of HbA1c level. 
Insulin may later be tapered or discontinued once stability is achieved [34].

2. Glycemic control

Glycemic control is extremely fundamental to the management of T2DM. Diabetes 
management aims to delay the onset of disease complications, and to hinder its progres-
sion, mostly by improving glycemic control and controlling the risk of cardiovascular 
disease. Previous studies have provided evidence of the power of good glycemic control 
to restrict the micro-vascular and macro-vascular complications of diabetes [36].

2.1 Assessment of glycemic control

Glycemic control is a very important instrument that prevents or delays the 
complications associated with DM, such as peripheral vascular disease, vision loss, 

S.no Category Examples

1 Sulfonylureas First generation Acetohexamide,Chlorpropamide, Tolbutamide, Tolzamide

Second generation Glyburide,Glimepiride Glipizide.

2 Biguanides Metformin

3 Meglitinides Repaglinide,Nataglinide

4 Thiazolidinediones Pioglitazone,Rosiglitazone

5 Alpha-glucosidase Inhibitors Acorbose, Miglitol

6 Glucagon like peptide-1-agonist Exenatide, Liraglutide

7 Amylinomimetics Pramlintide acetate

Table 1. 
Oral antihyperglycemic agents for T2DM [35].
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and renal failure. There are two primary techniques available for both health pro-
viders and patients to assess effectiveness of management plan on glycemic control: 
patient self-monitoring of blood glucose (SMBG) and HbA1c [37].

2.1.1 Self-monitoring of blood glucose (SMBG)

The first primary technique to assess the effectiveness of glycemic control plan 
for diabetic patients is the self-monitoring of blood glucose since most people with 
diabetes get benefit from monitoring of blood glucose for a various reasons. SMBG 
is the optimal way to confirm and appropriately treat hypoglycemia. It can provide 
feedback on the results of healthy behavior interventions and antihyperglycemic 
pharmacological treatments. It can increase patient’s empowerment and adherence 
to treatment. It can also provide information to both the diabetic patient and the 
diabetes health-care team to facilitate longer-term treatment modifications and 
titrations as well as shorter-term treatment decisions, such as insulin dosing for 
people with T1DM or T2DM. Finally, in situations where HbA1c does not accurately 
reflect glycaemia, monitoring of blood glucose is necessary to monitor glycaemia 
adequately [38].

For people with T2DM treated with healthy behavior interventions, with or 
without non-insulin antihyperglycemic agents, the effectiveness and frequency of 
monitoring of blood glucose in improving glycemic control is less clear. The evi-
dence is less certain in people with T2DM treated with insulin, although the above 
principle likely applies. In a large, non-randomized study of individuals with stable 
T2DM using insulin, testing at least 3 times a day was associated with improved 
glycemic control [38].

2.1.2 Glycated hemoglobin (HbA1c)

Glycated hemoglobin (HbA1c) can be used as a diagnostic test for diabetes 
providing that strict quality assurance tests. An HbA1c of 6.5% is recommended 
as the cut point for diagnosing diabetes. A value of less than 6.5% does not exclude 
diabetes diagnosed using glucose tests. HbA1c is a reliable estimate of mean plasma 
glucose levels over the previous 8 to 12 weeks. The mean blood glucose level in the 30 
days immediately preceding the blood sampling (days 0 to 30) contributes 50% of 
the result and the prior 90 to 120 days contributes 10%. HbA1c is a valuable indicator 
of treatment effectiveness and should be measured at least every 3 months when 
glycemic targets are not being met and when diabetes therapy is being adjusted or 
changed. It is a measure of long-term blood glucose concentration and is not affected 
by acute changes in glucose levels due to stress or illness. Testing at 6-month intervals 
may be considered in situations where glycemic targets are consistently achieved. 
In some circumstances, such as when significant changes are made to therapy, or 
during pregnancy, it is appropriate to check HbA1c more frequently [38].

An appropriate level of HbA1c is difficult to define exactly; therefore Target 
HbA1c should be defined based on personal assessment of risks and benefits of 
treatment. The factors limiting the benefit of tight control are co-morbidities (e.g., 
end-stage cancer, severe heart failure), advanced diabetes complications (e.g., 
proliferative retinopathy, renal failure), inability to safely carry out treatment regi-
men, and limited life expectancy; or factors that heighten the risk of tight control: 
history of severe hypoglycemia (inability to treat without assistance), hypoglycemia 
unawareness and advanced cardiovascular or cerebrovascular disease, in addition to 
autonomic neuropathy (especially cardiac), comorbidities that impair the detection 
of hypoglycemia (e.g., alteration in mental status, alcoholism, etc…), and/or poor 
social support [39].
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Patients who do not have any of these factors possibly would generally have a 
target HbA1c of ≤ 7%. Patients who do have one or more of these factors should 
have a goal of minimizing symptoms of hyperglycemia and to control glucose as 
well as possible without incurring side effects or excessive treatment burden; while 
an appropriate HbA1c is difficult to define exactly, treatment should be aimed to 
keep the HbA1c under 9% [39].

2.2 Type 2 diabetes mellitus lifestyle modification

Lifestyle modification or modification of unhealthy lifestyle choices such as: 
physical inactivity, unhealthy diet, harmful use of tobacco and/or alcohols can 
reduce the risk of complications and premature death of T2DM, by contributing 
to a better glycemic control. At diagnosis, highly motivated patients with HbA1c 
levels (<7.5%) could be given opportunity to engage in lifestyle modification for 
3-6 months before staring pharmacotherapy. Encouraging and supporting people 
to make the best choices about their health can lead to a real difference to people’s 
quality of life. Some studies have conclusively shown that reducing hyperglycemia 
decreases the onset and progression of microvascular complications and individual-
ized dietary plan, regular physical activity and weight loss, when required, have 
been recognized as key components of diabetes management [22, 40].

The required lifestyle changes in managing DM are influenced by patient’s 
knowledge, attitudes, practices, culture and values. Lack of knowledge about 
diabetes has been identified as one of the barriers to self-management of diabetes. 
Lack of understanding of how to manage diabetes also has a significant impact on 
limited diabetes knowledge in this population. Lifestyle modification counseling or 
education is the key component to achieve good glycemic control, to reduce the risk 
of diabetes complications, improve self-management and enhance the quality of 
life of type 2 diabetic patients including medical nutrition therapy, regular physical 
activity, weight reduction, and diabetes self-management education and support. 
Lifestyle interventions with oral hypoglycemic agents are often effective [8, 41].

2.3 Components of the lifestyle modification program

2.3.1 Medical nutrition therapy (MNT) for T2DM

Type 2 diabetic patients should consult a registered dietician (RD) to know 
about nutrition therapy for managing DM. MNT for type 2 diabetic patients 
encourages meal choices based on the patient’s own needs and preferences, while 
awareness of the importance of dietary control promotes planning of meals and 
adherence to dietary regimen. There are some of the general dietary guidelines to 
follow to help manage diabetes are not to skip meals, to evenly distribute the meals 
throughout the day in small portions and to have a diet low in saturated fat [42, 43].

The goals of MNT include improving control of blood glucose levels, lipid 
profiles, and blood pressure to reduce the risk of cardiovascular disease in patients 
with T2DM through implementing lifestyle changes which reduce intakes of energy, 
saturated and trans fatty acids, cholesterol, and sodium and increase physical 
activity. Achieving these goals requires the dietitian and other professionals to teach 
and otherwise assist type 2 diabetic patients to modify or manage their nutritional 
intake in the light of a variety of individual factors such as: medication, exercise. 
Plasma glucose monitoring can be used to determine whether adjustments to foods 
and meals will be sufficient to achieve glycemic control or if medication(s) needs to 
be combined with MNT. MNT has been shown to reduce glycosylated hemoglobin 
(HbA1c) by 1% to 2% in patients with T2DM [44].
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2.4 Diet composition

2.4.1 Carbohydrates (CHO) in T2DM management

Type 2 diabetic patients are persuaded to keep track of the amount of CHO 
they eat. The amount and the type of CHO ingested usually affects postprandial 
response. The recommended daily allowance (RDA) for CHO (130 g/day) is an 
average minimum requirement but less than 130 g/day of CHO is not recommended 
because the brain and central nervous system have an absolute requirement for 
glucose as an energy source. About 45-60 grams of carbohydrate can be consumed 
at a meal. Perhaps more or less CHO needed at meal depending on how diabetes is 
being managed [37].

Carbohydrate intake should be from sources like: fruits, vegetables, whole 
grains, lentils and legumes, and low-fat dairyproducts. However, carbohydrates 
should not be avoided completely as carbohydrate containing food is also a good 
source of fiber, vitamins and minerals which are extremely essential for the proper 
functioning of the body [45].

2.4.2 Glycemic index(GI)

Glycemic Index concept has best described the type of CHO. Researchers devel-
oped the GI of food to compare the physiologic or postprandial effects of carbohy-
drates (usually 50 g carbohydrate portion) on glucose. Glucose is given a value of 
100; other CHOs are given a number relative to glucose. A ranking system indicates 
how quickly CHO food raises blood glucose15level. The higher the blood glucose 
responses, the higher the GI ranks carbohydrate foods according to their effect on 
blood glucose levels. GI ranges, in general: low GI foods < 55, intermediate GI foods 
55 – 70, and high GI foods > 70. Foods with low glycemic indexes such as: oats, 
barely, lentils, beans, fiber… etc., Substituting high GI foods with lower GI foods at 
mealtime reduces postprandial blood glucose [46]. Detailed lists can be found in the 
International Tables of Glycemic Index and Glycemic Load Values [47].

2.4.3 Dietary fiber

It is scientifically well known that fibers are non-digestible carbohydrates. 
Soluble fibers help to slow down the digestion of starches and absorption of glucose. 
Example: fruit pectin (guava, apples, and plums), oats fiber, and legume fiber 
(beans & lentils). Some studies proved that consuming a high-fiber diet (50 g fiber/
day) improves the postprandial glycemic response, reduces hyperinsulinemia, and 
lipemia in type 2 diabetic patients. Dietary Reference Intakes (DRI) recommended 
consumption of 14 g dietary fiber per 1000 kcal (or 25 g for adult women and 38 
g for adult men) based on epidemiologic studies but usual fiber intake (up to 24 g 
daily) not shown to have beneficial effects on glycaemia. Good sources of fibers are: 
whole grain cereals, fruits, vegetables, beans and peas. Whole grains (contains the 
entire grain seed, bran, germ & endosperm) are not associated with improved gly-
cemic control but may reduce systemic inflammation. The diabetic patient should 
consume at least half of all grains as whole grains [48, 49].

2.4.4 Nutritive and non-nutritive (calorie-free) sweeteners

Nutritive sweeteners contain sucrose and fructose. Sucrose (table sugar), a disac-
charide-containing glucose and sucrose-containing foods have proven not to have a 
significant effect on glycemic levels of diabetic patients and therefore, do not need to 
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be restricted but fat ingested with sucrose (ice cream) will increase calories. Fructose 
produces a lower postprandial glucose response when it replaces sucrose or starch in 
the diet; however, fructose may adversely affect plasma lipids. Therefore, the use of 
added fructose as a sweetener in the diabetic diet is not recommended. It is founded in 
fruits, honey and vegetables. The US Food and Drug Administration (FDA) approved 
non-nutritive sweeteners such as: aspartame and saccharin are safe for diabetic 
patients when consumed within the acceptable daily intake levels established by the 
FDA. Diabetic patients should limit/avoid intake of sugar sweetened beverages to 
reduce risk for weight gain and worsening of cardio metabolic risk profile [37].

2.4.5 Protein in T2DM management

No ideal amount of protein recommended for patients without evidence of 
diabetic kidney disease except (protein intake typically 1-1.5 g/kg body weight) 
so as to optimize glycemic control or to improve one or more CVD risk measures. 
In T2DM: ingested protein increases insulin response without increasing plasma 
glucose concentrations. Therefore: CHO sources high in protein should not be used 
to treat or prevent hypoglycemia. For those with albuminuria and reduced glomeru-
lar filtration rate, dietary protein should be maintained at 0.8g/kg body weight/day. 
Reducing the amount of dietary protein below the recommended daily allowance 
is not advocated because it does not alter glycemic measures, cardiovascular risk 
measures or the rate at which glomerular filtration rate declines. Meals with > 75 
g protein can raise post prandial glucose at 3-5 hours following consumption. The 
effect of protein & fat is additive (high fat increases insulin resistance). Protein 
from fish and chicken may also be included in the diet, however consumption of red 
and processed meat should be avoided [50, 51].

