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Objective: Intermittent fasting (IF) may limit metabolic adaptations that reduce energy expenditure, poten-
tially by stimulating white adipose tissue (WAT) browning. The aim of this study was to examine the effects
of 8 wk of IF on energy metabolism and markers of WAT browning in lean and diet-induced obese mice and
in women who were overweight or obese.

Methods: Male C57 BL/6 ] mice were fed chow or a high-fat diet (HFD; 43%) for 8 wk before undergoing IF

Kej_/wordsf . (3 non-consecutive d/wk) for an additional 8 wk. Food intake, energy expenditure, and inguinal and gonadal
gs;@ojfe?gslil e browning fat pads were collected in fed or fasted conditions (?2 h, IF mice only). Subcutaneous adipgse tissue (SAT)
Energy expenditure was also collected at baseline, and after 8 wk of IF (in the fed state, and after a 24-h fast), in women with
Fat mass overweight or obesity. Uncoupling protein 1 (UCP1) was assessed by quantitative real-time polymerase chain

reaction (mice and humans) and immunohistochemistry (mice).

Results: IF reduced body weight and energy intake in HFD fed mice and reduced gonadal and inguinal fat pad
weights in both diet groups. IF increased energy expenditure, meal number, Ucpl mRNA levels in inguinal
and gonadal fat depots, and UCP1 protein in inguinal fat in both diet groups on fed days. In women, IF
reduced body weight and fat mass, but did not alter UCP1 mRNA levels.

Conclusions: IF increased energy expenditure and promoted WAT browning in mice but did not alter UCP1
mRNA levels in SAT in women.
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Introduction

Intermittent fasting (IF) is a dietary intervention that involves
periods of minimal or no calorie intake followed by periods of
unrestricted eating. IF is effective to extend life span [1-3],
reduce fat mass [4—6], improve glucose tolerance and insulin sen-
sitivity [4,7,8], and reduce the risk for cardiovascular diseases
[9,10] and cancer [2,11] in rodents fed a chow diet. However, to
our knowledge, few studies have investigated the response in
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obese animals [4,6,8,12,13]. In humans, most studies of IF have
been conducted in individuals who are overweight or obese. In
these studies, IF promotes weight and fat mass loss [14-17];
reduces total cholesterol, low-density lipoprotein cholesterol, tri-
acylglycerols, and systolic blood pressure [16,18]; and improves
markers of insulin sensitivity [14].

Brown adipose tissue (BAT) plays a critical role in energy
homeostasis and thermogenesis [19]. This function is achieved via
a specialized protein known as uncoupling protein 1 (UCP1) that
disassociates mitochondrial respiration from adenosine triphos-
phate synthesis leading to the dissipation of energy as heat. In
addition to the classical brown adipocytes residing in brown fat,
brown-like adipocytes located within white adipose tissue (WAT)
also have thermogenic properties characterized by expression of
UCP1 [19]. A range of external cues, such as cold exposure
[20—-22], exercise [23-25], and pharmaceutical treatment
[26,27], promote the development of beige adipocytes in WAT in
mice. This is known as “browning” of WAT. Recently, three animal
studies demonstrated that both daily calorie restriction and IF
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promote WAT browning [6,13,28], and suggest this could be
linked with the alternative activation of macrophages [6,13]. WAT
browning also occurs in response to extreme adrenergic stimula-
tion, such as burn injury and administration of [33-adrenergic
receptor agonists, in humans [27,29,30].

The aim of this study was to examine the effects of IF on food
intake and energy expenditure and adipose tissue browning in
mice fed chow or high-fat diet (HFD) in the fed and fasted state.
We also assessed the effects of IF on expression of UCP1 in subcuta-
neous adipose tissue (SAT) in women who were overweight or
obese.

