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Obesity now affects millions of people and places them at risk of developing metabolic syndrome, nonalcoholic fatty liver disease
(NAFLD), and even hepatocellular carcinoma. This rapidly emerging epidemic has led to a search for cost-effective methods to
prevent the metabolic syndrome and NAFLD as well as the progression of NAFLD to cirrhosis and hepatocellular carcinoma. In
murine models, time-restricted feeding resets the hepatic circadian clock and enhances transcription of key metabolic regulators
of glucose and lipid homeostasis. Studies of the effect of dawn-to-sunset Ramadan fasting, which is akin to time-restricted
feeding model, have also identified significant improvement in body mass index, serum lipid profiles, and oxidative stress
parameters. Based on the findings of studies conducted on human subjects, dawn-to-sunset fasting has the potential to be a

cost-effective intervention for obesity, metabolic syndrome, and NAFLD.

1. Global Impact of Obesity, Metabolic
Syndrome, Nonalcoholic Fatty Liver Disease,
and Hepatocellular Carcinoma

In 2014, the World Health Organization estimated that there
were more than 1.9 billion adult overweight people of whom
more than 600 million were obese [1]. More than 115 million
people are estimated to have obesity-associated diseases
(e.g., cardiovascular disease, stroke, diabetes, dyslipidemia,
obstructive sleep apnea, metabolic syndrome, and breast,
colon, and liver cancers) [1, 2]. A prospective, 16-year
study of 900,053 US obese adults showed that subjects
with a body mass index (BMI)>40kg/m* had 52% to
62% higher death rate from cancers compared to those
with normal weight [3]. Obesity and metabolic syndrome
are strong risk factors for nonalcoholic fatty liver disease

(NAFLD), a chronic liver disease that can result in cirrhosis
and liver cancer [4-6]. To compound this crisis, between
1960 and 2010, the obesity in adults in the US increased from
13% to 36% [7], which foretells of increasing significance.
Aside from the negative health consequences, like liver
disease and diabetes, the socioeconomic impact of these
sequelae is profound [8]. The ramifications are far-reaching,
and better approaches to addressing NAFLD are needed.
The Third National Health and Nutrition Examination
Survey conducted between 1988 and 1994 reported that
~20% of the U.S. population had NAFLD [9]. A subsequent
study showed a nearly 3-fold increase in NAFLD prevalence
between 2003 and 2011 [10]. It has been projected that over
64 million U.S. residents will be diagnosed with NAFLD
and incur about $103 billion annual direct medical costs
[11]. While it has been argued that the increase in obesity
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and its sequelae is a consequence of easy access to caloric
dense food and concomitant decrease in physical activity
[12], the cofactors responsible for the NAFLD epidemic
remain poorly understood. These factors include lipotoxicity
(e.g., increased hepatic free fatty acid uptake and de novo
lipogenesis, decreased beta-oxidation of free fatty acids),
hormonal and cytokine secretion from adipose tissue,
genetic and epigenetic factors, mitochondrial dysfunction,
endoplasmic reticular stress, several medications, insulin
resistance, such that diabetes mellitus is frequently part
of the constellation, and unfavorable alterations in gut
microbiota (e.g., transformation of lean gut microbiota
into obese gut microbiota) that effect deleterious changes
to the gut-liver axis [13].

Changes in diet and exercise are the mainstay preventa-
tive approaches for NAFLD. However, the majority of obese
patients are unable to accomplish or sustain intentional
weight reduction by diet and exercise alone [14]. Medical
therapies (e.g., drugs) have had limited benefit [15, 16]. For
example, Sanyal et al. [17] showed that among subjects with
NAFLD without diabetes, only 47% of subjects treated with
pioglitazone and 36% of those treated with vitamin E had a
resolution of nonalcoholic steatohepatitis (NASH). Although
this study showed significant improvement in total NAFLD
activity score in patients with NAFLD treated with pioglita-
zone and vitamin E compared to those who received placebo,
there was no significant improvement in the hepatic fibrosis
score compared to placebo [17]. In contrast, bariatric surgery
has been shown to improve hepatic steatosis, fibrosis, and
necroinflammatory activity in the morbidly obese patients
with NASH [18, 19] but the mechanisms have not yet been
fully worked out. Murine studies on obese animals follow-
ing Roux-en-Y gastric bypass demonstrated favorable
alteration in the abundance of colonic Gammaproteobac-
teria (Escherichia) and Verrucomicrobia (Akkermansia)
and suggest that gut microbiota indirectly contribute to
reduced host weight and recurrent adiposity [20]. Numerous
complementary and alternative remedies have been tested
and have shown some promise in ameliorating NAFLD, but
none have been proven to have significant efficacy [21, 22]
and some have been shown to cause drug-induced liver
injury [23].

Over the last two decades, human and animal studies
have shown that timing of meal intake is as important as
the composition of the diet and caloric quantity to prevent
obesity and its complications [24-33]. Mealtime and cultural
eating habits, the quantity, and type of foods ingested can
adversely affect health status and increase the likelihood of
developing obesity and related complications. For example,
it was recently shown that subjects that were in a low
mealtime habits quality group (mealtime habits quality was
based on mealtime circumstances including whether there
was time for eating, distraction during food intake, and
environmental, social, or cultural habits) had significantly
higher risk for metabolic syndrome and insulin resistance
[34]. Conversely, subjects who were in high mealtime habits
quality group were deemed to be at lower risk for adversity
[34]. As such, the mechanisms by which mealtime influences
adverse outcomes, or conversely, can ameliorate adverse
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outcomes, such as by modulating circadian rhythm, demand
further investigations.