2.4.6 Dietary fat and cholesterol in T2DM management

It is recommended for type 2 diabetic patients to follow the guidelines for the 
recommended intakes of saturated fat dietary cholesterol and trans-fat since the 
type of fatty acids consumed is more important than total amount offal when 
looking at metabolic goals and CVD risk. Monounsaturated fats may improve 
glucose metabolism and lower CVD risk and can be an effective alternative to a diet 
low in total fat but relatively high in CHO. Eating foods rich in Omega-3 fatty acids 
(fatty fish, nuts and seeds) is recommended to prevent or treat CVD (not supple-
ments though). Monounsaturated and polyunsaturated fats are recommended over 
saturated fat. In general, trans-fat should be avoided. In animal & observational 
studies, higher intakes of total dietary fat produce greater insulin resistance. In 
clinical trials saturated & trans-fats have been shown to cause insulin resistance 
whereas mono- & polyunsaturated and omega-3 fatty acids do not have an adverse 
effect. Polyunsaturated fats are as beneficial as monounsaturated fats. Individuals 
with diabetes and Dyslipidemia may be able to modestly reduce total and low-
density lipoprotein (LDL) cholesterol by consuming 1.6-3 g/day of plant stanols 
or sterols typically found in enriched foods such as: corn and soy <300 mg dietary 
cholesterol/day is recommended [50, 51].

2.4.7 Sodium

Generally, diabetic patients are advised to limit their sodium consumption to 
< 2.300 mg/day. Lowering sodium intake (i.e., 1.500 mg/day) could improve blood 
pressure in certain circumstances. However, other studies suggested caution for 
universal sodium restriction to 1.500 mg in diabetic patients [8].
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2.4.8 Micronutrients and herbal supplements in T2DM management

There is no clear evidence that supplementation in diabetic patients without 
deficiencies with vitamins, minerals, herbs or spices can improve diabetes. There 
is insufficient evidence to support the routine use of chromium, magnesium and 
vitamin D to improve glycemic control in people with diabetes. There is insufficient 
evidence to support the use of cinnamon for diabetes treatment. May be safety 
concerns regarding long-term use of antioxidant supplements such as: vitamin E, 
vitamin C and carotene [51].

2.4.9 Meal planning

There is no ideal meal plan that works for everyone with diabetes. Regardless of 
which meal planning method is used, it should be individualized and modified to 
put into practice with less difficulty. Meals and snacks should be distributed that is 
consistent with each individual’s way of life, activity patterns and diabetes medica-
tion at regular meal times. Spacing of meals: MNT as monotherapy: 3 moderate 
meals or 4 smaller meals, snacks based on pt’s schedule and preferences; MNT with 
oral anti-diabetes agents: moderate to small in size, snacks not needed unless risk of 
low BG, and maintain the consistent timing of meals and carbohydrates; and MNT 
with insulin: keep meals moderate to small in size. Avoid skipping meals. Varieties 
of eating patterns (combinations of different foods or food groups) are acceptable. 
Meal planning method ranges from simple guidelines to more complex counting 
methods. A simple diabetes meal planning approach such as: portion control or 
healthful food choices may be better suited to individuals with T2DM identified 
with health and numeric literacy concerns [45, 52].

It is widely acceptable that the healthy nutrition is a basis for T2DM treatment. It 
contributes positively to the maintenance of blood glucose within normal range and 
minimizes the disease complications. A balanced diet consisting of 45–60% energy 
from carbohydrate, 15–20% energy from protein and 20–35% energy from fats is 
encouraged. There is no ideal eating pattern that is expected to benefit all diabetic 
patients, but the total energy intake (and thus portion size) is an important factor 
no matter which eating pattern is chosen [8].

2.5 Physical activity for T2DM

Physical activity and exercise are just as important as nutrition for type 2 dia-
betic patients. Physical activity includes any movement that increases energy use; 
whereas exercise is considered a more specific form of physical activity designed to 
improve physical fitness. Exercise has been shown to have several benefits includ-
ing: improved blood glucose control, reduced cardiovascular risk, increased energy 
as well as burning extra calories and fat to help manage weight and improve wellbe-
ing. Exercise interventions of at least8 weeks also have shown to lower HbA1c in 
those with T2DM [42].

2.6 The basic principles of an effective exercise program

The basic principles of an effective exercise program are its intensity, its dura-
tion, and its exercise frequency. The intensity of exercise should be sufficient to 
cause changes in the cardiorespiratory system and is determined either by the 
physical condition of each patient or by the heart rate. In non-fit patients, the inten-
sity can be set to 50-60% of maximum heart rate or to the intensity that increases 
the resting heart rate by 20 pulses per minute. The duration of the exercise should 
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be 30 minutes in the beginning, starting with 5-10 minutes of warm-up and finish 
always with recovery exercises. The lower frequency recommended is 3 times/week. 
Usually, low intensity and long-duration exercise programs are considered the most 
appropriate and safe for diabetic patients. Finally, the subjective perception of 
fatigue should be continuously assessed throughout the whole exercise session [53].

There are other important parameters that need to be estimated during exercise 
sessions are the levels of blood glucose before and during the exercise, the type 
of food and the time prior to exercise that it was consumed, the time and point of 
administration of medication. An appropriate environment during exercise is also 
required. Excessive heat leads to intense sweating and dehydration. Another factor 
that should not be underestimated during exercise is the use of proper footwear and 
maintenance of foot cleanness so as to prevent infection [53].

2.7 Weight reduction for T2DM

There is solid proof to help lifestyle alterations for those patients with DM who 
are overweight or obese to enhance glycemic control and lessen the requirement 
for medications with T2DM. A few examinations have demonstrated a decrease in 
HbA1c esteems and in addition fasting glucose with low-calorie eats fewer carbohy-
drates in stout patients with T2DM. Overweight and obese people with DM who are 
prepared to accomplish weight reduction ought to have an objective of somewhere 
around 5%weight misfortune through way of life changes [42].

Weight loss is also an important goal because it improves insulin resistance, 
glycemic control, blood pressure, and lipid profiles. Modest weight loss is defined as 
a sustained reduction of 5% of initial body weight and has been shown to improve 
glycemic control & reduce the need for glucose-lowering medications. 5% loss 
shows benefits but sustained loss of > 7% is optimal. A structured lifestyle plan 
that combines dietary modification, activity, and behavioral modification, along 
with ongoing support, is necessary for weight reduction. Lifestyle programs: reduce 
calories by 500-750/day or provide: For women 1.200-1.500 calories/day, adjusted 
for baseline weight. For men 1,500-1.800 calories/day adjusted for baseline weight. 
A reduction in the total calorie intake should allow gradual but systematic body 
weight reduction (by about 0.5–1 kg/week). The diet choice should be based on 
health status & preferences [8].

2.8 Diabetes self-management education and support for T2DM

Self-management is defined as a set of skilled behaviors engaged in to man-
age one’s own illness. This emphasizes the responsibility and role of the diabetic 
patients in managing the disease. Self-management of DM can be achieved by 
self-management education. As part of this education, people with diabetes should 
receive instruction on how and when to perform self-monitoring; how to record the 
results in an organized fashion; the meaning of various blood glucose (BG) levels 
and how behavior and actions affect BG results [38].

Self-management education (SME) is the process of providing the person with 
diabetes the knowledge and skills needed to perform self-care, manage crisis and 
make lifestyle changes required to manage the disease. The goal of the process is to 
enable the patient to become the most knowledgeable and hopefully the most active 
participant in his or her diabetes care. It provides the information regarding vari-
ous treatment options and the benefits and costs of each of these strategies, how to 
make changes in their behaviors and to solve problems [54]. Several meta-analyses 
have demonstrated that SME is associated with clinically important benefits in 
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people with diabetes, such as reductions in glycated hemoglobin and improvements 
in cardiovascular risk factors and reductions in foot ulcerations, infections, and 
amputations [55].

People with diabetes should know how to prevent potential foot problems, 
recognize early presentation without losing time before referral to doctors. Some 
tips for preventing problems such as inspecting feet daily and washing for changes 
in color, texture, odor and firm or hardened areas which may indicate infection and 
potential ulcers. When washing the feet, the water should be warm (not hot), feet 
and areas between toes should be thoroughly dried afterward, applying moistur-
izers, but not between the toes, trimming toenails short and file the edges to avoid 
cutting adjacent toes and Well-fitting footwear is very important. Be sure the shoe is 
wide enough [56].

Self-management support (SMS) includes activities that support the imple-
mentation and maintenance of behaviors for ongoing diabetes self-management, 
including education, behavior modification, and psychosocial and/or clinical 
support. The objective of SME and SMS is to cultivate open doors for individuals 
with diabetes to end up educated and inspired to take part in viable diabetes self-
administration practices and practices ceaselessly. To date, a developing assemblage 
of research proof shows that the blend of both SME and SMS is most profitable for 
enhancing glycemic control, self-viability, self-care practices (i.e., observing of 
blood glucose and good dieting) and decreasing diabetes distress and foot compli-
cations [55].

3. Conceptual framework

Health promotion theories and models can encourage building up, keeping up, 
and enhancing solid practices by anticipating factors affecting unsafe practices. The 
theoretical framework for this study is Pender’s health Promotion model (HPM). 
This model is ideally suited to this study since health-promoting behaviors, espe-
cially when coordinated into a healthy lifestyle, result improved health, enhanced 
functional ability, and better quality of life. Healthy lifestyle behaviors are: health 
responsibility (one’s paying attention to and accepting responsibility for one’s own 
health, being educated about health, and seeking professional assistance when 
necessary), physical activity, nutrition, spiritual growth (one’s sense of self-actual-
ization and purpose), interpersonal relations (one’s ability to develop intimacy and 
closeness), and stress management One’s ability to identify and mobilize psycho-
logical and physical resources to control (including sleep) or reduce anxiety [57].

Pender et al. [58] believed that, health behavior might be persuaded by a desire 
to protect one’s health by avoiding illness or a desire to increase one’s level of health 
in either the presence or absence of illness. Understanding the mechanisms or the 
mediators for behavior change and sustainability of these changes is necessary to 
develop effective health promotion and prevention interventions. Health promo-
tion is the art and science of enabling people to move toward a state of optimal 
health through lifestyle change and is considered a combination of educational 
and ecological supports for actions and conditions of living conducive to health. A 
combination of health promotion strategies is needed to address the multiple deter-
minants of health. Ecological strategies address the social, economic, and physical 
environments that influence health.

Health promotion has moved from being viewed as an objective or wanted end-
point to a process or tool to facilitate movement toward accomplishment of goals. 
It balances individual health behavior choices with creating environments where 
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healthier choices become easier choices. The nurse’s role is to advance a positive 
atmosphere for change, fill in as an impetus for change, assist with various steps of 
the change process, and increase the individual’s capacity to maintain change [59].

3.1 Pender’s health promotion model (HPM)

Pender et al. [60] proposed a framework for coordinating nursing and behav-
ioral science points of view with elements affecting health behaviors. This model 
offered a guide to investigate the complex biopsychosocial processes that motivate 
individuals to take part in practices coordinated toward improving health. This 
model aimed to help nursing professionals comprehend the major determinants 
of health behaviors as a reason for behavioral counseling to advance sound ways 
of life. The HPM integrated constructs from expectancy-value theory and social 
cognitive theory, within a nursing perspective of holistic human functioning. The 
expectancy-value theory is based on the idea that the course of action will likely 
lead to the desired outcome, and that this outcome will be of positive personal 
value. The social cognitive theory describes the concept of perceived self-efficacy 
which is a judgment of one’s ability to carry out a particular course of action. The 
domains of this model include (a) individual characteristics and experiences (previ-
ous behaviors and personal factors); (b) behavior specific cognitions and affects 
(perception of benefits, barriers, self-efficacy, activity related affect, interpersonal 
influences, and situational influences); and (c) behavioral outcomes (commitment 
to the plan of action, and demands and preferences).

The first zone, as found in (Figure 1) is individual characteristics and experi-
ences, which consists of two aspects that affect the willingness to take health 
actions. The first aspect is prior related behavior that is related to the health 
practices and behaviors in the past that influence the existing behavior. The second 
aspect: personal factors that are related to the biological, psychological, and socio-
cultural of the individual. These factors affect the individual’s behavior. Examples 
such as age, gender, body mass index comprises biological factors. Psychological 
factor variables such as; self- esteem, motivation, personal competence, and 
perceived health status are also represented along with race, ethnicity, education 
and socioeconomic status [61].

The second zone, behavior-specific cognitions and affect consist of six other 
aspects: perceived benefits of action, perceived barriers to action, perceived 

Figure 1. 
Diagram of Pender’s health promotion model. Source: [61].
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self-efficacy, activity-related affect, interpersonal influences, and situational influ-
ences. Perceived benefits are perceptions of the positive or reinforcing benefits of 
practicing healthy behaviors. Perceived barriers to action suggest that hindrances 
or obstacles may occur on the process of undertaking healthy behavior. Perceived 
self-efficacy is the personal capability and self-confidence of performing the health 
behavior successfully and believing that change is possible. Being self-efficient 
decreases the perception of barriers to achieving a positive outcome [61].