Research design and methods
Animals and diets

This study was approved by the animal ethics committees of the South Austra-
lian Health and Medical Research Institute (SAHMRI) and the University of Ade-
laide and was performed in accordance with the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes. Ten-week old male C57 BL/6 ]
mice (Bioresources, SAHMRI, Australia) were housed four per cage in the Biore-
sources Facility at SAHMRI under a 12:12 h light/dark cycle, with lights on at 0700
(Zeitgeber time 0, ZT0) and temperature at 21°C + 3°C. Mice were fed either a
lard-based (43% fat, SF04-001, Specialty Feeds, Australia) or a chow diet (18% fat,
2018 SX, Envigo, United States) ad libitum for 8 wk before randomizing mice on
each diet into ad libitum feeding (AL, n=8) or IF (n=16) for another 8 wk as
described previously [31]. IF was initiated at ZT11 for 24-h for 3 non-consecutive
d/wk. Food access was controlled by transferring mice daily between cages with or
without food. Mice fed ad libitum were also transferred between feeding cages at
the same time to standardize handling. All mice had free access to water through-
out the study. Body weight and food intake were monitored at ZT11 weekly before
IF was introduced and daily after [F was implemented. At 28 wk old, all mice were
sacrificed at ZT7-ZT9 with mice in IF groups culled after feeding or 22-h fasting
(n=7-8/group). Inguinal and gonadal adipose tissue were collected.

At 27 wk of age, indirect calorimetry (n=7-8/group) was assessed. Mice were
acclimated to the metabolic cages for 24 h before data collection (Promethium,
Sable Systems, Las Vegas, NV, USA). Three days of data were collected after accli-
mation. This was two consecutive feeding days, followed by a fasting day. Food
access for mice in IF groups was controlled using gates connected to the food hop-
pers. Food spilled by mice and dropped into bedding was carefully removed using
forceps before the commencement of data recording and before the fasting day to
improve the accuracy of food consumption monitoring. Four mice in each HFD
group dragged food from the hopper during monitoring periods. This data was not
included in the analysis and an additional four mice were measured to repeat met-
abolic monitoring. However, this behavior was repeated in some mice and finally
four to seven mice per group were included for the analysis of food-related param-
eters including meal size, meal number, and energy intake. Data analysis of oxygen
consumption (VO,), carbon dioxide expired (VCO,), respiratory quotient (RQ),
energy expenditure (EE), and activity was performed with seven to eight mice per
group. VO, and VCO, were measured at 5 min intervals for 1 min to calculate RQ
and EE as described previously [32]. VO,, VCO,, and EE were adjusted by a modi-
fied body mass, which was determined by subtracting collected inguinal and
gonadal fat mass from body mass, lessening the weight bias from this metaboli-
cally less active tissue [33]. We also normalized EE by other ways, including body
weight, body weight raised to the power of two-thirds or three-fourths, or analysis
of covariance, as mentioned previously [33]. For ambulatory activity, consecutive
adjacent infrared beam breaks in x-, y-, and z-axes as an activity count were
recorded every 5 min as previously described [32]. Data acquisition and food
access control were coordinated by MetaScreen v.2.3.4 and raw data were
extracted using ExpeData v.1.6.4 (Sable Systems) with built-in macros. All meta-
bolic data were expressed in two ways: hourly and daily. Hourly value was calcu-
lated by the real-time output in 1 h. Daily value was determined by the sum of
hourly value on each day. Weekly values for energy intake and energy expenditure
were calculated using (day 1+day 2+day 3)/3 x7 for AL groups, and (day
1 x 3 +day 2 +day 3*3) for IF groups.

Quantitative real-time polymerase chain reaction (PCR)

The extraction of total RNA, the determination of RNA concentration and
purity, and the synthesis of cDNA from RNA were performed as previously
reported [34]. Quantitative real-time PCR was performed using the Tagman Ucp1
primer (Mm01244861_m1) and Fast Universal PCR Master Mix (Applied Biosys-
tems, Foster City, CA, USA). The samples were run in duplicate on an ABI 7500
sequence detection system (Applied Biosystems) with corresponding internal neg-
ative controls and standard curve (pooled from 10 participants at baseline, and
from individual mice, respectively). Relative gene expression was analyzed using

the 2727 method, where ACT =(CTuarger gene — Clreference gene)- Acth
(Mm00607939_s1) and B2 m (Mm00437762_m1) were selected out from six
housekeepers (18s, Actb, Gapdh, Hprt, Ppi, and B2 m) using NormFinder as the most
stable reference for mice.