It has been suggested that time-restricted food intake
might be a successful intervention to prevent and manage
obesity, metabolic syndrome, and its complications due to
neurohormonal adaptions [24-33]. Altering feeding time,
whether it is a primary intervention or adjunctive to dietary
caloric content, may have a net benefit, especially to those
most afflicted. Several recent rodent studies have shown
that dysregulation of the circadian secretion of melatonin
increases the risk for diabetes and sequelae [35-38], and
supplemental melatonin administration resulted in a modest
improvement in the parameters of human metabolic syn-
drome [35]. Melatonin release is multifactorial, and favorable
melatonin response points toward a complex relationship
between mealtime, the fasting state, and neurohormonal
factors that invite for further study. As such, the roles of
mealtime and sleep-wake cycles appear to be important.
Herein, we summarize the data regarding time-restricted
feeding and dawn-to-sunset fasting on obesity and point
toward potentially innovative strategies to curtail NAFLD.

2. Impact of Time-Restricted Feeding on Master
and Hepatic Clocks in Murine Models

Micronutrient availability promotes cellular growth and
proliferation through various inductive mechanisms, such
as amino acid sensing and reactive activation of the mecha-
nistic mammalian target of rapamycin complex 1, the central
metabolic regulator [39]. The induction of ribosomal biosyn-
thesis appears to be as crucial and is a highly regulated step in
proliferative growth, cancer, and cell survival under stress
[40]. Cells which attempt to conserve the ribosomal biosyn-
thetic mechanisms at all costs are thought to promote cell
survival and appear important in the malignant process
[40]. These mechanisms are modulated, and like NAFLD, a
multifactorial premalignant condition [6] appears to be
under the influence of multiple circadian processes [41, 42].
The associations between NAFLD, circadian rhythm distur-
bances, and malignancy are poorly understood. Guerrero-
Vargas et al. [43] recently demonstrated that constant light
exposure appears to promote tumor growth in rats in a way
similar to a high caloric diet. As such, the relationships
between dietary content, meal timing, circadian rhythm,
NAFLD, and malignancy appear complex and deserve much
greater attention.

Centrally, the suprachiasmatic nucleus (SCN) of the
hypothalamus hosts a molecular clock that serves as the
driving force for circadian rhythmicity [44, 45] and manipu-
lation of circadian rhythm appears to be a therapeutic target
[46-48]. The molecular basis for circadian rhythmicity is
thought to be related to an autonomous transcription-
translational feedback loop system (positive and negative)
[44, 45]. This biomechanism is not limited to the brain alone
as circadian clocks also exist in the peripheral tissues, such as
adipose tissue and liver [44, 45, 49, 50]. It is thought that
peripheral circadian clocks, including those in the liver, have
an important role in synchronization of peripheral metabolic
regulators to feeding/refeeding cycles and energy demands
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[33, 44, 45, 49-51]. This appears to be achieved, in part,
by modulating the expression of transcription factors, sig-
naling molecules, substrate transporters, and metabolic
enzymes [33, 44, 45, 49-51].

The hepatic biological clock can be set or reset by two
major mechanisms, light and mealtime [44, 45, 52-56].
The first mechanism involves the stimulation of the master
clock located in the SCN of the anterior hypothalamus by
light-dark cycles, and this appears to be a dominant factor
[44, 45, 52-56]. Information on light-dark cycles is received
and transferred to the master clock via retinohypothalamic
tract/melanopsin pathway [45] and mammalian target of
rapamycin signaling pathway [41]; thereby, the master clock
synchronizes with the peripheral clocks, including the
hepatic clock via several neural and hormonal output mech-
anisms [41, 45]. Melatonin-binding sites [57] may play a
major role in synchronization between central clock and
hepatic clock. According to current clock models, communi-
cation between central clock and hepatic clock is facilitated
by the sympathetic nervous system and/or hormones [58].
In humans, one of the hormones that may be providing the
communication between central clock and hepatic clock
could be melatonin via melatonin-binding sites. While the
sympathetic nervous system may be the predominant
mechanism in mice due to extremely low levels of melatonin,
circulating melatonin may be the predominant communi-
cation mechanism in humans. However, this remains to
be determined.

A secondary hepatic clock mechanism functions in
response to time-restricted feeding that releases the hepatic
clock from the control of the master clock in the SCN
[52, 53, 55]. In this way, the hepatic clock is entrained
directly by time-restricted feeding cycles, not by light-
dark phase cycles and this phenomenon is independent
of the master clock located in the SCN [52, 53, 55]. As
such, mealtime appears to be critical in circadian rhythm
because the two mechanisms appear to be intertwined.

In contrast to humans, most food consumption and
activity in mice occur during night time (dark phase)
[52-55, 59, 60]. Murine studies showed that time-restricted
feeding changed and reset the phase of hepatic clock oscilla-
tions without changing the phase of the master circadian
clock only on three distinct occasions: no access to food
during dark phase (activity phase) (1) with unlimited access
to food during 12-hour light phase, (2) with time-restricted
access to food during the light phase, and (3) with time-
restricted access to food during subjective day (during
daytime 6 am to 6 pm or circadian time 5 to 9) of 24-hour
constant darkness [52, 53, 55]. Paradoxically, unlimited food
access only during dark phase or ad libitum feeding in mice
did not result in significant change in the phase of hepatic
circadian clock [52-55, 59]. Damiola et al. [52] showed that
no access to food during dark phase with unlimited access
to food during light phase completely inversed the phase
of mRNA expression in the hepatic clock and clock-
controlled genes including Perl, Per2, Per3, Cryl, D site-
binding protein (Dbp), Rev-erba, and Cyp2a5. In summary,
several murine studies showed that time-restricted feeding
during light phase under 12-hour light/12-hour dark cycle

or during subjective light phase under 24-hour constant
darkness for at least several days resets the phase of hepatic
clock [52-55, 59, 60] and this occurs independent of central
circadian clock in the SCN [52, 53, 55]. The mechanism by
which time-restricted feeding resets the hepatic clock inde-
pendently of the central clock remains to be discovered.