Activity- related affect is defined as the person’s subjective feeling states or 
emotions before, during and after associated to a specific behavior. A person with 
positive subjective feeling tends to be self-efficient leading to a positive effect. 
Interpersonal influences are behaviors, beliefs and attitudes of family, peers, and 
relevant others in relation to norms, social support and modeling greatly influence 
undertaking such health behaviors. Lastly, situational influences include options 
available, demand characteristics and aesthetic features of the behavior environ-
ment that influence the action [61].

The third zone, behavioral outcome, has three aspects: immediate competing 
demands and preferences, commitment to a plan of action and health promoting 
behavior. The first aspect, immediate competing demands and preferences are 
behaviors that an individual has low or high control of. Individuals have low control 
with regards to competing demands such as work and family responsibilities and 
high control on the competing preferences such as selection of food or diet. These 
factors infringe the course of action prior to the planned healthy behavior. Second, 
commitment to a plan of action is the intention to implement health behavior 
including recognition of strategies to achieve a positive outcome. Lastly, health-
promoting behavior is the final, desired, and positive outcome [61].

The HPM recommended that people have one of a kind individual quality and 
encounters that influence resulting subsequent behavior. The set of variables related 
to behavior specific cognitions and affect are highly motivational to the individual. 
Health promoting behavior is the desired outcome although it can be hindered by 
immediate competing demands and preferences [58]. Individual characteristics 
are generally viewed as indirect influencers of health promoting behaviors while 
behavior-specific cognitions and affect are viewed as direct influencers of behavior. 
Personal factors can be altered by intervention; however, they are generally viewed 
as fixed factors of HPBs. Behavior-specific cognition variables of the HPM, such as 
perceived benefits and barriers, are considered to have major motivational signifi-
cance because they can be altered by nurse intervention [62].

This study concentrated on individual characteristics which are subdivided 
into prior related behavior and personal factors– demographic, socio-economic, 
clinical variables and type 2 diabetic patients’ knowledge regarding diabetes are 
considered to be a personal factor; Regarding to the behavior specific cognitions of 
perceived benefits, the awareness of the lifestyle modification and its positive effect 
on glycemic control are believed to influence the need to undertake a health behav-
ior, Perceived self-efficacy, social support, and situational influences.; and the 
behavioral outcomes of health responsibility, physical activity, nutrition, spiritual 
growth, interpersonal relations, and stress management.

3.2 The role of family and community health nursing

The community health nurses play a pivotal role in the detection, monitoring, 
treatment and prevention of diseases and in health promotion in the whole com-
munity. They help patients to learn or relearn lifestyle practices, as concentrating on 
the patient’s reaction to health and illnesses rather than on the disease itself [63, 64]. 
The focus of community health nursing includes not only the individual, but 
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also the family and the community, meeting these multiple needs requires multiple 
roles. The seven major roles of a community health nurse are: Care provider, educa-
tor, advocate, manager, collaborator, leader and researcher.

The community health nurse as a care provider assists the patient in implement-
ing nursing care plan for disease management. The patient should take an active 
role in disease management, it is the responsibility of the community health nurse 
to promote this self-management and to instill the confidence in the patient that 
they can manage their disease process to remain healthy and decrease the risk of 
potentially deadly complications [17].

During the treatment process, they follow the progress of the patient and 
act accordingly with the patient’s best interests in mind and therefore leading to 
improve diabetes coping skills of those patients. They help their patients adjust 
treatment regimens to ease the burden of diabetes management and to maintain 
good glycemic control and good health. They are responsible for the holistic care 
of patients, which includes a wide range of approaches, including medication, 
education, communication, self-help, and complementary treatment. Holistic care 
increases self-awareness and self-confidence in patients and causes nurses to better 
understand the effects of an illness on a person’s entire life and his/her true needs. 
It also improves harmony between mind, body, emotions and spirit in an ever-
changing environment [65, 66].

The community health nurse ought to guarantee that the patient is on a strict 
dietary regimen and that they are checking blood glucose levels regularly. The nurse 
should also ensure that the patient is complying with medication regimen, checking 
their feet and getting standard eye examinations, not smoking, and practicing rou-
tinely. The community health nurse should monitor the patient’s health status and 
motivate them to be compliant with the prescribed treatment regimen. The nurse 
should encourage and motivate the patient to take active role in avoiding further 
complications and to remain compliant with the prescribed treatment regimen and 
follow up arrangements [17].

The community health nurse as an educator provides health teaching and 
education through health promotion programs and services. Diabetic health teach-
ing in regard to health promotion and prevention is an ideal role of them because 
of the overwhelming rate of diabetes and knowledge deficit of the individuals. 
Concerning diabetes, an individual must be committed to self-health promoting 
behaviors and to adopting a lifestyle change or else non-compliance will result and 
complications of the disease process could follow [17].

The community health nurse educates about health and wellness activities 
such as healthy diet, regular exercise, smoking cessation. The patient should be 
encouraged and expected to take active role in creating and maintain healthy 
behaviors. Concerning individualized characteristics and experiences, the patient 
must examine his or her own behaviors including diet, and level of physical activ-
ity, body fat and weight, and settle on a decision to change unhealthy behaviors to 
health promoting behaviors. The patient will be instructed to be proactive in their 
own health. The patient will be made to understand that maintain a healthy lifestyle 
will decrease the chances of getting diabetes. Personal responsibility is the key to 
diabetes prevention and treatment [17].

The community health nurse assists the patient in early recognition of the 
signs and symptoms of diabetes and to take control of the disease before potential 
complications emerge. For those who are prediabetic, it is imperative for com-
munity health nurse to clarify the signs and symptoms of hyperglycemia besides 
what to report to the physician. It is critical to screen those at risk for diabetes. The 
early diagnosis is similarly as vital. If diabetes is caught prior to the point where 
complications arise then it will be easier for the patient to be proactive in health 
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promotion. Besides, as blood glucose levels are controlled, the risk of complications 
diminishes. During educational treatment they are responsible for ensuring that 
patients are able to understand their health, illnesses, medications, and treatments 
to the best of their ability. It is fundamental to assess whether the individual with 
diabetes or a close relative has comprehended the messages and has adequate  
self-care abilities or skills [17].

The community health nurse as advocator advocates for the patients’ rights 
and maintains the patient’s dignity. Every patient has the right to receive, just, 
equal, and human treatment. This is particularly important for patients who are 
the poor, the disadvantaged, those without health insurance because they become 
frustrated, confused, degraded, and unable to cope with the system on their 
own. The community health nurse often acts as an advocate for patients, plead-
ing their cause or acting on their behalf, Clients may need some one: To explain 
which services to expect, which services they ought to receive; to make referrals as 
needed; to write letters to agencies or health care providers for them; and to assure 
the satisfaction of their needs. The advocate role incorporates four characteris-
tics actions: Being assertive; taking risks; communicating & negating well; and 
identifying recourses and obtaining results. The community health nurse support 
the patient and represent the patients best interests at all times, especially when 
treatment decisions are being made [67].

The community health nurse as a manger exercises administrative direction 
toward the accomplishment of specified goals by: Assessing patients’ needs; plan-
ning and organizing to meet those needs; controlling; and evaluating the progress 
to ensure that goals are met. These activities are sequential and yet also occur 
simultaneously for managing service objectives. As other health professionals are 
usually responsible for making the final treatment decisions, nurses should be able 
to communicate information regarding patient health effectively. In this, the com-
munity health nurse facilitates collaboration, coordination, and cooperation among 
caregivers for continuity of care for the patient and promoting the best patient 
health outcomes [67].

The community health nurse as a collaborator enables and promotes the inter-
professional teamwork and comprehensive care provided by healthcare profes-
sionals, paraprofessionals, and volunteers. The collaborator role also may involve 
functioning as a consultant with other healthcare colleagues to inform decision-
making and planning to meet healthcare consumer needs therefore, provide proper 
care and improve patient outcomes. This role requires communication skills, skill in 
interpreting the nurse’s unique contribution to the team and acting assertively as an 
equal partner [67, 68].

The community health nurse as a leader focuses on affecting change, thus the 
nurse becomes an agent of change. The community health nurse seeks to initiate 
changers that positively affect people’s health. They also seek to influence people to 
think and behave differently about their health and the factors contributing to it. 
The care for diabetic patients includes adopting a healthy lifestyle where the diet 
plan represents an important support of care so they can meet their goals. At the 
community level, the leadership role may involve working with a team of profes-
sionals to direct and coordinate such as a campaign to eliminate smoking in public 
areas [67, 69].

The community health nurse as a researcher engages in systematic investigation, 
collection, and analysis of data for solving problems and enhancing community 
health practice. The community health nurse often participates in agency and 
organizational studies to determine such matters as risks associated with home 
visiting. The researcher role helps to determine needs, evaluate effectiveness of 
care, and develop theoretic bases for community health nursing practice. Nurses 
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must become responsible users of research, keeping up-to-date of new knowledge 
and applying it in practice. Nurses must learn to evaluate nursing research articles 
critically, assessing their validity and applicability to their own practice. A commit-
ment to use and conduct of research will move the nursing profession forward and 
enhance its influence on the health of at-risk populations [67].

The main results of the present study could be outlined in the following points:
Results revealed that 68.5% of the studied sample groups were females and 

64.1% of them aged from 45-64 years with mean 49.76 ± 9.19 years.
Regarding educational level, 42.4% of the studied sample groups were illiterate. 

Whereas, 63.0% were unemployed, 68.5% of them came from urban areas, and 
76.2% of them had low social class level.

Regarding diabetes history, 43.5% of the studied sample had rare attacks, 96.7% 
of them have taken oral hypoglycemic agents, 94.6% of them were not following 
planned diet regimen and 76.1% of them did not do physical activities.

Independent t-test demonstrated high significant difference (P-value < 0.005) 
between pre-test study and control groups’ total score of knowledge & knowledge 
related practice about DM. Though, this result was of unnecessary inconsistency 
between the two groups, both levels of their pre-test knowledge and practices about 
diabetes mellitus were still inadequate. Independent t-test demonstrated also that 
there was only statistical significant difference (P-value < 0.023) between the two 
groups regarding pre-test health responsibility domain. It can be concluded from 
outputs that the mean scores between control and study were successful in achiev-
ing homogeneity of most sub-class groups.

However, differences regarding clinical data between pre-test study and con-
trol groups were statistically insignificant. Generally, the mean scores of groups 
between control and study were homogeneous for all sub-class groups.

Results of Paired t-test between total score of knowledge & knowledge related 
practice about DM, health promoting lifestyle domains values and clinical data, 
before and after the program intervention in the study group revealed high sig-
nificant differences represented in (P-value < 0.009 or P-value < 0.001 or P-value 
< 0.0001). Patients who received lifestyle modification intervention program 
achieved better total score of knowledge & knowledge related practice about DM, 
health promoting lifestyle domains values and clinical data.

Statistical results of Paired t-test that was computed between total score of 
knowledge & knowledge related practice about DM pre- and post-tests in the con-
trol group, have illustrated high significant differences (P-value < 0.0001). Those 
patients were still having inadequate and insufficient total score of knowledge & 
knowledge related practice about DM.

Statistical results of Paired t-test that were computed between health promot-
ing lifestyle domains pre- and post-tests pre- and post-tests in the control group, 
have illustrated statistical significant differences of all domains except that for 
the physical activity and interpersonal relations domains. Patients though didn’t 
receive a lifestyle modification intervention, have had slight increases (with no 
trend change) in their total scores of overall health promoting lifestyle score, health 
responsibility, nutrition, spiritual growth, stress management domains.

Statistical results of Paired t-test that were computed between clinical data 
pre- and post-tests in the control group have not revealed any statistical significance 
regarding clinical data.

Glycated Hemoglobin multiple linear regressions demonstrated a statistical 
significant positive independent predictor (fasting plasma glucose; P-value < 
0.0001), whereas the Physical Activity Domain was the only statistical significant 
negative independent predictor (P-value < 0.015) after employing the program in 
the study group.
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4. Conclusions

Based on the findings of the current study, it could be concluded that: Type 2 
diabetic patients who have received lifestyle modification program (dietary modi-
fication, physical activity, self-blood glucose monitoring and diabetes self-care 
education) and attended to the Family Medicine Outpatient Clinic & the Diabetic 
Outpatient Clinic of Suez Canal University Hospitals at Ismailia city in Egypt has 
a positive effect on glycemic control (HbA1c) among patients with type 2 diabetes 
mellitus and also improved their knowledge and practices about DM post lifestyle 
modification program.
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Chapter 12

Psychotherapeutic Interventions
for Type 2 Diabetes Mellitus
Keisha C. Gobin, Jennifer S. Mills and Joel D. Katz

Abstract

This chapter explores the efficacy of psychotherapeutic interventions for
patients with type 2 diabetes mellitus (T2DM). This condition can lead to serious
adverse health outcomes (e.g., cardiovascular disease, blindness, loss of limbs, etc.).
Medical interventions alone are often not sufficient to manage the disease. Psycho-
therapy can promote behavioral change that improves medication adherence, die-
tary choices, exercise, stress, and other variables that affect blood sugar levels. The
current chapter summarizes the trends in recent research for psychotherapeutic
interventions for the management of T2DM. The results from 16 randomized con-
trolled trials on cognitive-behavioral therapy, motivational interviewing, counsel-
ing, and mindfulness-based therapies are discussed. These interventions varied in
length (3 to 18 months) and were conducted in many geographic regions (e.g.,
Australia, Netherlands, Saudi Arabia, Thailand, and more). Changes in biological
health outcomes (i.e., HbA1c levels) were the primary focus of this chapter, but
diabetes-related behavioral changes (e.g., diet and exercise) and psychological vari-
ables (e.g., stress, depression, and well-being) are also discussed. This chapter
highlights that recent research has provided the most support for mindfulness-
based therapies for improving blood sugar levels in patients with T2DM.