Immunohistochemistry

Inguinal adipose tissue from mice (six per group) were fixed in Bouin’s solution
(HT10132, Sigma-Aldrich, St. Louis, Missouri, USA), dehydrated, paraffin embedded,
sectioned at 5 um and mounted on positively charged glass slides. Deparaffinized
and rehydrated slides were incubated with ELOXALL solution (SP-600, Vector, Bur-
lingame, California, USA) for 10 min at room temperature to eliminate endogenous
peroxidase and alkaline phosphatase. Antigen retrieval was achieved using modified
citrate-based buffer (51700, Dako, Santa Clara, California, USA) and incubation in a
95°C water bath for 20 min. Slides were incubated with a rabbit
anti-UCP1 (1:400, Ab10983, Abcam, Cambridge, UK) overnight and then goat anti-
rabbit secondary antibody (1:500, Ab6721, Abcam, Cambridge, UK) for 1-h at room
temperature. Immunohistochemical detection was performed using 3, 3'-diamino-
benzidine (DAB, SK-4105, Vector, Burlingame, California, USA) and slides were coun-
terstained with Mayer's hematoxylin, followed by dehydrating and mounting. All
slides were randomly assigned numeric codes by a research officer to blind the
investigator (BL) quantifying outcomes. Slides were scanned using the Pannoramic
250 Flash 1I scanner (3-DHISTECH, Budapest, Hungary). Ucp1 positive areas were
analyzed in 10 randomly selected fields at 40 x using Image ] built-in macros
(National Institutes of Health, Bethesda, MD, USA).

Human study

The human study was registered as a clinical trial with Clinicaltrials.gov and
was approved by the Research Ethics Committee of the Royal Adelaide Hospital
and the University of Adelaide. All participants provided written, informed consent
before inclusion. The design of the human study and baseline characteristics of the
participants have been reported previously [35]. Briefly, 50 healthy, overweight, or
obese women, 35 to 70 y of age, with a body mass index 25 to 42 kg/m? were ran-
domly assigned to one of two IF groups for 8 wk. Participants were provided with
~30% of their daily energy requirements for breakfast, and then initiated a 24-h
fast on 3 non-consecutive d/wk. On fed days, one group was provided foods at
~100% of energy requirements to achieve an overall 30% energy deficit (IF70). The
other group was provided foods at ~145% of their daily energy requirements on
fed days, without overall energy restriction (IF100). Periumbilical subcutaneous
adipose was obtained by percutaneous biopsy at baseline and after 8 wk of the
intervention diet, after a 12-h overnight fast, and 24-h fast as described previously
[36]. Twenty-two participants in each group completed the intervention. Owing to
the unwillingness of some participants to undergo biopsies and because of sched-
uling conflicts, biopsy samples were obtained from all three3 visits from only 14
individuals in each group. For the purpose of this study, the two IF groups were
combined to assess UCPI mRNA levels in SAT. UCP1 mRNA levels
(Hs00222453_m1) in human SAT were normalized by ACTB (Hs01060665_g1) and
PPIB (Hs00168719_m1), which was not different at baseline and following the
intervention.

Statistical analysis

Data are shown as mean =+ SEM. All statistical analysis was performed using
IBM SPSS Statistics 24 (IBM, Armonk, NY, USA). The normality of data distribution
was assessed by Shapiro-Wilk test, and data were log10 transformed if not nor-
mally distributed. Single comparisons in mouse study were performed using two-
way analysis of variance (ANOVA) with diet (chow and HFD) and schedule (AL and
IF) as between-group factors. Bonferroni post hoc tests were performed when
diet-by-schedule effects were presented. Time effects within group in mouse and
human studies were examined by repeated measures ANOVA with Bonferroni
post hoc test or paired t test (for energy intake and meal numbers in IF mice on
two consecutive feeding days only). Significance was accepted as P < 0.05.