Hatori et al. [33] showed that time-restricted access to
food during dark phase (only 8 hours) with no access to food
during light phase under 12-hour light/12-hour dark cycle in
mice on a high-fat diet resulted in an increase in the peak-to-
trough ratio of mRNA expression of hepatic clock genes
including Perl, Per2, Bmall, Rev-erba, Cryl, Clock, Rora,
and Dbp when compared to mice on high-fat diet ad libitum.
Hara et al. [53] showed that complete food removal during
dark phase with time-restricted access to food during light
phase (only 4 hours) under 12-hour light/12-hour dark cycle
or time-restricted access to food (only 4 hours) during con-
stant darkness in mice gradually increased the intensity of
mRNA expression in the hepatic clock genes including
mPerl and mPer2. These genes encode for critical compo-
nents of the mammalian circadian clock such that mutations
impair mammalian circadian oscillations [61]. Collectively,
the studies conducted by Hatori et al. [33], Hara et al. [53],
and Sherman et al. [59] suggest that in order to improve
the amplitude of hepatic clock oscillations, either no access
to food during dark phase with time-restricted access to food
during light phase, time-restricted access to food during
dark phase with no access to food during light phase
under 12-hour light/12-hour dark cycle, or time-restricted
access to food during 24-hour constant darkness for several
consecutive days to several weeks is necessary in murine
models. The ramifications of these studies for the human
condition are profound.

3. Impact of Time-Restricted Feeding on
Metabolic Profile, Obesity, NAFLD, and
Inflammatory Markers in Murine Models

Results of several murine studies showed that timing to food
access, in the fasting state, is the cue “Zeitgeber” to entrain
hepatic oscillators [33, 52-55, 59] and thereby evoke upregu-
lation of mRNA and various protein synthetic pathways,
including enzymes that play a role in carbohydrate and lipid
metabolism [33, 59]. Hatori et al. [33] also demonstrated that
mice fed by high-fat diet ad libitum developed obesity while
mice fed by high-fat diet only for 8 hours during dark phase
under 12-hour light/12-hour dark cycle did not develop
obesity. The fasting period was sixteen hours a day for more
than hundred days, and both mouse groups consumed
equivalent calories [33]. That study showed that the increase
in mRNA expression of hepatic clock genes corresponded
to favorably altered mRNA expression of key metabolic
regulator enzymes of glucose and fatty acid metabolism
(e.g., increase mRNA expression of glucose-6-phosphate
dehydrogenase and hepatic lipase, decrease mRNA expres-
sion of pyruvate carboxylase, glucose-6-phosphatase, and
fatty acid synthase) resulting in less hepatic inflammation
and steatosis with lower ALT levels compared to mice



that were fed ad libitum by high-fat diet of equivalent
calories [33].

Sherman et al. [60] showed that time-restricted access to
food during the light phase (only 4 hours) with no access to
food during the dark phase under 12-hour light/12-hour
dark cycle in mice on a high-fat diet prevented obesity,
reduced cholesterol levels, and improved insulin resistance
compared to mice on high-fat diet ad libitum. In another
study, Sherman et al. [59] showed that mice fed only 3 hours
during inactivity phase (light phase under 12-hour light/
12-hour dark cycle) for 16 weeks had significantly increased
amplitude in key metabolic regulators (e.g., peroxisome
proliferator-activated receptor « mRNA), reduced inflamma-
tory markers (e.g., hepatic interleukin-6 mRNA, tumor
necrosis factor-alpha, and nuclear factor xB), and reduced
serum cholesterol and triglyceride levels compared to mice
fed ad libitum. Average food intake to total body mass ratio
in time-restricted and ad libitum feeding groups were almost
the same [59]. The results of these three studies suggest that
the duration of the food allowance needs to be shorter when
the phase of the feeding is changed from dark phase to light
phase to produce same metabolic improvement in mice
[33, 59, 60]. Indeed, Yasumoto et al. [62] showed that
mice fed with high-fat/high-sucrose diet for 8-hours during
light phase (instead of 3 to 4 hours in studies as conducted
by Sherman et al. [59, 60]) had a significant increase in food
consumption, body weight, hepatic triglyceride, cholesterol,
and free acid levels as compared with mice fed with high-
fat/high-sucrose diet for 8 hours only during the dark phase
[62]. That study, by Yasumoto et al. [62], showed that feeding
mice with high-fat, high-sucrose diet for long hours during
the inactive phase could result in obesity and its complica-
tions, at least at short-term [62]. Short duration of this study
was a major limitation to draw solid conclusions; it is
unknown whether this metabolic dysregulation was second-
ary to insufficient experiment time provided for murine
adaptation to a new feeding pattern. Collectively, the results
of these studies suggest that the timing and duration of the
food intake may be as important as is the restriction of
caloric intake in the prevention of obesity and its metabolic
complications [33, 59, 60, 62].

Adamovich et al. [63] showed that wild-type mice fed
only at night time had about 50% reduction in hepatic
triglyceride levels compared to wild-type mice fed ad libitum.
In contrast, clock-disrupted (Per1/27") mice fed only at
night time had about 25% increase in hepatic triglyceride
levels compared to clock-disrupted mice fed ad libitum
[63]. Interestingly, they found that the oscillations of about
17% of hepatic lipids had a circadian pattern in both wild-
type and clock-disrupted mice [63]. The results of this study
suggest that hepatic accumulation of triglycerides is both
feeding time- and clock-dependent [63].