Keywords: Type 2 diabetes mellitus, psychotherapy, intervention, diet, exercise

1. Introduction

Diabetes mellitus is a condition marked by an inability to produce or properly
use insulin, a hormone that allows cells to use glucose for energy [1]. Approximately
3 million Canadians, or 8% of the general population, are living with diabetes, with
the prevalence increasing with age [1]. The condition usually develops in middle
aged or older adults, and men are slightly more likely to be diagnosed with this
condition (8.7%) than are women (7.6%) [1]. There are two types of diabetes
mellitus: type 1, where the body cannot produce a sufficient amount of insulin, and
type 2, where the body cannot use the insulin it produces effectively, resulting in
high blood sugar levels [1]. Accordingly, blood glucose levels are the most reliable
physiological marker by which to diagnose diabetes mellitus [2] and are also used to
monitor patients’management of their condition. The main criterion for a diagnosis
of diabetes mellitus is a hemoglobin A1c [HbA1c] level above 6.4%, indicating
above-average blood sugar levels, for the past 2–3 months. Interventions that pro-
duce lower HbA1c levels indicate efficacy at improving patient self-management of
their diabetes mellitus. If left untreated or if poorly managed, diabetes mellitus can
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lead to serious health conditions such as heart disease and stroke, blindness, nerve
damage, and loss of limbs [1].

About 90% of people with diabetes mellitus have type 2 (T2DM). This is a
chronic disease, which must be carefully managed on an ongoing basis by the
patient and/or their caregivers. The biopsychosocial approach combines the use of
medication and insulin with self-management behaviors for the purpose of regulat-
ing blood glucose levels. Lifestyle changes that are generally recommended for
people at higher risk of diabetes and those who are newly diagnosed include suffi-
cient moderate to high intensity exercise, and dietary considerations such as
increased intake of fiber and reduced intake of fats (especially saturated fat). As
well, overweight individuals are advised to lose weight gradually to achieve a body
mass index in the healthy range. Health care professionals working with patients
with T2DM aim to teach and encourage appropriate eating habits and physical
activity to help patients achieve better glycemic control. However, implementing
and adhering to these lifestyle changes is often difficult. Many individuals with
T2DM do not adhere to the recommended nutrition and physical activity guidelines.
Specifically, many patients exceed the recommended fat and sodium intake, and do
not consume enough grains, dairy, fruits and vegetables [3]. Stress is also recog-
nized as a variable that can exacerbate T2DM. Stress triggers the release of hor-
mones that produce a surge in blood glucose levels. For this reason, stress
management is considered to be part of a biopsychosocial approach to the manage-
ment of T2DM. Due to the prevalence and manageability of this type of diabetes
mellitus through lifestyle modifications alone, this chapter will focus solely on
T2DM.

In addition to pharmacological interventions, various psychotherapeutic inter-
ventions are used and have been studied to help people with T2DM achieve better
glycemic control. In theory, psychotherapy can promote behavioral changes that
would improve medication adherence, dietary choices, exercise, stress levels, and
other variables that affect blood sugar levels. Within this chapter, we review various
psychotherapeutic interventions that are commonly used for the management of
T2DM, including cognitive-behavioral therapy, motivational interviewing,
counseling, and mindfulness-based therapies. This chapter explores the trends in
recent research to understand the evidence base for various psychotherapeutic
interventions in the management of T2DM. Change in HbA1c level is the primary
focus of this chapter, since HbA1c is commonly measured and is the most objective
and standardized outcome measure across studies. However, trends in diabetes-
related behavioral changes (e.g., diet and exercise) and psychological variables
(e.g., coping, stress, depression, and well-being) are also discussed.

2. Psychotherapeutic interventions for type 2 diabetes mellitus

Previous review papers have demonstrated that psychotherapeutic interventions
in general are effective at improving health outcomes for individuals with T2DM. A
2004 meta-analysis of 12 randomized control trials (RCT) of psychological inter-
ventions (i.e., cognitive behavior therapy, counseling, or psychodynamic therapy)
found lower HbA1c levels and psychological distress compared to different control
groups (i.e., treatment as usual, an education group, attentional control, or waitlist
control) [4]. There was no difference between treatment groups on weight gain and
blood glucose concentration, suggesting that there was no clearly superior psycho-
logical intervention for the management of T2DM. A 2013 systematic review simi-
larly concluded that psychotherapy is effective in supporting healthy coping among
individuals with diabetes mellitus [5]. More recently, a 2020 meta-analysis of 70
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RCTs found that psychological interventions, such as cognitive behavioral therapy,
self-help materials, and counseling, were generally effective in reducing HbA1c
levels over and above usual care [6].

These research findings cited above support the general use of psychotherapeu-
tic interventions in the management of diabetes mellitus. However, it would be
helpful to know whether and how specific interventions can enhance care for
patients with T2DM so as to assist with treatment planning. In this chapter we
analyze the recent literature on the efficacy of psychotherapeutic interventions for
the care of T2DM. There have been 16 relevant RCTs published within the past
8 years (see Appendix A for details of the search strategy), which represent the
most up-to-date published scientific findings on the topic. These studies and time
period were deemed to give a valid snapshot of the recent literature. The results of
specific studies are discussed, and we summarize the most noteworthy findings
within each type of psychotherapeutic intervention. The effects of specific inter-
ventions on various outcomes relevant to patients with T2DM are discussed in
detail. See Table 1 for a summary of the reviewed studies.

2.1 Cognitive-behavioral therapy

Cognitive-behavioral therapy (CBT) is an umbrella term that encompasses var-
ious cognitive and behavioral techniques to identify and transform negative think-
ing patterns. CBT has been used to promote behavioral change in patients with
diabetes mellitus [7]. A goal of CBT is to help individuals understand barriers to
their own diabetes mellitus self-management and to provide them with the skills
necessary to cope with these barriers. For example, a patient with diabetes mellitus
may think, “I have a terrible chronic condition and there is nothing I can do about
it.” This type of cognition can lead to poor treatment adherence, low confidence,
and/or high levels of stress. Within a CBT protocol, the therapist helps the patient to
identify thinking errors or “cognitive distortions” (e.g., anticipating the worst out-
come, focusing on the negative, and thinking in all-or-nothing terms) and to use
strategies to challenge these beliefs (e.g., “what evidence is there for and against this
thought?”). In addition to developing more balanced or rational thoughts, the ther-
apist and the patient can also work on behavioral changes. They may engage in
gradual exposure to challenging activities (e.g., walking for 5 minutes a day, then
10 minutes, then 20 minutes, until they can walk for one hour) or behavioral
experiments (e.g., writing down how they feel before and after taking medication in
order to help identify that anticipatory anxiety is often worse than any discomfort
they feel during or after the avoided task). In CBT, patients receive emotional and
psychological support while learning strategies to overcome avoidance and to
adhere to their medication, dietary intake, and physical activity goals. CBT for the
management of T2DM can be done in weekly individual or group sessions, and is
traditionally done in-person with a therapist and over the span of several weeks to
months.

For many years, CBT was the most commonly investigated form of psychother-
apy for T2DM (for example, see [4–6]) and results confirmed its efficacy in
increasing positive outcomes. In recent years, the literature has shifted away from
investigating CBT in its traditional application. Instead, new research has begun to
examine CBT in alternative delivery formats in an effort to boost accessibility. For
instance, a 6-month web-based CBT intervention was found to be more effective
than a control group in lowering HbA1c levels (p = .002) among T2DM patients in
Saudi Arabia [8]. It also resulted in better diabetes mellitus knowledge (p = .004)
and self-efficacy (p < .001) relative to a control group, suggesting that CBT can
produce a meaningful change in cognitions that are related to successful self-
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management of the condition. Internet-based CBT protocols offer a promising and
accessible psychotherapeutic intervention for T2DM patients, but more randomized
controlled trials are needed to further elucidate their efficacy. It is also possible that
certain patients will do better than others with web-based CBT interventions.
Therefore, treatment matching trials are needed to identify the personal character-
istics that best predict positive outcomes with non-traditional formats of CBT for
T2DM.

2.2 Motivational interviewing

Motivational interviewing (MI) is a collaborative and goal-oriented therapy that
focuses on resolving ambivalence toward change [9]. Suggestions or instructions for
diabetes mellitus self-management may be met with resistance and non-compliance
by patients. MI counters these responses by promoting self-efficacy. The therapist
helps the patient to determine what is important to their own well-being and how to
achieve that goal [10]. For example, a therapist may explore what the patient likes
and does not like about their current behaviors to determine the costs and benefits
of behavior change. By putting the patient in the ‘driver’s seat’, intrinsic motivation
is developed (e.g., “I will change my diet and exercise because I want to live a long
and healthy life”). The therapeutic alliance is seen as fundamental to facilitating
positive behavior change. From this starting point, the therapist and patient can
work together to set an agenda for items they would like to change (e.g., medica-
tion, diet, exercise, and regular monitoring of blood sugar levels) and check in
frequently about the patient’s perceived importance and confidence regarding the
target behavior [10].

Although MI has garnered a lot of research interest, the results of recent studies
examining its utility in the management of T2DM have been mixed. In support of
this intervention in the care of T2DM, Chee and colleagues (2017) found that
patients who received MI for 6 months, in addition to diet and exercise planning,
reported greater reductions in HbA1c (p = .006) and weight loss (p < .001) than a
control group at 6 month follow up [11]. This study took place in Malaysia with a
sample of 230 Indian (58%), Chinese (28%), and Malaysian (14%) participants,
aged 30–65 years (M = 55, SD = 8). However, a number of recent studies have not
found support for MI over treatment as usual. For example, patients treated by
nurses trained in MI in the Netherlands and Denmark had similar HbA1c levels,
diet, physical activity, and well-being as those treated by nurses trained in standard
care. This pattern of results was found in both 14- and 18-month trials [12, 13].
Notably, the competency of the nurses trained in psychological skills for that study
was below beginner-level proficiency and was similar to the standard-care nurses.
In other words, it may require extensive training among therapists in order to
demonstrate the superiority of MI over control groups.

Recent findings for MI in the management of T2DM are also mixed when MI
examined in alternative delivery formats. A 12-month telephone-based delivery of
MI in Germany was found to reduce patients’ HbA1c levels to a greater extent than
usual care (i.e., informational pamphlets; p = .006). It also improved to a greater
extent patients’ physical activity (p = .006), cardiovascular health (p = .011), psy-
chological well-being (p = .044), illness burden (p = .069), and depression
(p = .057) [14]. In another study from Norway, telephone-based MI was provided
for 4 months in addition to an interactive mobile self-monitoring application that
tracks diet, fitness, and diabetes-related goals. There were no differences in
patients’ HbA1c levels between app users with and without MI, or those who
received usual care (i.e., no psychotherapeutic intervention) [15], suggesting that
neither the app nor the MI produced a better health outcome than standard, non-
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psychotherapeutic care. Similarly, a 6-month web-based counseling software deliv-
ery of MI was equivalent to standard lifestyle advice in resulting HbA1c levels
among Arab participants [16]. The MI-based intervention was, however, superior to
the control group at increasing short-term diabetes-related knowledge (p = .023)
among patients and trended toward within group improvements in dietary habits
(p = .050). The discrepancy between the findings within that study further high-
light that all MI delivery formats are not equal; long-term direct therapist contact
may be an essential component of MI in order to elicit sufficient behavior change
that manifests in reductions in HbA1c levels. Further research would be necessary
to confirm this hypothesis.

2.3 Counseling

Another category of psychological interventions for T2DM involves counseling
interventions which tend to provide non-specific support for diabetes mellitus
management. Counseling typically promotes self-awareness and self-determination
which, in the context of diabetes mellitus, can aid in improving self-management
behaviors [17]. Counseling can also provide emotional and psychological support to
individuals who are dealing with the stress of living with a chronic disease. In other
words, although behavior change is not the focus of counseling interventions, they
may, in theory, be helpful for reducing stress and increasing adherence among
patients.