Results
Body weight and food consumption

As reported previously [31], final body weight was increased in
HFD-AL (43 + 0.8 g) versus HFD-IF (32.9 + 0.8 g), chow-AL (34.7 +
1 g) and chow-IF (32.2 & 0.5 g; all P < 0.05), and was not different
between chow-AL, chow-IF, and HFD-IF groups. Gonadal and ingui-
nal fat mass was reduced by IF in both diet groups, but was greater
in HFD-IF than chow-IF groups (all P < 0.05, data not shown).
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Fig. 1. Energy intake, meal size, and meal number in metabolic cages. (A and B) Daily and calculated weekly food intake, (C) daily meal numbers, and (D) daily meal size. Data
were presented as mean =+ SEM. There were four to seven mice per group. Day 1 and 2 were two consecutive feeding days, followed by a fasting day (day 3). Effects of diet
and schedule on each day or in a week (energy intake only) were analyzed by two-way ANOVA with Bonferroni post hoc tests. Within-group effects over days were analyzed
using repeated-measures ANOVA with Bonferroni post hoc test (AL groups) or paired t test (IF groups). Diet effect: *P < 0.05 versus chow on days 1, 2 and 3. Schedule effect:
P < 0.05 versus AL on days 1 and 2. Post hoc test: ‘P < 0.05. AL, ad libitum; ANOVA, analysis of variance; HFD, high-fat diet; IF, intermittent fasting, RQ, respiratory quotient.

There were significant diet and schedule effects observed for
energy intake measured in the metabolic chamber on two refeeding
days, with increased energy intake in HFD- versus chow-fed mice
and in IF versus AL mice (all P < 0.05, Fig. 1A and Supplementary
Fig. 1A). Meal number was increased by IF on refeeding days (sched-
ule effect, both P < 0.05, Fig. 1C and Supplementary Fig. 1B). Of note,
chow-IF mice maintained similar energy intake and meal numbers
on both refeeding days (both P > 0.05). However, HFD-IF mice dis-
played decreased energy intake and meal number on the second
versus first refeeding day (both P < 0.05). Mathematical extrapola-
tion of this to a weekly value suggested that overall energy intake
was not different in chow-IF versus chow-AL mice (—1.4%, P=0.94)
but was 25% lower in HFD-IF versus HFD-AL mice (P < 0.05, Fig. 1B).
This data supports the weighed food intake data [31]. Meal size was
not altered by IF, but was smaller in HFD- versus chow-fed mice (all
P < 0.05, Fig. 1D and Supplementary Fig. 1C).

Energy expenditure, respiratory quotient, and activity

There were significant schedule effects for EE on the two
refeeding days, with increased EE in IF versus AL mice (schedule
effect, both P < 0.001, Fig. 2A and Supplementary Fig. 2A). EE on a
fasting day did not differ between IF and AL mice, but was lower in
IF mice versus a fed day (schedule effect, P < 0.05, Fig. 2A). Mathe-
matical extrapolation of this showed that calculated weekly EE was
higher in IF than AL mice (schedule effect, P < 0.001, Fig. 2B). This
result held when EE was normalized against modified body mass,
raw body weight, or body weight raised to the power of two-thirds
or three-fourths or by analysis of covariance with body weight as
the covariate [33].

There were significant diet-by-schedule effects for averaged RQ
on the two refeeding days (all P < 0.01, Fig. 2C and Supplementary
Fig. 2B). RQ was increased in chow-IF versus chow-AL and HFD-IF
mice on both refeeding days (all P < 0.05) but was increased in
HFD-IF versus HFD-AL mice on the first refeeding day only

(P < 0.05). As expected, RQ was lower on fasted versus fed days in
IF groups (schedule effect, P < 0.001), and versus AL mice (both
P < 0.05). There were significant diet-by-schedule effects for activ-
ity, with reduced activity in HFD-AL versus chow-AL and HFD-IF
mice (all P < 0.05, Fig. 2D and Supplementary Fig. 2C). There was
no difference in activity between fed and fasted days in IF mice.

Ucpl mRNA levels in gonadal fat were higher in HFD- versus
chow-fed mice (diet effect, P < 0.05, Fig. 3A). After a fed day, Ucp1
mRNA levels in inguinal and gonadal fat and UCP1 protein in ingui-
nal fat were increased in IF versus AL mice (schedule effect, all
P < 0.05, Fig. 3A—E). Ucpl mRNA levels in both fat pads were lower
on a fasted versus fed day in both IF groups (schedule effect, both
P < 0.05), but this did not differ from AL mice.

In humans, 8 wk of IF reduced body weight and fat mass (-4 +
0.4 and 3.1 + 0.3 kg, respectively, both P < 0.001). UCPT mRNA lev-
els in subcutaneous adipose tissue were detectable in 19 of 28 par-
ticipants who consented to biopsy with 10 from the IF100 group
and 9 from IF70. There was no difference regarding any assessed
baseline characteristics in participants who displayed UCP1T mRNA
levels that were or were not detectable. There were no changes in
the UCP1 mRNA levels after 8 wk of IF, either when measured after
a fed day or after a 24-h fast (Fig. 3F).