Several key regulators of glucose and lipid homeostasis
have a circadian rhythm set by light-dark cycles and feeding
times [33, 59, 63-65]. The typical, western human diet is
generous, often with three daily meals and snacks and, as
such, individuals, in essence, remain in a postprandial state
throughout the daytime waking hours. We believe that this
eating behavior may negate the opportunity for circadian
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rhythm-mediated weight loss and its effects would corre-
spond to the food-induced obesity and complications
observed in mice fed ad libitum [33]. The proposition that
strict regulation of feeding times in human could favor
decreased hepatic inflammation and sequelae (i.e., cirrhosis,
hepatocellular carcinoma) is herein put forth. The idea that
postprandial inflammation occurs is supported by the
observation that liver stiffness is increased after meals and
persists for several hours with little time to recover between
meals [66] and that with fasting, and postprandially, serum
high-sensitivity C-reactive protein was shown to correlate
with plasma triglycerides, chylomicrons, and VLDL after
the CHO/fiber but not after a diet rich in monounsaturated
fatty acids [67]. This is supported by the observation that
liver stiffness in increased after meals and persists for several
hours with little time to recover between meals [66].

4. Impact of Time-Restricted Feeding on Gut
Microbiome in Murine Models

The effect of fasting and feeding patterns on metabolism can
be closely associated with alterations in gut microbiota.
Zarrinpar et al. [68] and Thaiss et al. [69] have shown in mice
that there were cyclical oscillations in the gut microbiome
composition based on different feeding and dietary patterns
and rhythms (feeding pattern effect on gut microbiome).
Thaiss et al. [69] showed that light-time-fed mice exhibited
approximately 12 hours of phase shift and enhancement
of rhythmicity in the oscillations of bacterial operational
taxonomic units compared to dark-phase-fed mice. Subse-
quently, Paulose et al. [70] demonstrated that Enterobacter
aerogenes, a habitant of the human gut, showed swarming
activity and motility in the culture that corresponded to host
circadian clock oscillations and was melatonin dose- and
temperature-dependent (melatonin effect on gut micro-
biome) [70]. Taken altogether, feeding patterns dictate cycli-
cal changes in gut microbiome [68, 69], and these cyclical
changes in the gut microbiome are likely generated by
either pinealoycte [71-73], enterochromaftin cell-originated
[73-76], or food-originated [77, 78] melatonin bound to
melatonin-binding sites in the gut bacteria [70]. However,
the type and the exact role of melatonin in changing the
composition of gut microbiome through feeding pattern
remains to be determined. It would be of particular
interest to determine because of the potential to explore
new interventions.

Several studies have linked obesity and metabolic syn-
drome to alterations in the gut microbiome [79-89]. The
“obese microbiota” has been shown to play a role in the
development of NAFLD [79-89]. The gut microbiota deter-
mines host adiposity by affecting the transcription of host
genes that play a major role in energy consumption and
storage as well as extracting energy from indigestible polysac-
charides [82]. Zarrinpar et al. [68] showed that mice fed with
high-fat diet only for 8 hours during dark phase had signifi-
cantly higher p-diversity, reduced obesity-associated Lacto-
coccus species and significantly increased obesity-protective
Ruminococcaceae compared to mice fed with high-fat
diet ad libitum under 12-hour light/12-hour dark cycle
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for 8 weeks. If time-restricted feeding can prevent obesity
and complications [33] and exerts cyclical changes in gut
microbiome [68] in murine models, it remains to be deter-
mined whether time-restricted eating in humans can prevent
NAFLD and complications by inducing cyclical changes in
the composition of the gut microbiome.

5. Dawn-to-Sunset Fasting (Ramadan
Fasting Model)

Ramadan fasting is a convenient model of consecutive
rhythmic dawn-to-sunset fasting for a month that has been
practiced for over 1400 years “The Noble QUR’AN, Surah
Al-Baqarah (Surah 2: Verse 187)”. The fasting without eating
or drinking starts at civil dawn after a predawn breakfast and
ends at sunset with a dinner. There are several spiritual
meanings associated with Ramadan, including teaching self-
discipline and healthy survival practices, attributes typically
lacking among the obese. It is unclear what biological factors
prompt the most favorable changes toward health, but
evidence points to stool microbiota as a key factor, possibly
working in concert with circadian rhythm by increasing the
melatonin expression in the gut. Ramadan fasting is a type
of time-restricted feeding model without any calorie restric-
tion, and only lunch and snacks between breakfast and
dinner are skipped. In murine models, time-restricted feed-
ing for several days resets (regulates) the phase of hepatic
circadian rhythm [52-55]. This thought to optimize the
functioning of key metabolic regulator enzymes of glucose
and fatty acid metabolism appears to prevent obesity and
its complications [33, 59, 60]. During human Ramadan
fasting, consecutive dawn-to-sunset fasting is anticipated to
produce similar optimization in key hepatic metabolic regu-
lator enzymes, but this has not yet been directly tested.
Avoiding the near perpetual fed-state, which is common in
the western culture, may be critical in weight loss, drawing
the calories from fatty stores and thereby preventing deposi-
tion in the liver and preserving the rhythmic secretion of
several key hormones including leptin, ghrelin, and adipo-
nectin that regulate hunger. We contend that preserved
daytime activity and timing of major food consumption at
transition zones of the day (predawn breakfast and postsun-
set dinner) may be as important as caloric content and
composition in the prevention of obesity and its sequela. This
approach is in sharp contrast to feeding throughout the
nighttime with activity (nightshift) which has been associated
with adverse outcomes [90].