RCTs of counseling interventions for T2DM are scarce [4–6], but there have
been two recent studies on this modality. One study examined a culturally sensitive
12-month counseling program for T2DM patients in Qatar (i.e., using Arabic lan-
guage and referencing culturally specific food habits and health beliefs). Within this
program, patients were provided with information about diabetes and related com-
plications, how to incorporate a healthy lifestyle and eating habits, the benefits of
exercise, and how to use counseling techniques at home. The researchers found that
this program led to significant reductions in patients’ HbA1c levels (p = .012) and
BMI (p < .001), as well as improved diabetes-related knowledge (p < .001), atti-
tudes (p < .001), and practices (p < .001) over the standard practice of distributing
informational booklets [18]. However, in another study of counseling, patients in
Denmark who were offered short-term empowerment, motivation and medical
adherence (EMMA) therapy, which focuses on goal setting and autonomy support,
did not report improvements in HbA1c levels over and above treatment as usual.
Individuals who received counseling did, however, demonstrated increases in fre-
quency of healthy eating (p < .05) [19].

Based on these findings, counseling may have benefits for improving HbA1c
levels in specific cultural contexts, but these therapies may have to be long-term
(one year or longer) and follow a structured format to be beneficial for glycemic
control.

2.4 Mindfulness-based therapies

Mindfulness-based therapies teach meditative practices and promote a non-
judgmental awareness of the present moment, including noticing thoughts, emo-
tions, and bodily sensations. In the context of T2DM, noticing negative diabetes-
related thoughts can help promote passive observation of the experience and allow
the individual to be present in their everyday life without an unhelpful behavioral
reaction. For example, noticing internal hunger or satiety cues can influence dietary
choices and help patients regulate blood sugar levels. Mindfulness can, in theory,
help patients become better attuned to their physiological state, including blood
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sugar levels. Or a patient who experiences anxiety about increasing their physical
activity may learn to nonjudgmentally notice their anxious thoughts and urges to
avoid exercise, but intentionally choose to exercise nonetheless. Regular mindful-
ness practice trains the mind to be less reactive and more intentional in one’s choices
and experiences.

Mindfulness interventions have increased in popularity in the past decade and
there have been a number of recent RCTs that indicate the applicability of
mindfulness-based therapies for the treatment of diabetes mellitus. The outcomes
are mixed in regard to changes in HbA1c levels. In support of the efficacy of
mindfulness programs, an 8-week mindfulness-based stress reduction program in
Iran was found to improve HbA1c levels (p = .010), fasting blood sugar (p < .001),
depression (p = .010), anxiety (p = .010), and overall mental health (p = .001)
compared to a control group [20]. In another study from New Zealand, an 8-week
program based in mindful self-compassion led to greater decreases in HbA1c
(p = .050) than a waitlist control, as well as reductions in depression (p = .001) and
diabetes-related distress (p = .050) [21]. Even when the 8-week program was self-
directed, mindfulness practice has been found to improve HbA1c levels (p = .020),
stress (p = .030), and depression symptoms (p = .020) compared to a control
condition in Australia [22]. Specific techniques within a mindfulness-based practice
have been found to be effective. For instance, Thai patients with T2DM who
engaged in mindful walking for 3 months demonstrated greater decreases in HbA1c
(p < .050) relative to walking alone [23].

A relatively recent variation of mindfulness therapy, mindfulness-based cogni-
tive therapy, involves training patients in both meditation and cognitive therapy
(i.e., identifying and challenging cognitive distortions). A series of studies in the
Netherlands were recently conducted to investigate the effects of this intervention
on the care of patients with T2DM, but none showed any benefit for HbA1c levels.
For instance, although van Son and colleagues [24, 25] found improvements in self-
reported stress (p = .001), anxiety (p = .020), depression (p = .010), and improved
quality of life (p = .010) following mindfulness-based cognitive therapy and that
were maintained at 6-month follow-up, they did not find a difference on HbA1c
levels when compared to usual care. Another study also did not find differences in
glycemic control between mindfulness-based cognitive therapy and a control
group, but did report changes in diabetes-related distress (p = .020) and well-being
(p = .001) [26]. Within these studies, poor glycemic control was not an inclusion
criterion, which may have resulted in a floor effect due to generally low levels
among patients regardless of treatment condition. It may be that mindfulness-based
cognitive therapy, which was originally developed to treat depression, is less effec-
tive at reducing HbA1c levels than traditional mindfulness training practices that do
not incorporate cognitive therapy but focus instead on meditation. In other words,
the cognitive therapy addition may dilute the efficacy of mindfulness training,
which, at this point in time, has more support for it in the care of T2DM. Research
designs that compare mindfulness-based cognitive therapy to other mindfulness
interventions in patients with poor glycemic control would be necessary to confirm
this hypothesis.

3. Summary

T2DM is a serious disease with significant morbidity which, if poorly managed,
can lead to short- and long-term complications including cardiovascular disease,
blindness, nerve damage, and loss of limbs [1]. There has been interest among
researchers to examine whether psychotherapeutic interventions aimed at changing
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thoughts, feelings, and/or behaviors among patients with T2DM have any signifi-
cant benefit. Recent randomized controlled trials suggest that psychotherapy for
T2DM may be an effective treatment option for certain outcomes, but that not all
therapies have an evidence base for use with patients with T2DM.

Research from the past 8 years has provided the most support for mindfulness-
based therapies at improving health outcomes for patients with T2DM. Numerous
studies with different samples have demonstrated statistically significant reductions
in HbA1c levels and fasting blood sugar, as well as improvements in psychological
variables such as depression, anxiety, stress, diabetes-related distress, and overall
mental health. These findings were demonstrated in various geographical regions
(including Iran, New Zealand, and Australia) among middle-aged (average age
ranged from 23 to 59 years old) men (n = 67) and women (n = 123). Notably,
however, mindfulness-based cognitive therapy was only superior to a control group
for psychological outcomes, not HbA1c levels. In other words, mindfulness-based
therapies that emphasize meditative practices, but not mindfulness-based cognitive
therapy, have evidence to support their use in the management of T2DM. Of note,
the existing studies on mindfulness-based cognitive therapy that did not show its
benefit for glycemic control were conducted with middle-aged (53 to 56.5 years old)
men (n = 118) and women (n = 115) from the Netherlands. As such, this form of
therapy may not be effective within this relatively young sample. More research is
needed to understand whether mindfulness-based cognitive therapy is as good or
better than mindfulness therapy.

While research interest in traditional-delivery CBT has declined in recent years,
one recent study expanded upon existing literature to demonstrate the effectiveness
of CBT in a web-based format in diabetic patients from Saudi Arabia. This program
improved HbA1c levels, as well as diabetes mellitus knowledge and self-efficacy, to a
greater extent than the control group. The research results are more divided for MI
and counseling interventions. In regard to the former, MI was typically found to be as
effective as standard care on HbA1c levels and diabetes-related behaviors such as diet
and physical activity in patients from Malaysia and parts of Europe (average ages 55
to 64 years old). However, when delivered in a telephone- or web-based format, MI
had the added benefits of improving diabetes-related behaviors, such as dietary
changes and physical activity, as well as psychological variables, including lowering
depression and increasing well-being and diabetes-related knowledge. Notably, this
was true in both men and women from diverse backgrounds (i.e., Arab and German).
Recent findings for counseling intervention have been mixed whereby culture-
specific counseling appears to be more effective at reducing HbA1c levels than infor-
mational booklets for middle-aged (M = 53.5 years old) Arab patients. But counseling
was no more effective than usual care for diabetes mellitus self-management in older
(M = 64.5 years old) Danish patients on improving HbA1c levels.

Commonly used psychotherapeutic interventions, such as mindfulness-based
therapies and CBT, have empirical support in recent studies for use in the manage-
ment of T2DM. This provides an evidence base for the widespread implementation
of these treatments by healthcare professionals in their care of patients with T2DM.
Training in both of these psychotherapy approaches for health professionals is
widely available through professional development workshops or training manuals,
and many workshops have been offered remotely during the COVID-19 pandemic.
In addition, the recent promising findings from a study of self-directed mindfulness
therapy suggests that healthcare professionals can recommend these programs to
patients to pursue as a self-help resource, which reduces the potential obstacles of
cost and geographic accessibility. Additional research is necessary to understand the
efficacy of counseling and alternative-format CBT before practitioners should
recommend these interventions in the management of T2DM.
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This chapter reveals that psychotherapeutic interventions are an appropriate
treatment modality for patients with T2DM and some have support from recent
studies in improving health outcomes. These interventions extend beyond treating
the physiological concerns of this disorder and can address other psychosocial vari-
ables, such as thoughts, feelings, and behaviors related to diabetes mellitus care. As
such, not only did HbA1c levels improve in a number of treatments, research has
supported changes in diet, physical activity, diabetes-related knowledge, and, in
some cases, mood. There are no known negative effects of psychotherapeutic inter-
ventions on the health or well-being of patients with T2DM. The evidence for these
interventions should be considered in regard to the sample population and size,
comparison group, length of intervention, and geographic region.

There are still many gaps in the literature regarding which groups of individuals
benefit the most from psychotherapy for T2DM and from which approach. Future
research should continue to explore psychotherapeutic interventions especially in
the areas of counseling and new delivery formats of CBT to expand treatment
options. Of note, a recent RCT of Acceptance and Commitment Therapy for
patients with T2DM has demonstrated preliminary success in improving HbA1c
levels compared to education alone [27], but more research is needed on this
intervention strategy before drawing generalized conclusions. In addition, more
attention in future research studies needs to be paid to how different types of
patients respond to psychotherapy and whether variables such as age, sex, and
ethnicity interact with intervention type to produce different outcomes. Across all
psychotherapeutic treatment modalities under investigation for use in the manage-
ment of T2DM, treatment matching research is warranted to determine which
patients may be able to benefit from modified, more accessible and cost-effective
(self-help, web-based) formats. With that more targeted research in future
research, healthcare professionals can feel even more confident implementing some
therapies, such as mindfulness-based therapies, CBT, and some formats of MI, to
promote better glycemic control and psychological well-being in their patients with
T2DM.

4. Conclusions

Psychological interventions can lower HbA1c levels, improve psychological
distress, and support healthy coping among patients with T2DM. There is recent
and reliable research support for mindfulness-based therapies at improving HbA1c
levels, blood sugar, and psychosocial variables. Results are promising, but more
research is needed on the efficacy of longer-term culture-sensitive counseling as
well as alternative delivery formats of cognitive-behavioral therapy on health
outcomes among patients with T2DM.
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Appendix: Search Strategy

To identify relevant studies, the authors used the same search terms as two
previously published systematic reviews of psychotherapy for T2DM [4, 5]. The
search was conducted by pairing relevant search terms, including “psychotherapy”,
“cognitive-behavioral therapy”, “motivational interviewing”, “counseling”, “sup-
portive therapy”, and “mindfulness-based therapy”, with “type 2 diabetes” and
“randomized controlled trial” on PsycINFO, PubMed, and Medline using a Boolean
“AND”. The search was limited to articles published after December 2012 since this
was the end of the period reviewed since the last review paper [5]. The original
search was conducted on January 24th, 2019, then repeated at each revision, on
March 24th, 2019, October 28th, 2019, and November 12th, 2020, to be thorough.
The initial search identified 268 articles. After duplicates across search engines were
removed, articles were screened by the primary author based on titles and abstracts.
For the screening process, full articles were retrieved and reviewed to confirm
relevance and eligibility. The primary author extracted data on intervention type,
methods, and outcomes. To be included in this review, the article must have been
an RCT that examined a psychotherapeutic intervention for participants who met
criteria for T2DM at the time of recruitment and must have changes in HbA1c levels
as a health outcome. Only RCT’s were reviewed so as to include only the most
scientifically rigorous research on this topic. Studies that used only pharmacological
interventions were not included. In addition, interventions that specifically targeted
comorbid disorders (e.g., depression in individuals with T2DM) and studies that
were not reported in English were also excluded from this review. In the end, 16
articles remained and were reviewed.
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Chapter 13

Diet and Obesity
Olariike Oyindasola Kayode

Abstract

Obesity is a complex disease that involves an excessive amount of body fat. It 
is a medical problem that increases the risk of other diseases, such as heart disease, dia-
betes, high blood pressure and certain cancers. Although there are genetic, behavioral, 
metabolic and hormonal influences on body weight, obesity occurs when you take in 
more calories than you burn through exercise and daily activities that is when energy 
intake exceeds energy expenditure. Diet plays an important role in the pathogenesis 
of obesity; fatty foods are energy dense and gives 9calories per gram compared to 
carbohydrate and protein that gives 4calories per gram. Also, if physical activity is 
inadequate, excess consumption of fat can results into weight gain. It does not take 
as much energy (about 3%), to convert and store dietary fat as it does to convert and 
store glucose. Fats are easily stored by the body. The aim of this chapter is to provide 
an understanding of physiological causes and effects of obesity as this will help to pro-
mote positive food choices. It is probable that an understanding of dietary patterns and 
how it relates to obesity will go a long way in the treatment of this complex problem.