Discussion

IF reduces adiposity and improves glucose tolerance and
markers of insulin sensitivity in rodent models [4,7,8,14,37,38].
Genetically or pharmaceutically stimulating the development of
brown fat in WAT is linked with decreased mass loss, improves glu-
cose tolerance and insulin sensitivity, and ameliorated lipid profiles
in animal models [39—-41]. Recent evidence suggests that IF indu-
ces browning of WAT in mice [6,13]. The present study confirms
and extends this, showing that IF promoted visceral adipose tissue
(VAT) and SAT browning in chow- and HFD-fed mice, which could
be a key mechanism contributing to a healthier phenotype.



B. Liu et al. / Nutrition 66 (2019) 38—43 41

A  Energy expenditure
600
500
400
300
200

kcaledekg™"

O Day 1 (Feeding)

—_ =, & Day 2 (Feeding)

1 M Day 3 (Fasting)
-

B Weekly energy expenditure

o Q
& &
xyzBreaks
100
T 80 i
S S —
% 60
7]
g 40
38 20
» X R\
°~X¥v 6@ QO'V. ng
o & R

Fig. 2. Energy expenditure, RQ and activity in metabolic cages. (A and B) Daily and calculated weekly energy expenditure, (C) Daily RQ and (D) Daily activity. Data presented
as mean + SEM. There were seven to eight mice per group. Days 1 and 2 were two consecutive feeding days, followed by a fasting day (day 3). Effects of diet and schedule on
each day, or in a week (energy expenditure only) were analyzed by two-way ANOVA with Bonferroni post hoc tests. Within-group effects over 3 d were analyzed using
repeated-measures ANOVA with Bonferroni post hoc test. Schedule effect: *P < 0.05 versus AL on days 1 and 2. Post hoc test: 'P <0.05; *P < 0.05 versus chow-AL; *P < 0.05
versus chow-IF and P < 0.05 versus HFD-AL. AL, ad libitum; ANOVA, analysis of variance; HFD, high-fat diet; IF, intermittent fasting RQ, respiratory quotient.

Total daily EE consists of resting energy expenditure and ther-
moregulation, food-induced thermogenesis, and physical activity
[42], and increasing this is one approach to tackle obesity [43]. IF
increased EE in both chow- and HFD-fed mice. This was observed
without a difference in activity in chow-fed mice. However, activity
was lower in mice fed a HFD ad libitum, which likely contributed to
some of the difference in EE between HFD groups. We also
acknowledge that greater food intakes occurred on refeeding days,
and thus greater increases in food-induced thermogenesis may
have partially contributed to increased EE. However, EE was not
lower on a fast day in IF animals, when no food was consumed.
Overall, the present results support recent findings that IF increases
EE in mice [6,13]. Similar to previous studies [3,4,7,12,13], the pres-
ent study also confirmed that chow-IF mice compensate for inter-
mittent food deprivation by overeating on refeeding days and do
not lose weight. This is in contrast to IF mice fed an HFD, where
food intake was lower and activity and EE was higher, resulting in
weight loss. The signal that is preventing overconsumption on an
HFD is unclear.

IF increased adipose tissue browning in inguinal and subcutane-
ous adipose tissue. This is consistent with two recent reports [6,13].
We further demonstrated that the increases in Ucpl mRNA levels
in both inguinal and gonadal adipose tissue were higher after the
refeeding day. This data suggests that “intermittent overfeeding,”
rather than “intermittent fasting” promotes WAT browning. Acute
fasting (24—48 h) decreases Ucp1 expression in both BAT and WAT
[44—47], whereas refeeding increased Ucp1 expression [6,47]. Fur-
thermore, Ding, et al. demonstrated that an acute 24-h fasting sup-
pressed WAT browning via microRNA-149-3p and PR domain
containing 16 pathway [45]. Interestingly, recent work by Fab-
biano, et al. suggested that daily calorie restriction (—40%) also led
to WAT browning in both SAT and VAT. This was mediated by
increased eosinophil infiltration, type 2 cytokine signaling, and
alternative activation of macrophage in fat [28]. In the present
study, IF did not promote alternate activation of macrophages in