When conducting fasting studies, the distinction between
dawn and sunrise is crucial because significant metabolic and
hormonal changes in humans start at dawn, not at sunrise
[91]. The impact of dawn-to-sunset fasting on circadian
rhythm may be assessed by measuring melatonin and cortisol
levels and the body temperature as surrogate parameters [92-
95]. However, it is currently unknown whether melatonin and
cortisol levels and body temperature reflect the oscillations
from the central clock or peripheral clock; according to a
murine study, during time-restricted feeding, uncoupling of
peripheral clocks from central clock occurs [52], and a simi-
lar uncoupling would be anticipated to occur in humans.

A study conducted on eight healthy subjects who fasted
from dawn-to-sunset showed that acrophase (time at which
the amplitude of the circadian rhythm peaks) of the rectal
temperature on the 25th day of fasting shifted lagging for 2
to 3 hours (delayed) compared to acrophase detected 15 days
before the initiation of fasting [94]. In another study
conducted in 10 healthy subjects who fasted from dawn-to-
sunset, circadian rhythm of oral temperature was phase-
shifted during fasting month (measured at the 6th, 15th,
and 28th days) compared to baseline (1 week before the
initiation of fasting) with significantly decreased oral tem-
perature values during daytime hours and increased values
during nighttime hours [95]. Bogdan et al. [93] conducted
a study that investigated the effects of dawn-to-sunset fasting
on melatonin and cortisol axis in ten healthy subjects and
measured blood melatonin and cortisol levels every 4 hours
during fasting. The results of that study showed that
24-hour mean melatonin level and amplitude of melatonin
rhythm were decreased on the 23rd day of fasting compared
to levels measured one week before the fasting month [93].
During dawn-to-sunset fasting, Bogdan et al. [93] also
reported a biphasic cortisol level pattern during 24 hours,
and al-Hadramy et al. [92] observed similar findings in a
single subject on the 15th day of dawn-to-sunset fasting.
Collectively, the results of these studies suggest that dawn-
to-sunset fasting resulted in phase shifting in master clock
oscillations and this is likely related to a change in sleep
patterns during Ramadan for adaptation to new mealtimes.

It is unknown whether dawn-to-sunset fasting also
results in uncoupling of the hepatic clock from the master
clock in SCN [52, 53, 55] and synchronization of peripheral
metabolic regulators to feeding/refeeding cycles and energy
demands [33, 59, 60]. The uncoupling of the hepatic clock
from the master clock in SCN was shown in mice that were
exposed to time-restricted feeding [52, 53, 55]. Demonstra-
tion of absolute-uncoupling epiphenomena and changes
in hepatic clock mRNA expression in humans related to
dawn-to-sunset fasting, without liver tissue studies before
and after fasting, will be impossible due to invasiveness.
However, this concern might not be relevant to effective
interventions leading to decreased steatosis. Many studies
have shown that significant weight loss occurs during
dawn-to-sunset Ramadan [24, 28-32] but the cause is not
clear because total daily caloric intake does not appear to be
significantly different.

6. Impact of Dawn-to Sunset Fasting on Body
Mass Index and Lipid Profile

Many studies have shown that significant weight loss
occurs during dawn-to-sunset Ramadan fasting (Table 1)
[24, 28-32] but the cause is unclear because total daily
caloric intake during Ramadan fasting appears to be the
same compared to nonfasting status. Several of these stud-
ies showed significantly improved lipid profile in healthy
subjects and those with coronary artery disease (CAD),
cerebrovascular disease (CVS), and metabolic syndrome
[24, 26, 27, 29, 31, 96]. A study conducted on 32 healthy
adult men who fasted from dawn-to-sunset for one month
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TaBLE 1: Impact of dawn-to-sunset fasting for one month on BMI or weight.
Reduction in mean BMI (kg/mz)
Authors Groups Numper Mean age or Population Lo welght. q(g) .
of subjects  age range Comparison between initiation
. 123456 P value
and end of fasting ="
'Adlouni et al. [24] Men 32 25 to 50 Healthy 69.61 to 67.83 <0.01
Women 27 23.6 to 23.6 0.05
*Temizhan et al. [31] 33 Healthy
Men 25 24.3 to 23.0 0.05
3, Women 39 21.3 to 20.9 0.002
Ziaee et al. [32] 23 Healthy
Men 41 23.1 to 22.0 0.136
“Chaouachi et al. [28] Men 15 18 Healthy 22.35 to 21.93 <0.01
SNematy et al. [29]  Women (44), men (38) 82 54 CAD, metabolic 28.4 t0 27.7 <0.001
Y ’ ’ syndrome or CVD ’ ' '
<35 years old (women) 51 24.1 to 23.7 <0.001
<35 years old (men 31 26.4 to 259 <0.001
6Norouzy et al. [30] Y ( ) 40 Healthy
36-70 years old (women) 31 27.7 to 27.4 <0.001
36-70 years old (men) 127 26.8 to 26.4 <0.001

"Weight was measured 1 week prior to fasting and on the 29th day of fasting. >BMI was measured on the first day of fasting and last day of fasting. *BMI was
measured 3 days before fasting and on the 26th day of fasting. *“BMI was measured 4 days before fasting and on the 29th day of fasting. BMI was measured from
7 days prior to fasting to 2 first days of fasting and from the 27th day of fasting to 6 days after one month of fasting. °BMI was measured 1 week prior to fasting

and 1 week after one month of fasting.

demonstrated significant improvement in lipid profile despite
significantly higher total daily energy intake compared to that
from 1 week before the initiation of fasting [24]. The same
authors also reported a persistent effect of fasting one month
beyond the last day of fasting that suggested a metabolic-
memory epiphenomenon [24]. Their findings were in line
with the results of murine studies on time-restricted feeding
that showed that the timing and duration of the food intake
were as important as the caloric content [33, 59, 60].