Keywords: Food, Diet, Dietary Patterns, Obesity and Dietary fat

1. Introduction

Excessive body weight is a growing health problem worldwide. It is a well-known 
risk factor in cardiovascular disease, diabetes, hypertension, and cancers, among 
other conditions [1]. According to World Health Organization, obesity has been 
considered as one of the leading threats to future public health.

Obesity is a complex health issue resulting from a combination of causes and 
individual factors such as behavior and genetics [2]. Behaviors can include physical 
activity, inactivity, dietary patterns, medication use, and other exposures. Although 
there are genetic, behavioral, metabolic and hormonal influences on body weight, 
obesity occurs when you take in more calories than you burn through exercise and 
normal daily activities that is when energy intake exceeds energy expenditure. 
Even though the cause of obesity is complicated, dietary habit or lifestyle plays an 
important role in developing obese conditions [3].

The increasing westernization, urbanization and mechanization occurring in 
most countries around the world is associated with changes in the diet towards one 
of high fat, high energy-dense foods and a sedentary lifestyle [4]. Nutrition transi-
tion in developing countries leads to dietary intakes of micronutrient – poor, energy 
– dense foods, which may be important determinants of overweight/obesity [5].

There is also a direct relationship between the amount of dietary fat and the degree 
of obesity. High-fat diets induce greater food intake and weight gain than high-
carbohydrate diets as indicated by animal studies [6]. Contributing factors are caloric 
density, satiety properties and post-absorptive processing. The satiating effects after 
meals with a high fat:carbohydrate ratio is less than for meals with a lower ratio.
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Mediterranean pattern of nutrition, has been described as containing high pro-
portion of mono-unsaturated fat acids versus saturated fats and contributes in the 
preservation of body weight, while expands longevity and life expectancy. This pat-
tern of nutrition has been adopted by many countries and it is diversified according 
to the cultural and socio-economic features of each country. Several research studies 
have commented on the beneficial effects of the Mediterranean diet in the preserva-
tion or decrease of body weight, in the primary or secondary prevention of coronary 
disease, in the maintenance of high density cholesterol (HDL) and triglycerides 
within normal rates, as well as in the significant reduction in mortality rates [7–9].

Current recommendations for weight management emphasize the importance of 
healthy eating patterns that include a variety of nutrient-dense foods, limit portions 
of energy-dense foods, and reduce overall energy density [10].

A unifying factor for weight loss across dietary patterns is energy density [11]. 
When a diet’s energy density is reduced; it allows individuals to consume satisfying 
amounts of food for fewer calories. The goal of dietary therapy in the management 
of obesity is to reduce the total number of calories consumed.

2. Physiological causes and effects of obesity

Obesity is a complex disease that involves an excessive amount of body fat. It is 
a medical problem that increases your risk of other diseases and health problems, 
such as heart disease, diabetes, high blood pressure and certain cancers. Although 
there are genetic, behavioral, metabolic and hormonal influences on body weight, 
obesity occurs when you take in more calories than you burn through exercise and 
normal daily activities that is when energy intake exceeds energy expenditure.

Even though the cause of obesity is complicated, dietary habit or lifestyle plays an 
important role in developing obese conditions [3, 12]. Lifestyle changes and nutri-
tional habits, such as irregular meal patterns; mainly skipping breakfast, consump-
tion of foods and beverages of low nutritional value and sub-optimal intake of dairy 
products, fruits and vegetables, intake of refined carbohydrates such as sugar sweet-
ened soft drinks are all contributing factors to the development of obesity [12–15].

Obesity as a complex disorder has multiple etiological factors. The primary 
factor which is considered as a driver of obesity is obesogenic environment and 
unhealthy eating behavior. Secondary factors such as genetic and neuroendocrine 
factors, and diseases such as hypothyroidism and polycystic ovary syndrome are 
also related to excessive weight [16].

In a study carried out among undergraduates in Nigeria observed a significant 
relationship between vegetable consumption and Body Mass Index (X2 = 16.031, 
p-value = 0.001) and there exist no significant relationship between cereals con-
sumption and body mass index (X2 = 8.916, p-value = 0.710) [17].

Obesity has been shown to be a predisposing factor in the rising prevalence of 
morbidity and mortality associated with non – communicable diseases like type-2 
diabetes mellitus, hypertension, cancer, stroke among adults [18].

Overweight and obesity increases the likelihood of various diseases, particularly 
heart diseases, type2 diabetes, breathing difficulties during sleep, certain types of 
cancer and osteoarthritis [19].

3. Dietary fat and obesity

Fat are of various types, some are more beneficial to health than others. Those 
found in foods are known as dietary fats, the body needs fat to function fully as it 
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has a lot of functions in the body and is essential to health. For instance, fat soluble 
vitamins (Vitamins A, D, E and K) cannot be transported in the absence of fat. 
However, a diet with too much fat can increase body weight and also increase the 
risk of cardiovascular disease.

Dietary fats are believed to play an important role in the development of heart 
disease [20]. The National health institutions has recommended to reduce the 
intake of dietary fat to prevent CVDs [21].

3.1 Healthy versus unhealthy fat

The healthy fat are primarily unsaturated fats:
Monounsaturated fat: This type of fat is found in a variety of foods and oils. Eating 

foods rich in monounsaturated fats improves blood cholesterol levels, which in turn 
decrease the risk of heart disease and may also help decrease the risk of type 2 diabetes.

Polyunsaturated Fat: This fat is found mostly in plant-based foods and oils. 
Omega-3 fatty acids, which is a polyunsaturated fat has been attributed to low rate 
of heart disease [22]. Also, it helps to raise HDL cholesterol level [23].

Oils such as canola oil, olive oil, corn oil, sunflower oil and peanut oil are made 
up of monounsaturated and polyunsaturated fats and are liquid at room tempera-
ture. Fish such as tuna, salmon, trout, mackerel, herring and sardines are high in 
omega-3 fatty acids. Plant sources of omega-3 fatty acids are soybean oil, flaxseed 
oil, and nuts (walnuts, butternuts).

3.2 Unhealthy fats

Saturated fats and trans fat are often termed unhealthy fats, this is due to the fact 
that both raise LDL cholesterol levels. High level of LDL cholesterol in the blood 
increases the risk of heart disease and stroke. A larger amount of saturated fats is from 
animal sources, including meat and dairy products. Foods high in saturated fat include 
fatty beef, pork, butter, lard and cream, poultry with skin. Plant-based oils, such as 
coconut oil, palm oil also contain saturated fats, but do not contain cholesterol.

Trans fat is a product of a process that adds hydrogen to liquid vegetable oils 
to make them more solid and also refer to as partially hydrogenated oils. These 
partially hydrogenated oils increase LDL cholesterol and lowers HDL cholesterol 
which in turn increase the risk of cardiovascular disease. Foods high in trans fat 
include fried foods, such as French fries, stick margarines and shortenings, pastries, 
packaged foods, baked goods and pizza dough.

Fatty foods are energy dense and give 9calories per gram compared to carbohy-
drate and protein that gives 4calories per gram. Also, if physical activity is inad-
equate, excess consumption of fat can results into weight gain. Also, it does not take 
as much energy (about 3%), to convert and store dietary fat as it does to convert and 
store glucose or protein. Fats are quickly and easily stored by the body.

Obesity is a multifactorial and complex affectation that is characterized by a long-
term excess energy intake(EI) above energy expenditure (EE) and epidemiological 
evidence have suggested that a high-fat diet promotes the development of obesity [24].

There is also a direct relationship between the amount of dietary fat and the 
degree of obesity. An overview of animal studies had indicated that high-fat diets 
induce greater food intake and weight gain than high-carbohydrate diets [25]. 
Contributing factors are caloric density, satiety properties and post-absorptive 
processing. The satiating effects after meals with a high fat:carbohydrate ratio is 
less than for meals with a lower ratio. It has been reported that the most important 
variable influencing meal size is the nutrient content of the range of foods con-
sumed and not the level of hunger. Thus dietary fat has a weak effect on satiety and 



Psychology and Pathophysiological Outcomes of Eating

240

periodic exposure to a high-fat meal, particularly when hunger is high, is sufficient 
enough to lead to overconsumption of energy as fat in obese patients.

3.3 Influence of dietary fat on weight gain

An important determinant of body fat is the percentage of dietary energy from 
fat. Several mechanisms have been proposed to explain why high fat intake might 
lead to greater body fat [26]. Dietary fat is the most energy dense macronutrient in 
the diet, providing 9 kcal/g as opposed to 4 kcal/g for carbohydrate or protein; this 
could lead to overconsumption of energy if food volume is regulated. Fat adds greater 
flavor and palatability to foods, which could thus increase their consumption.

Fat has a lower thermogenic effect than carbohydrate and protein and this 
inhibit energy expenditure. A positive energy balance can be the result of overcon-
sumption of energy, perhaps because a high-fat diet has a lower satiating effect per 
joule than a low-fat diet. A series of studies has produced robust evidence that the 
fattening effect of dietary fat is linked mainly to the higher energy density of fatty 
foods compared with carbohydrate and protein rich foods.

In addition, when studied under careful metabolic conditions for short periods, 
carbohydrate produces a greater thermogenic effect than fat, suggesting that dietary 
fat may be utilized more efficiently and accumulate as body fat [27]. Carbohydrate 
intake, but not fat intake, is regulated; thus, individuals on a high-fat diet would 
tend to consume more total energy to gain the required amount of carbohydrate 
than would someone on a low-fat diet [28]. Although these mechanisms may seem 
compelling at face value, foods are not eaten in isolation, and the energy for weight 
of foods is more determined by the water and fiber content.

Different types of fat contain the same amount of energy, although there are 
differences in their respective influence on energy balance, energy expenditure 
and satiety. Low-fat diets and in weight-maintenance diets, have been shown to be 
affected by the quality of dietary fat. Animal studies have shown that rats fed a diet 
rich in safflower oil polyunsaturated fats accumulate less body fat than rats fed a 
diet rich in beef tallow which is a saturated fat [29].

Monounsaturated was found to induce a lower level of postingestive satiety and a 
larger subsequent energy intake than polyunsaturated and saturated fat in a study on 
the effect in lean subjects of high-fat meals, differing in fatty acid composition [30].

4. Dietary patterns and obesity

Dietary patterns that have inverse relationship with obesity include vegan diet, 
Mediterranean diet and prudent diet. Western diet is directly associated with obesity.

4.1 The vegan diet

This is a form of vegetarian diet that eliminates meat and animal product, this 
diet is beneficial to health because it reduces the intake of cholesterol and satu-
rated fat that is predominant in animal product. It has been proven that those who 
practice a vegan diet minimize their overall risk of coronary heart disease, obesity 
and high blood pressure.

4.2 The Mediterranean diet

This diet recommends the use of plant based oil as alternative to butter, it 
emphasizes adding vegetables to each meal. Avoidance of meat is recommended, 
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though not eliminated. This diet has been proven to help with depression, in addi-
tion to controlling blood sugar levels and helping with weight loss. Whole grains, 
nuts and herbs are also used in larger amounts.

4.3 Prudent diet

This diet protects against heart disease, stroke, and other common diseases. It 
consists of fruits, vegetables, whole grains, legumes, nuts, fish, and low-fat dairy 
products rather than refined or processed foods, red meats, high concentrated 
sweets, eggs, and butter.

4.4 Western diet

This diet is characterized by high intake of processed food, red meat, high-sugar 
foods and pre-packaged foods, that increase the risk of chronic illness. Eating junk 
foods, which are part of the western diet, could impair the part of the brain tied to 
self-control, in turn result to overeating and weight gain.

5. Dietay management of obesity

Recommendations for weight management emphasize the importance of healthy 
eating patterns which include consumption of nutrient-dense foods, limiting 
portion size of energy-dense foods, and reduce overall energy density. A unifying 
factor for weight loss across dietary patterns is energy density, when a diet’s energy 
density is reduced; individuals consume satisfying amounts of food for fewer calo-
ries. The goal of dietary therapy is to reduce the total number of calories consumed.

The optimal diet for prevention of weight gain, obesity, metabolic syndrome, 
and type 2 diabetes is fat-reduced, fiber-rich and high in low-energy density carbo-
hydrates (fruit, vegetables, and whole grain products). The Mediterranean eating 
pattern that emphasizes intake of low-energy dense fruits, vegetables, legumes, 
seafood, and dairy foods has proved effective in the management of obesity. 
However, higher amounts of fat (30–40% of total energy), especially from olive oil, 
are recommended with the Mediterranean diet. Even with this level of healthy fats, 
the Mediterranean diet recommends high proportion of fruit and vegetable which 
can help to keep the overall diet relatively low in energy density.