WAT in mice [31]. Activation of [33-adrenergic receptors via cold
exposure or pharmaceutical manipulations has also been linked
with WAT browning in mice [21]. This effect has been reported to
be associated with the activation of protein kinase A and p38 mito-
gen-activated protein kinase, which in turn initiate the transcrip-
tion of UCP1 via phosphorylation of cAMP-dependent transcription
factor ATF-2 [48]. IF may also increase sympathetic stimulation [4]
and thus adipose tissue browning via this pathway. However,
growing evidence also suggests that 33-adrenergic receptor is not
essential to increase BAT because mice lacking [33-adrenergic
receptors undergo browning in response to cold exposure [49,50].
Indeed, L, et al. suggested that every-other-day feeding promoted
browning but observed decreased mRNA levels of 33- adrenergic
receptor in BAT and WAT in mice [6]. The authors demonstrated
that the reshaped gut microbiota in every-other -day feeding was
linked with this [6], but the mechanisms by which gut microbiota
influences browning were not tested in that paper and are thus
unknown.

In humans, WAT browning occurs after burn injury and admin-
istration of (33-adrenergic receptor agonists [27,29,30]. However,
mild to moderate external stimuli such as cold exposure, exercise,
and daily calorie restriction that promote VAT and SAT browning
in mice [20-25,28], do not induce SAT browning in humans
[5,51-53]. We also did not see changes in UCP1 mRNA levels in
SAT following IF. Weight and fat mass loss by calorie restriction
also did not change SAT browning in obese individuals [5]. It
should be noted that although brown-like adipocytes are found
in both VAT and SAT [54], their distribution patterns are different
in mice and humans. As shown in the present study, and previ-
ously, mice have higher levels of brown-like adipocytes in SAT,
whereas these are higher in visceral fat depots in humans [54].
This indicates that there is likely to be a greater potential for VAT
than SAT to brown in response to external stimuli in humans. How-
ever, it was not possible to obtain visceral fat samples in this study
and thus it is possible that IF could stimulate browning in this



42 B. Liu et al. / Nutrition 66 (2019) 38—43

A Ucp1 in gonadal fat
0.0015 _*

B  Ucp1ininguinal fat

O AL 0.6 $ $
$ $ = IF-Fed 0.4 A A
N 0.0010 A A Il IF-Fast
<
0.0005
0.0000
Chow HFD
C
i {
E UCP1 area
6 O AL
# I IF-Fed
X4 $ I IF-Fast
©
13
Chow HFD Week 0 Week 8 Week 8

Fig. 3. IF promoted white adipose tissue browning in mice but not in humans. (A and B): Ucpl mRNA levels in gonadal and inguinal fat in mice. (C and D): Representative
images of immunohistochemical staining of UCP1 in chow-AL (C) and chow-IF mice (D). (E): UCP1 positive area in inguinal fat in mice. (F): UCP1 mRNA levels in human subcu-
taneous adipose tissue. Scale bar: 100 pm. Data presented as mean + SEM. There were 7 to 8 mice per for Figure A and B, 6 per group for C, and 28 for F. Effects of diet and
schedule (A, B, and E) were analyzed using two-way ANOVA with Bonferroni post hoc test. Time effects within group (F) were analyzed using repeated-measures ANOVA
with Bonferroni post hoc test. Diet effect: *P < 0.05 versus chow; Schedule effect: 'P < 0.05 versus AL and *P < 0.05 versus IF-Fast. AL, ad libitum; ANOVA, analysis of variance;

AU: Arbitrary unit; IF, intermittent fasting; Ucp, uncoupled protein.

tissue. We also only obtained a small abdominal sample of tissue,
which may not be representative of the entire depot. We also only
studied women in this trial. Sex rather than species differences
could also explain the discrepancies in results [55—-57], although
female mice have been shown to undergo similar browning in
response to 33-adrenergic activation [56].

Conclusion

IF increased EE and promoted WAT browning in both chow- and
HFD-fed mice, but did not alter UCPT mRNA levels in SAT from women.

Supplementary materials

Supplementary material associated with this article can be
found in the online version at doi:10.1016/j.nut.2019.03.015.
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