Lipid profiles were also shown to improve in a study
by Temizhan et al. [31] of 52 subjects who fasted from
dawn-to-sunset for one month (Table 2). Improvement
in lipid profile after a month of dawn-to-sunset fasting
was observed not only in healthy subjects but also in sub-
jects with hypertension, diabetes, metabolic syndrome,
CAD, and CVD (Table 2) [26, 27, 29]. The results of a
prospective observational study conducted on 82 patients
with history of CAD, CVD, or metabolic syndrome who
fasted for at least 10 hours from dawn-to-sunset showed
significant improvement in lipid profile as well as Framing-
ham 10-years coronary heart disease risk score at the end of
one month (P <0.001) [29]. Therefore, the evidence for
dawn-to-sunset fasting appears to have benefits that affect
multiple biologic systems.

There were also studies that showed conflicting findings
(Table 2) [25, 28, 32]. Ziaee et al. [32] found significant
improvements in fasting plasma glucose levels, weight loss,
and reduction in BMI at the 26th day of fasting, but there
was no significant improvement in lipid profiles observed.
The authors concluded that change in dietary habits and
individual reaction to starvation might have played a role
[32]. Similarly, Aksungar et al. [25] reported no significant
improvement in lipid profile in 40 healthy subjects after
one month of dawn-to-sunset fasting compared to 28 healthy
controls who did not fast [25]. However, the authors reported

that the HDL risk factor (total cholesterol/high-density lipo-
protein ratio) was significantly reduced in those who fasted
compared to controls [25].

7. Impact of Dawn-to-Sunset Fasting on
Blood Metabolome

Mathew et al. [97] performed a targeted metabolomic profil-
ing in 11 healthy subjects who fasted from dawn until sunset
for one month. That study showed significantly higher
phosphatidylcholine concentrations at the 4th week of
dawn-to-sunset fasting compared to the first week of dawn-
to-sunset fasting [97]. Li et al. [98] showed that reduction
in the molar ratio of phosphatidylcholine to phosphatidyl-
ethanolamine resulted in impairment of membrane integrity,
development of steatohepatitis, and hepatic failure. Puri et al.
[99] showed that subjects with NAFLD had reduced total
phosphatidylcholine levels. Deficiencies of several enzymes
in phosphatidylcholine synthesis were shown to result in
obesity and NAFLD [100]. Collectively, these findings
suggest that increased phosphatidylcholine levels observed
at the 4th week of dawn-to-sunset fasting [97] may play a
critical role in the prevention of NAFLD.

8. Impact of Dawn-to-Sunset Fasting on
Hypertension and Diabetes

For the effects of dawn-to-sunset fasting on hypertension and
diabetes, several studies have shown encouraging results. We
identified two studies that reported significant improvement
in blood pressure in subjects with cardiovascular disease
[27, 29]. A gender- and age-matched study showed that
subjects with hypertension had a significant reduction in
systolic and pulse pressures at the 4th week of dawn-to-
sunset fasting compared to that measured one week before



Gastroenterology Research and Practice

‘pa1rodar jou a1om sanfea g [enyoe Guesyrudis A[fesnsnels Jou = SN (S0°0 > J) ueoyrudis A[peonsnels = g
“Sunyse} o Yoam Y3¥ Y3 Je pue Sunsey 03 1011d 3eam [ painseaws sem d[yod prdr, ., “Sunse) jo yyuows | 1oye skep 9 03 Sunsey Jo Lep yi/g a3 woy pue Sunse) o sep 3s1y ¢ 03 Sunsey 03 sowid sep £ woly painseaw
sem aqgoxd pidry, ‘Sunsej jo Aep yi67 23 uo pue Sunsej 210j2q skep  pamseawr sem a[god prdry, “Sunsey Jo 3oam Yiy 2y Je pue Sunsej o3 Jotrd ypam [ pamseawr sem a[yoid prdry, Sunsey jo Aep yI9z 2y uo pue
Sunsej a1050q skep ¢ pamseawr sem a[yoxd prdry “Sunsey jo Lep 1se[ ayy pue Sunsej jo Lep Js1y ) uo panseaws sem d[yoxd pidry, “Sunsey jo Lep Y16z 243 uo pue unsey 0) 1oud ypam [ paansedw sem ayoxd pidr,