It has been established that different types of carbohydrate have varying 
effects on metabolism and health. Some carbohydrates are healthier than others; 
those with lower glycemic indexes (or GI) have a slower and flatter blood glucose 
response. They take longer to digest and can help us feel full thus preventing 
overeating and weight gain. Lower GI foods are less refined (or processed) such as 
whole grains, legumes, fruit, and vegetable. High GI foods are refined carbohydrate 
and contribute to weight gain.

Many high-carbohydrate foods common to Western diets produce a high glyce-
mic response, promoting postprandial carbohydrate oxidation at the expense of fat 
oxidation, thus altering fuel partitioning in a way that may be conducive to body fat 
gain [31].

5.1 Daily intake patterns that can help to lower dietary energy density

Breakfast: The pattern of food consumption over a day as either meals or snacks 
could affect weight management. Epidemiological studies have also found breakfast 
consumption to be associated with lower body weights and lower daily energy 
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density. If individuals consume breakfast daily, including higher amounts of protein 
and fiber during breakfast may help increase satiety, decrease energy intake, and 
lower dietary energy density.

Snacking: Snacks are often refers to processed, high-calorie items like chips 
and cookies. Snacking refers to the consumption of foods and beverages between 
regular meals, regardless of whether the food is healthy [32]. Many a times people 
consume snacks when appetizing food is available; even though they are not 
hungry. Snacking in the absence of hunger leads to the consumption of fat, sugar, 
and sodium-rich foods [33]. Unnecessary snacking promotes “weight gain and poor 
nutrition” [33].

If snacks should be consumed, it should be chosen wisely; high energy-dense 
snacks, nutrient-poor snacks (such as chips, cookies, confectionary) may be associ-
ated with high BMI should be limited [32]. However, lower – energy dense snacks 
(such as fruit and vegetable) which enhance satiety and improves diet quality 
should be consumed in large amount.

5.2 Manage fat to lower energy density and moderate energy intake

Evidence from multiple clinical trials shows that both low- and moderate-fat 
diets combined with an energy restriction can be used to achieve weight loss. 
High-fat foods are energy dense, low-fat diet is therefore recommended for 
weight loss. Also, there is need for moderation of portion size to stay within 
recommended energy intakes. Methods for moderating fat intake include switch-
ing to lower-fat alternatives such as grilled chicken instead of fried chicken 
or low-fat Greek yogurt instead of sour cream. Also, the amount of solid fats, 
which contain saturated and trans fat should decrease, and to substitute with oils 
containing polyunsaturated and monounsaturated fats to improve diet quality 
and overall health.

5.3 Add more protein and fiber to meals

Protein and fiber have been suggested to promote satiety or feelings of full-
ness. The most satiating macronutrient is protein, incorporating more protein in 
the diet may increase satiety and decrease daily energy intake. Patients should 
be encouraged to incorporate recommended amounts of lean protein sources 
such as grilled chicken breast, legumes, or low-fat dairy to create satisfying 
low-energy-dense meals. Dietary fiber is thought to promote feelings of fullness 
by increasing chewing time, promoting stomach expansion, and decreasing 
absorption efficiency. Studies show that increasing fiber at meals can lead to 
decreased energy intake and increased ratings of fullness. Also, diets containing 
higher amounts of fiber are associated with lower body weights and reduced 
disease risks.

6. Conclusion

Dietary fat induces overconsumption and weight gain through its low satiety 
properties and high caloric density. Obese and post-obese subjects do not appear to 
adapt to dietary fat, and therefore fat storage is increased. Both total fat and indi-
vidual fatty acids have to be considered when reaching conclusions about dietary 
fat and obesity. The optimal diet for prevention of weight gain, obesity, metabolic 
syndrome, and type 2 diabetes is fat-reduced, fiber-rich and high in low-energy 
density carbohydrates (fruit, vegetables, and whole grain products).
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The Outcome of Eating Disorders: 
Relapse, Childbirth, Postnatal 
Depression, Family Support
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Abstract

This study was aimed to identify eating disorder (ED) relapse, childbirth, 
postnatal depression,and the family support. Of the ED patients during treat-
ment from 1994 to 2004,55 were pregnant and had ED recovery. Of them, 25 
(21 Bulimia Nervosa (BN)and 4 Anorexia Nervosa (AN)) agreed to take part 
in this study. We interviewed them every 2 wk. both during the pregnancy and 
after childbirth. We also interviewed family members each month. The Eating 
Attitudes Test-26 (EAT-26) and Edinburgh Postnatal Depression Scale (EPDS) 
were helpful for diagnosing the EDs and postnatal depression. As the statistical 
analysis, We conducted t-test.67%relapsed ED while pregnant and 50%relapsed 
postnatal. In the non-relapse group, all the subjects had vaginal delivery and their 
infants were male. 50% of the subjects had postnatal depression. Non-Postnatal 
depression group had average body- weight infants. With regard to family sup-
port, there was no relationship between ED relapse and postnatal depression. We 
found that the rate of ED relapse and that of suffering from postnatal depression 
were remarkable in this group, suggesting the necessity for long-term follow-up 
for the EDs. 

Keywords: eating disorders, pregnancy, relapse, postpartum depression

1. Introduction

Anorexia nervosa (AN) and Bulimia nervosa (BN), are characterized by clinical 
conditions in body shape and eating attitudes. The core feature of AN is cognitive 
abd affective disturbance in body image. For example, subjects with AN thought 
themselves as fat even when they are very thin. They deny the severe thinness to 
their body weight and have afear of weight gain together with a constant desire 
for thinness. Thus, they fail to maintain an adequate body weight and shape; girls 
and women with AN may experience amenorrhea.BN is always concern about 
their body weight and shape, leading to binging and self-vomiting [1–3]. Claydon 
et al. [4] concluded that higher risk for relapse of ED was a maternal period and 
it was a difficult time for EDs with mind and body. In addition, Nakai et al. [5] 
reported postnatal depression had a close relationship with EDs. One of the recent 
studies, Watson et al. [6] showed both mothers and their infants complications 
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were detected during pregnancy and afterbirth.Ex-EDwomen may give birth to 
premature babies; infants born to these women’s’ infants may not have an appropri-
ate weight. This study was designed to assess ED relapse rate during pregnancy and 
after childbirth as well as postnatal depression in women experienced complete 
remission from EDs. Moreover, we investigated the relationship between ED relapse 
and postnatal depression, and family support.

2. Methods

This study was conducted at the Makino Clinic. The ethical committee of 
the Makino Clinic approved this research (Approved 002). The study purpose 
and outline were explained to patients, and written informed consent acquired. 
We treated 1008 EDs at our outpatient clinic between 1994 and 2004. Of these 
patients, 55 patients experienced ED recovery, pregnancy, and childbirth. Of 
which, 21 BN and 4 AN agreed to partake in this study; However, we examined 
24,because unfortunately, 1 patient experienced a miscarriage. These participants 
had long-term treatment for EDs. However, they acquired complete remission. 
We determined remission as 6-months symptoms -free condition. There were 
some reports for definition of recoveries. Symptoms-free status in the previous 
90 d.by Levallious et al. [7] Bardone-Cone et al. [8] reported it as the absence of 
symptoms in the previous 3 mon, while Zerwas et al. [9] indicating the recov-
ery by 1 y without no symptoms. We chosed a midpoint of these reports. The 
Diagnostic and Statistical Manual of Mental Disorders (American Psychiatric 
Association 2013) [2] does not precisely outline the criteria to consider ED in 
remission. In Japan, there were no particular determined symptoms used to 
define remission or recovery. Thus, we made to meet the contents for the includ-
ing and excluding criteria of the patients and for diagnosing ED remission 
according to the literature [10, 11]. Then, we examined participants experienced 
the remission for 6 mon. The Japanese version of the Eating Attitudes Test-26 
(EAT-26) made by Ujiie and Kono [12] was adopted for diagnosing of EDs. The 
Japanese version of the Edinburgh Depression Scale (JEPDS), a self-filled ques-
tionnaire, developed by Okano [13] was used as a reference to diagnose postnatal 
depression as well as the interview.

3.  Contents of the including and excluding criteria and questions in 
detail

3.1 Inclusion and remission criteria

EAT26 ≤ 9, healthy eating behavior, ability to do ordinary activities without dif-
ficulties, working for the members of the society to some extent, having no other 
psychotic disorders, having not irregular menstruation: For AN patients, normal 
menstruation,weight increase was not always necessary.

3.2 Exclusion criteria

EAT26 ≥ 9, Complication suffering from other psychotic disorders, such 
as depression and addiction, serious dependency or obsession with food, 
preoccupation with thinness, afraid of being fat seriously, having irregular 
menstruation.
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3.3 Interview questions during pregnancy and after delivery

We asked the patients if they had panic, depressed about being mother, always 
preoccupied with food, unsatisfied with their body weight and shape,and if they 
have an urge to binge or vomit. Using the structured interview according to DSM-4 
[14]. Once a month, their husbands were also asked if their spouse had an abnormal 
eating attitudes or obsessive compulsive thinking for eating etc.

We interviewed the patients every 2 weeks both during gestation period and 
after birth.

3.4 Postnatal depression

We used the JEPDS. In JEPDS, Usually scored >12 were diagnosed as depression, 
though, we interviewed those who scored>9.because they could have postnatal 
depression [13].

3.5 Relapse group (TRED group)

In hyperemesis symptoms or pregnancy sickness, pregnant women experienced 
nausea overeating and vomiting. These symptoms were very similar to those of ED 
symptoms. However, if the patients were motivated to reduce their weight to become 
thinner these thoughts were dissimilar from those suffered from hyperemesis. 
Thus, we decided those who had vomit and binge and feelings above mentioned was 
given name as the relapse group. In our cases, their symptoms disappeared during 
pregnancy, they were given name as the temporary relapse group during pregnancy. 
(TRED group).TRED group recovered within 3 mon of pregnancy. Also non-relapse 
participants during pregnancy was given name as non-relapsing group (NRED group).

3.6 Statistical analyses

We conducted t-test to determine the statistical difference between means of 
two different groups.

We compared the results of the TRED group and NRED group while pregnant 
and postnatally. Moreover, we examined the results of the postnatal depression and 
the non-depression group for 3 months following childbirth. A p value of, ≦0.05 was 
considered significant, and a p value of ≤0.1 was considered marginally significant.

4. Results

4.1 Patients characteristics

The characteristics of interviewed women who were recovering from 
EDs,assessed during their pregnancy and after childbirth are showed in Table 1. 
Sixteen patients (67%)had temporary ED relapse. We made the Figure 1 to highlight 
these results clearly after Table 1.

We have previously reported that characteristics of women who have recovered 
from EDs in detail [1].

4.2 TRED group and NRED group

Sixteen (67%)showed temporary relapse within 3 mon of pregnancy. All the 
infants in the NRED group were male. With respect to ED relapse after childbirth, 
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Figure 1. 
The rate of the ED relapse: patients with relapse after 3mon of delivery tended to relapse afterbirth.

there was a significant difference between RED group and NRED group. Figure 2  
shows the comparison of these two groups. Figure 3 shows the infant sex ratio 
afterbirth between two groups.

No statistical difference could be seen between RED group and NRED group 
with regard to family support (Table 2).

4.3 TRED group and NRED group were compared after childbirth

All NRED group had a vaginal delivery, and most of them gave birth to male 
infants. However, for the postpnatal depression rate, these two groups were the 
same. There was a significant difference between age at remission, and age at 
pregnancy (P ≤ 0.05); further, difference for ED relapse during pregnancy reached 
statistical significance (P ≤ 0.05) between these two groups (Table 3).

No significant difference could be seen between RED group and NRED group 
with respect to postnatal depression and family support.

Age at onset of diagnosis 16.6 (SD 3.3)

Disease duration (years) 9.5 (SD 5.4)

Age at remission(years) 26.1 (SD 5.3)

Maternal age(years) 28.1 (SD 5.4)

Temporary ED relapse during pregnancy (%)
Family support (husband)

16 (67%)
19(79%)

Gestational age at delivery(week) 39 (SD 1.1)

Complications (%) 17 (67%)

Complications in the infants (%) 3 (13%)

Vaginal delivery (%) 19 (79%)

Infant weight(g)
Male infant(%)

2928 (SD 540)
67%

ED relapse after delivery(%) 12 (50%)

Postnatal depression (%) 12 (50%)

Table 1. 
A summary of the characteristics of women who have recovered from EDs and who were interviewed during 
pregnancy and after childbirth. We made new tables different from previous report [1].
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4.4  A comparison between patients with postnatal depression and those who 
did not develop depression afterbirth

The infant body weight was found to be the only difference (Table 4).

Figure 2. 
Showed ED relapse after delivery between two groups. (RED means NRED).

Figure 3. 
Showed the infant sex afterbirth between two groups.

RED group
(N = 16)

NRED group
(N = 8)

Age at onset of diagnosis(years) 15.9(SD 1.2) 18.0 (SD 5.4) NS

Disease duration(years) 9.1(SD 4.0) 10.3(SD7.9) NS

Age at remission(years) 25.1(SD 4.4) 28.3(SD 6.5) NS

age at pregnancy (years)) 27.1(SD 5.0) 30.1(SD5.8) NS

Gestational age at delivery(weeks) 38.3(SD1.3) 39 (SD 0.5) NS

Maternal complications (%) 12(75%) 6 (75%) NS

Problems in the infants (%) 6 (12.5%) 1 (12.5%) NS

Vaginal delivery(%) 11(68.8%) 8 (100%) NS

Infant weight(g)
Male infant(%)
Family support
husband

2763 (SD 392)
50%

13 (81,3%)

3259(SD664)
100%

6 (75%)

P < 0.1
P < 0.05

NS

Postnatal depression (%) 10 (62.5%) 2 (25%) NS

ED relapse after delivery (%) 11 (68.8%) 1 (12.5%) P < 0.05

Table 2. 
Characteristics of women with RED group and NRED group.
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4.5 Complications among mothers

Our research exhibited a variety of complications such as diabetes mellitus in 
5 patients, anemia in 3, threatened miscarriage in 2, kidney stones in 2, nephrosis 
in 1, eclampsia in1, hypertension in 1, placenta previa in 1, miscarriage in 1, 
cesarean sections in 5, Although the sample size was small, We detected various 
complications.

TRED group  
(N = 12)

NRED group  
(N = 12)

Age at onset of diagnosis (years) 15.9 (SD 1.4) 17.3 (SD4.4) NS

Disease duration(years) 7.5 (SD 3.0) 11.5 (SD 6.6) NS

Age at remission (Years) 23.4 (SD 3.9) 28.8 (SD 5.2) P < 0.05

Age at pregnancy (years) 24.8 (SD 1.4) 31.5 (SD 4.3) P < 0.05

Gestational age at delivery (weeks) 38.3 (SD 1.4) 38.8 (SD 0.7) NS

ED relapse during pregnancy (%)
Family support
husband

11 (91.7%)
11 (91.7%)

5 (41.7%)
8 (66,7%)

P < 0.05
NS

Maternal Complications(%) 9 (75%9 9 (75%) NS

Problems in the infant(%) 2 (12.5%) 1 (12.5%) NS

Vaginal delivery(%) 7 (58.3%) 12 (100%) P < 0.1

Infant weight(g) 2813 (SD 446) 3044 (SD 618) NS

Postnatal depression 6 (50%) 6 (50%) NS

Table 3. 
Comparison between TRED group and NRED group after childbirth.

Depression 
group(N = 12)

Non-depression 
group(N = 12)

Age at onset of diagnosis(years) 15.8(SD 0.8) 17.4 (SD 4.5) NS

Disease duration(years) 10.4(SD 3.3) 8.6 (SD 7.6) NS

Age at remission(years) 26.3(SD 3.4) 26.0 (SD 6.9) NS

Age at pregnancy(years) 28.3 (SD 3.4) 27.9 (SD 6.8) NS

Gestational age at delivery (week) 38.4 (SD 1.3) 38.8 (SD 0.9) NS

Temporary ED relapse during 
pregnancy (%)
Family support
husband

10 (83.3%)

9 (75%)

6 (50%)

10 (83.3%)

NS

Maternal complications (%) 7 (58.3%) 9 (75%) NS

Problems in the infant (%) 2 (16.7%) 1 (8.3%) NS

Vaginal delivery(%) 11 (91.7%) 8 (66.7%) NS

Infant weight (g) 2669 (SD 406) 3188 (SD 544) P < 0.1

ED relapse after delivery (%) 6 (50%) 6 (50%) NS

Table 4. 
A comparison between postnatal depression and patients who did not develop depression following childbirth.
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4.6 Main summary of the results

4.6.1 The relapse rate of EDs during pregnancy

67% of the patients relapsed after delivery and of them were belong to RED 
group.

4.6.2 Relapse of EDs afterbirth

50% of the participants relapsed.

4.6.3 What kind of the participants experienced relapse of EDs afterbirth

The group relapsed during pregnancy (TRED group) tended to be relapsed 
afterbirth.

4.6.4 Infants sex

50%of the infants in the TRED group had male infants, while 100% of the 
infants in the NRED group were male.

4.6.5 Postnatal depression

50% of the participants had postnatal depression.

5. Discussions

We hypothesized that Ex-ED patients were vulnerable to relapse ED during body 
transition period such as pregnancy and giving birth. In addition, after birth, they 
tended to be anxious and depressed with their body image and weight, leading to 
have possibility to suffer from postnatal depression. Our results may supported our 
hypothesis.

Further we anticipated that family support played an important role in prevent-
ing relapse and postnatal depression. However, our result was not supported by our 
anticipation.

As per the literature, partners attitudes to EDs could help prevent ED relapse 
[15] and postpartum depression [16].

In our samples, all the supporters were partners and not mothers. Ikuno [17] 
reported there was problematic relationship between mother and daughter; daugh-
ter used her thinness as a weapon to draw her mother’s attention, and involved 
her mother in her frustration. This is the problematic relationship of mother and 
daughter, that had not overcomed for a long time, as a result they hate each other. 
Owing to this problematic relation, mother might not support her daughter and 
daughter do not want to be supported by her mother.

We believed that the supporters for patients with EDs are very sensitive and 
some cases their behavior might worsen the symptoms of ED.

We investigated pregnant women recovered from EDs completely. Keel et al. [18] 
showed that among the patients who recovered from EDs, relapse rate was 36% in 
AN patients, and 35% in BN patients. Compared to these results, our rate of TRED 
group was 67%. Thus, Pregnancy was a crucial event for relapse for patients with ED. 
Our data showed that the TRED group improved within the first 3mon of pregnancy. 
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We found the in spite of the relapse, mothers and infants complications were not 
different compared to NRED group.

Nevertheless, the prevalence of postnatal depression was lower and the infant 
body weight was greater in the NRED group. Following childbirth, we found that 
the rate of postnatal depression and complications were similar in the RED and 
the NRED group. Further, we showed that the infants belonging to the postnatal 
depression group had a lower body weight than those in the non-depression group.

Angela [19] showed that patients with ex-EDs commonly experienced relapse;in 
AN 36%, in BN 35%, the figure was similar to that reported by Keel et at al [18]. 
Hetman et al. [20] showed that ED patients experienced relapse when they go 
to start to school or to go to college, or to start a new job, to be pregnant, and to 
have a baby.

Our data (67% of the patients relapsed during pregnancy and 50% of the 
patients relapsed ED after childbirth.) showed that pregnancy and childbirth 
represented the transition period for EDs, and postnatal term. Patients had been 
treated from the time of diagnosis up until the time of giving birth and postnatal 
period. We treated them twice a month, and we taught them how to coping with 
their eating attitudes and negative feelings.

A study out of Kelty Mental Health Center in British Columbia, Canada. [21] 
suggested that ED relapse could be averted by encouraging a support system for 
EDs, such as teaching them how to eat healthier,and control their unstable feelings. 
The Authority also taught EDs how to cope with their negative influences; to iden-
tify disease triggers, to create personal coping strategies, and to eat meals regularly. 
Our attitudes to them was that we encouraged them continuously to change their 
eating attitudes promoting self-control and encouraging the development of healthy 
relationships with the others, particularly their spouses and close family members. 
Our strategy may be equivalent to that of Kelty. Therefore, that we should followed 
-up the ED patients for a long term was the one of the strategies to prevent ED 
relapse. We think this is also appropriate even for pregnant women with EDs.

Hetman et al. [20] stated that pregnancy was risk factor for ED relapse. Especially 
AN patients wanted to be thinner seriously, leading to reducing their food, tended 
have a higher risk of relapse even when they are pregnant, regardless of their desire 
to be pregnant. They did not want to eat an adequate amount of food. In a similar 
way, Mancini [22] stated that it was usual that even pregnant healthy women had 
body image dissatisfaction. Our results suggested that having a prior history of an 
EDs with body image unsatisfaction was serious risk factors for relapsing for EDs.

Our patients had many complications during gestation. In EKeus et al. [23], 
it was reported that BN women experienced an increased risk of miscarriage. 
Similarly, our findings demonstrated that a woman who had a history of BN expe-
rienced a miscarriage. In Koubaa et al. [24], they reported that the fetus among AN 
mothers grew less efficiently in the intrauterine environment, leading to lower body 
weight infants. The Japanese Nikkei Health [25] describes that an average infants’ 
body weight in Japan, where a male infants’ average weight should be 2980 g and 
a female infants’ weight should be 2910 g. Our findings showed an average body 
weight of 2928 ± 540 g infants, which was comparable to Nikkei Health Report.

However, our RED group regained during the first 3 months of gestation. The 
mechanism for this change remains unclear. The body weight of infants in the RED 
group was lower than that infants weight in the NRED group. Nevertheless, the final 
body weight of infants measured in this study was similar to the average body infant 
weight in Japan. Thus, the first 3 mon of pregnancy may not be important for the 
infant growth. Middle ages patients, such as hypertension, the presence of coro-
nary heart disease, and non- insulin-dependent diabetes mellitus can be caused by 
intrauterine growth restriction, leading to lower birth weight [26]. Thus, low body 
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weight infants should be followed -up for a long duration, which can be important to 
prove for Barker’s hypothesis. Our data showed that all subjects in the NRED group 
gave birth to male infants. However, the underlying reason remains still unclear.

Franco et al. [27] showed that most women with active EDs had normal progress 
during gestation period, and the newborn babies were healthy. Our results are in 
line with those reported by Franco et al.; Further, the patients in our research did 
not have active EDs; thus their babies were more likely to be normal weight than 
those from mothers with active EDs.

Bennet et al. [28] demonstrated that in ED patients, half developed postnatal 
depression and the rate of postnatal depression among healthy women was about 
13%. Our results agree with this report. Nasreen et al. also [29] reported that low 
birth weight infants was strongly related to postnatal depression. Moreover, our 
results demonstrated that following birth infants in whose mothers’ developed 
depression, had a decreased infant body weight, when compared to those whose 
mothers did not develop depression. Our results supported Bennet and Narsreen.

Because of the small sample size, we did not reached the result that BN patients 
had a higher chance for developing postnatal depression. Nevertheless, since about 
half of BN patients developed postnatal depression, BN has possibility to increase 
the risk of having postnatal depression. Moreover, within the AN patients group, 
75% of the patients developed postnatal depression. However, the underlying 
reason remains unclear. Mazzeo et al. [30] demonstrated that patients with a history 
of EDs were at increased risk of relapse during gestation period, which lead to an 
increased incidence of postnatal depression and anxiety. Chan et al. [31] demon-
strated that a higher level of disordered eating during pregnancy was related to an 
increased incidence of postnatal depression. However, in contrast, our findings did 
not demonstrate a higher rate of postnatal depression in RED group compared to 
the NRED group. Therefore, when considering pregnant women who have a history 
of ED, there may be a higher risk of postnatal depression and long-term follow-up 
should be considered. In the current study, we demonstrate that approximately 
half of the patients with pre-existing EDs relapsed within 1 y of delivery. Morgan 
et al. [32] reported that among mothers with pre-existing EDs 66% of experienced 
binging and vomiting after childbirth. However, we do not have detect the patients’ 
types precisely about the type of EDs relapse experienced after childbirth. Thus, we 
are not able to confirm the findings of Morgan. Patients were seen in our outpatient 
clinic every 2 wk. and we counseled them about the management of their stress 
coping and anxiety etc., that might helped EDs to prevent relapse.

There are some limitations of this study. Sample size was smaller. An increase 
in the sample size would have strengthened the statistical power of our study 
and made us to compare between groups with EDs. Our findings supported our 
hypothesis that suggested that women with pre-existing EDs were vulnerable to 
relapse during pregnancy and after childbirth as well as suffering from postnatal 
depression. Another limitation was that we included only women with AN and BN. 
Our samples were limited to the following two groups: women with AN and women 
with BN. As such other subtypes of EDs such as binge eating disorder etc. were not 
included, and should be examined to verify our results. The most important limita-
tion in our current study was the lack of a control that included healthy women, 
who did not have any EDs.

In order to anticipate the risk of postnatal depression, we need to consider 
various questions, including the patients’ social support system, and their feeling 
of becoming a mother and how they perceive their body shape and weight, because 
Chan et al. [31] demonstrated a relationship between postnatal anxiety, irritability, 
and depressive symptoms for 6 mon afterbirth had a serious relationship with body 
dissatisfaction, leading to postnatal depression.
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6. Conclusions

The findings from our long-term follow-up for EDs as well as our previous 
research [1] suggest that despite our small sample size, 67% of the patients relapse 
after childbirth, and they relapsed within the 3mon of the pregnancy. The rate of 
the postnatal depression was higher compared to healthy women. There was no 
relation between ED patients and their husband with regard to family support. 
Thus the long-term follow-up for the patients with EDs were very important.
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