SN pasea1naqg SN paseaouy S paseanaq SN paseanaq onaqerp oF omaqerq
paioda JoN 10 Ayyeay cc 01300 . mom_
SN pasea1ddg SN paseaou] S pasea1nsg SN paseardq [PULION ov - PJeYS-1Ve
S pasea1ddg S paseaou] S pasea1dag SN pasea1dag aatsuayIadAy hi% aA1su2)12dA L] (2]
) LT
payrodax joN 10 Ayjeay SS [onuod .
SN pasea1nag SN paseaouy S paseanaq SN paseamaq [PwIIoN oF [euLIoN PJeyS 1V,
dAD 10
) 95BIIOD ) 9SBIIDD : 9SBIIOU : 9SBIIOD ) 9SBIIOD woIpuAs (8¢) uowr lez] Te 32
0000 p a 0000 p a 0000 p 1 0000 p ad €200 p a Srjoqerew ¥S 8 (pp) uawOp AewaN
g 9
avo
payrodax joN 500> pasearduy 100> Ppaseaou] SN Ppasea1daq 500> paseaduy Aqyreay 8T ST U . [82] ‘T2 3
IYOENOBYD),
9SBIIOU 9SBIIOU 25BIIOU 9SBIIOD uo .
patodar 10N SN p I SN p I SN p 1 SN p ad Aqipeors 66 01 07 0T W [sz] T30
SN paseanu] 100> paseanuy SN paseaaq SN paseanu] 0T UIWO M ummnsmvz«
770 paseanur €70 paseanur 100°0> paseanaq 60°0 paseaou] 150 paseanur Aqreo ¥ U [z€] e 10
€0 paseanaq 500 paseanur 020 paseanag w0 paseanaq 8470 paseanur I £ 6¢ USWO M deIZ,.
500 Ppaseanaq S0°0 paseanaq 500 paseanouy 500 paseanaq 100 paseanaq ST U (1] TP
Aqeay €€
100 pasea1naqg 100 pasea1nng S0°0 paseaou] 100 pasea1nag 1000 pasea1naqg 1T USWO M UBYZIWO T,
pairodar JoN 100°0> paseanag 100°0> paseaou] 100°0> pasea1ndg 100°0> pasea1ndqg Aqyreay 0S 03 ST 43 WN mwmo.ﬁﬂzwu
- 1
grosrer Uy grosrer Uy g Losrer1SUnSE grosreruIsY grosreruIsY
Jo pua pue JO pua pue Jo pua pue Jo pus pue Jo pus pue
anea 4 uonenIul anfea g4 uonenIul anfea 4 uorjenIul anea 4 uonenIul anfeA g4 uonenIul a3uer s1oolans
u2aMIaq u2aMI2q u2aM)2q U2IMI2q u2aMIaq wonendo a3e } % sdnox -
uostredwon) uostreduron) uostredwon) uostredwon) uostredwon) nemaod 16 5ge » mﬁ n O R
[012183[01> [013189[01> [o123s3101]> UeIN QAN

(1aTA) urejoxdodyy
Ayisuap-mor £10A UedIA

(1a7) urajoxdodsy
AJISUSp-MO] ULIIA

(1aH) ujoxdodyy
Ayisuap-y8iy uesy

SOPLIOA[SLI) uBN

[0121S30T> [810) UBIIA

‘argoxd prdi] uo yyuowr suo 1oy Sumsey Josuns-o3-umep jo joedwy ;g TI9V],



fasting month [27]. Similar improvement in systolic blood
pressure was reported by Nematy et al. [29].

A well-designed rigorous study conducted on 32 healthy
men showed significant improvement in fasting blood glu-
cose levels measured at the 29th day of dawn-to-sunset
fasting compared to prefasting levels [24]. One gender-
and an age-matched study conducted on 40 type II diabetic
subjects and 40 nondiabetic controls showed significant
improvement in diabetic patients’ fasting blood glucose
levels at the 4th week of fasting compared to prefasting levels
[26] and another study conducted on 81 healthy students
showed similar results [32]. In contrast, a study conducted
by Nematy et al. [29] did not show any significant improve-
ment in glucose metabolism parameters at the end of one
month of dawn-to-sunset fasting compared to prefasting
levels [29]. This is most likely that the authors combined
the laboratory measurements that were performed both
during the last week of Ramadan fasting and after the end
of Ramadan fasting [29].

9. Impact of Dawn-to-Sunset Fasting on
Inflammatory and Oxidative Stress

Aksungar et al. [25] reported significant improvement in
interleukin-6, high-sensitivity C-reactive protein, and homo-
cysteine levels in 40 healthy women and men after one
month of dawn-to-sunset fasting [25]. The improvement in
interleukin-6, high-sensitivity C-reactive protein, and homo-
cysteine levels was not observed in 40 healthy controls who
did not fast [25]. In contrast to Aksungar et al. [25], Nematy
et al. [29] did not find significant improvement in high-
sensitivity C reactive protein at the end of one month of
dawn-to-sunset compared to that from baseline.

Results of two studies performed in normal controls, hyper-
tensive, and diabetic subjects showed significant improvement
in oxidative stress parameters including increased blood gluta-
thione and reduced serum malondialdehyde levels at the 4th
week of dawn-to-sunset fasting [26, 27]. Remarkably, even six
weeks after stopping dawn-to-sunset fasting, glutathione and
malondialdehyde levels remained significantly improved in
all groups compared to prefasting levels [26, 27]. However,
the interrelationship between oxidative stress, inflammation,
dysglycemia, and dyslipidemia and the effects of short-term
and long-term dawn-to-sunset fasting on these parameters
have not been assessed. We did not find any studies that
assessed the short-term or long-term effects of dawn-to-
sunset fasting on NAFLD.

10. Limitations of Previous Studies on
Dawn-to-Sunset Fasting and
Recommendations for Future Clinical
Trials on Dawn-to-Sunset Fasting

Several studies have shown that the dawn-to-sunset Rama-
dan fasting could be unfavorable for health [101-103], but
those results might be due to multiple inconsistencies with
the design, conduct, and interpretation of those studies. We
believe that a crucial violation in the Ramadan tradition is
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skipping predawn breakfast that could contribute to a
significant daily caloric deficit and would be expected to
promote metabolic dysfunction, increased postprandial
insulin levels, and fat oxidation [104] and confound results.
In most studies that evaluated the impact of Ramadan fast-
ing on BMI, lipid, and other metabolic profiles, information
whether subjects had a predawn breakfast was not pro-
vided. During Ramadan, due to predawn breakfast, subjects
are at postprandial state if blood parameters are measured
in the morning. Several studies conducted on Ramadan
fasting did not report whether baseline laboratory parame-
ters measured after an overnight fast before the initiation of
Ramadan fasting were compared to laboratory parameters
measured a couple of hours before the fast was broken at
sunset which would be the equivalent of overnight fast.
More importantly, the assessment of several key biomarkers
of glucose and lipid metabolism and several hormones
including cortisol, melatonin, leptin, ghrelin, and adiponec-
tin requires 24-hour blood monitoring with multiple time
points as they exhibit circadian rhythm. Measurement of
these parameters with only at one or few time points is
expected to bias outcomes and can potentially give falsely
increased or decreased levels depending on the time they
are measured.

Dawn-to-sunset Ramadan fasting starts at dawn and
ends at sunset. Therefore, fasters have two major meals a
day, breakfast before dawn and dinner after sunset. They
can eat ad libitum from sunset until dawn. In general, it
is a common practice for Ramadan fasters to work and
fast during the daytime, have a dinner, sleep, and wake
up one hour before dawn to eat and restart fasting at
dawn. Most of the aforementioned studies did not provide
sufficient dietary information on meal content, frequency
of meals between sunset and dawn, and sleeping times.
Furthermore, subjects might be compelled to secretly
break the fast and further confound the desired adaptive
response. There was no information on the compliance
monitoring with fasting in any of the studies. Well-
designed clinical trials that will evaluate the impact of
dawn-to-sunset fasting on BMI and key metabolic parame-
ters before, during, and after fasting should bring important
health maintenance information.

The long-term health benefits of dawn-to-sunset fasting
have not yet been appreciated, but the data support the
prospect of favorable outcomes. Individuals with certain
medical conditions (e.g., diabetes, renal failure) should
check with their physicians before they fast [105, 106].
Diabetics who fast for long hours may be at risk for hypo-
or hyperglycemia, diabetic ketoacidosis, and dehydration
[105, 106]. Individuals in high risk professions (e.g., pilots,
surgeons, and crane operators) may want to be off-duty
during the first week of fasting if their metabolism is not
used to dawn-to-sunset fasting. It has been shown that
people who observe Ramadan fasting regain their usual
weight after Ramadan [107]. This is likely related to eating
ad libitum and remaining in a postprandial state throughout
the daytime waking hours after Ramadan for which no
fasting intervention would prevent the detrimental health
consequences of this type of eating behavior.
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11. Human Time-Restricted Feeding Models
without Calorie Restriction Other than
Dawn-to-Sunset Fasting

There are few human fasting models other than dawn-to-
sunset Ramadan fasting in which the caloric reduction was
not the goal. Moro et al. [108] randomized 34 male subjects
who were resistance-trained to time-restricted feeding or
normal diet and matched them for caloric intake. While
subjects randomized to time-restricted feeding had meals at
1 pm, 4 pm, and 8 pm, those who were in the normal diet
group had meals at 8 am, 1 pm, and 8 pm [108]. At the
end of 8 weeks of 16 hours of fasting, the time-restricted
feeding group had a significant reduction in fat mass, leptin,
triglyceride, total testosterone, insulin growth factor-1, and
interleukin-1f levels and had a significant increase in
adiponectin levels compared to the normal diet group [108].
In a study conducted by Halberg et al. [109], eight healthy
subjects fasted for 20 hours (from 22 pm until 6 pm the next
day) every other day for 15 days. This study was similar to
dawn-to-sunset fasting with exception of skipping breakfast
at dawn, fasting every other day for two weeks instead of
every day for four weeks, and allowance of water intake dur-
ing fasting [109]. The results of this study showed that time-
restricted feeding every other day for 15 days significantly
increased insulin-mediated whole-body glucose uptake rate
that was consistent with increased insulin sensitivity [109].
In a similar study, Soeters et al. [110] compared time-
restricted feeding to standard diet in 8 healthy subjects who
first fasted for 20 hours (from 22 pm until 6 pm the next
day) every other day for 2 weeks and had standard diet for
2 weeks at least 4 weeks after the time-restricted feeding.
Contrary to the study conducted by Halberg et al. [109], this
study failed to show improvement in insulin sensitivity and
lipid and protein metabolism [110]. Stote et al. [111] con-
ducted randomized crossover study (there were 11 weeks of
washout period between two interventions) in 21 healthy
subjects to compare metabolic effects of eating 3 meals daily
versus 1 meal daily (to be consumed within 4 hours in the
evening). The 1 meal daily group has significantly increased
systolic and diastolic blood pressure and reduction in body
weight and fat mass [111]. In contrast to dawn-to-sunset
fasting that provides a balanced distribution of meals at
transition zones of the day (predawn breakfast and postsun-
set dinner), a long period from sunset until dawn, these
models either limited food intake to a short period that
may result in excessive fullness in participants [108] or
skipped breakfast [109-111] that may be detrimental to
metabolism. The consequence of skipping breakfast would
be expected to promote metabolic dysfunction that can result
in increased 24-energy expenditure [104] and confound
results of studies on dawn-to-sunset Ramadan fasting.

12. Conclusions and Future Trials

We anticipate that consecutive rhythmic dawn-to-sunset
fasting might be a cost-effective intervention to prevent
obesity, metabolic syndrome, NAFLD, cirrhosis, and hepato-
cellular carcinoma if definitely shown to be advantageous,

and further studies are needed. The challenge to implement-
ing such a fasting routing would be compliance and lifestyle
changes to facilitate such a radical intervention. Future
studies should not only focus on short-term effects of
dawn-to-sunset fasting (e.g., weight loss, improvement in
lipid profile) but also on longer lasting effects (e.g.,
improvement in oxidative stress parameters, inflammation,
prediabetes, and activation of DNA repair mechanisms) as
well as study the metabolic memory that one can sustain
following a period of dawn-to-sunset fasting.
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