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a b s t r a c t

Objective: Dietary fiber consumption is associated with reduced risk for the development of
noncommunicable diseases. The aim of the present study was to evaluate the effects of cereal
dietary fiber on the levels of proteins involved in lipolysis and thermogenesis in white adipose
tissue (WAT) and brown adipose tissue (BAT) of C57 BL/6 J mice fed a high-fat diet (HFD).
Methods: Male C57BL/6 J mice were fed normal chow diet (Chow), HFD, HFD plus oat fiber (H-oat),
or HFD plus wheat bran fiber (H-wheat) for 24 wk. Body weight and food intake were recorded
weekly. Serum adiponectin was assayed by an enzyme-linked immunosorbent assay kit. Western
blotting was used to assess the protein expressions of adipose triacylglycerol lipase (ATGL), cAMP
protein kinase catalytic subunit (cAMP), protein kinase A (PKA), perilipin A, hormone-sensitive
lipase (HSL), uncoupling protein 1 (UCP1), fibroblast growth factor 21 (FGF-21), b3-adrenergic
receptor (b3AR), and proliferator-activated receptor gamma coactivator-1 a (PGC-1 a) in the
WAT and BAT.
Results: At the end of the feeding period, body and adipose tissues weight in both H-oat and H-
wheat groups were lower than in the HFD group. Mice in the H-oat and H-wheat groups showed
an increasing trend in serum adiponectin level. Compared with the HFD group, cereal dietary fiber
increased protein expressions involved in the lipolysis and browning process. Compared with the
H-wheat group, H-oat was more effective in protein expressions of PKA, PGC-1 a, and UCP1 of the
WAT samples. Compared with the H-oat group, H-wheat was more effective in protein expressions
of PKA, ATGL, UCP1, b3AR, and FGF-21 of the BAT samples.
Conclusions: Taken together, our results suggested that cereal dietary fiber enhanced adipocyte
lipolysis by the cAMP–PKA–HSL pathway and promoted WAT browning by activation of UCP1, and
consequently reduced visceral fat mass in response to HFD feeding.
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Introduction

Obesity develops from an imbalance between energy intake
and energy expenditure [1], which is a risk factor for develop-
ment of several clinical conditions including cardiovascular
disease, cancers, and diabetes [2–4]. There is a growing interest
in the development of various strategies including dietary in-
terventions that could treat or prevent obesity by promoting fat
mobilization or increasing energy expenditure [5,6]. Adipose
tissues play different roles in adaptation to changes in nutrient
availability, with white adipose tissue (WAT) storing chemical
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energy as triacylglycerol (TG)-enriched lipid droplets and brown
adipose tissue (BAT) dissipating chemical energy by heat pro-
duction through uncoupling protein 1 (UCP1) to protect against
hypothermia and obesity [7]. Several studies also revealed the
presence of a subset of cells in WAT that could be induced by
environmental or hormonal factors to become “brown-like” cells
and this “beigeing” process has been suggested to have strong
antiobesity and antidiabetic benefits [8,9]. The expression of
UCP1 is driven by several transcriptional components, including
proliferator-activated receptor gamma coactivator-1a (PGC-1a),
which is strongly induced by b3-adrenergic signaling [10,11].
b3-adrenergic receptor (b3AR) activation of the cAMP/protein
kinase A (PKA) pathway elevates intracellular fatty acids. UCP1
and PGC-1a are highly expressed in BAT, which contains multi-
locular adipocytes enrichedwithmitochondria. Recently, BAT has
received much attention as a target of treating obesity [12,13].

A growing body of evidence supports that higher dietary
fiber consumption substantially lowers the risk for the devel-
opment of major obesity-related metabolic diseases, such as
cardiovascular disease, diabetes, and certain types of cancer,
and plays a role in body weight management [14–16]. Recent
animal studies including ours have largely focused on the
mechanism of dietary fiber on insulin resistance and hepatic
lipid accumulation [17–20]. Also, high-fat diet (HFD)-induced
obesity is strongly promoted by lack of soluble fiber, which
supports microbiota-mediated intestinal tissue homeostasis
that prevents inflammation driving obesity and the metabolic
syndrome [21]. However, the mechanism by which cereal
dietary fiber exerts its beneficial effects on lipolysis and ther-
mogenesis in adipose tissues is not fully understood. Conse-
quently, the present study aimed to explore the effects of oat
fiber or wheat bran fiber on browning of white adipocytes by
activation of UCP1 in C57BL/6 J mice fed an HFD. Additionally,
we observed the effects of oat or wheat bran fiber on lipolysis
by activation of the cAMP–PKA–HSL signaling pathway. The
efficacy of oat and wheat bran fiber also was compared.

Methods and materials

Animals and diets

All studies were carried out using 7-wk-old male C57BL/6 J mice (n ¼ 48)
purchased from SLAC Laboratory Animal Company (Shanghai China) and main-
tained on an artificial 12/12-h light/dark cycle at 22 � 2�C with 60% relative
humidity. Mice were acclimated to the animal housing facility for 1 wk before the
start of cereal dietary fiber intervention. At 8 wk of age, animals were randomly
divided into the following four dietary groups (n¼ 12 in each group): chowgroup
(Chow), high-fat diet group (HFD), HFD plus oat fiber intervention group (H-oat),
and the HFD plus wheat bran fiber intervention group (H-wheat). Chow group
mice were allowed a normal chow diet that contained 11.5% fat, 67.7% carbohy-
drates, and 20.8% protein, which was purchased from Research Diets Inc (New
Brunswick, NJ). HFD mice were allowed an HFD that contained 46% fat, 34.4%
carbohydrates, and 19.6% protein, which was purchased from Research Diets Inc.
H-oat and H-wheat mice were allowed an HFD supplemented with 0.8% oat fiber
or 0.8% wheat bran fiber, respectively. Oat fiber (OatWell�22) was granted from
DSM Nutritional Products Ltd (Shanghai, China). Wheat bran fiber was obtained
from Shanxi Aote Food Science and Technology Company (Taiyuan, China). Di-
etary fiber was directly mixed with the HFD according to the above recipe. The
animals were allowed access to water and four different experimental diets ad
libitum during the whole experimental periods. After 24 wk, the mice were
deprived of food overnight and sacrificed by decapitation. All of the animal
studies were treated in accordance with the guidelines in the Care and Use of
Animals and with the approval of the Soochow University Animal Welfare
Committee. All possible efforts were made to minimize the suffering and the
number of animals used in the present study.

Sample preparation

After 24 wk of feeding, blood samples was taken from the retrobulbar vein
and separated by centrifugation, subpackaged, and stored at�80�C until assayed.
Serum adiponectin were measured by a commercial enzyme-linked immuno-
sorbent assay kit (Merck Millipore Bioscience Corporation). All of the assays were
performed according to the manufacturer’s protocols. All samples were run in
duplicate. The coefficient of variation for duplicate samples was <5% in the
experiments. After the mice were sacrificed, interscapular BAT and visceral fat
pads (including the perirenal and epididymal fat pads) were immediately
dissected, weighted, fixed or frozen in liquid nitrogen and stored at �80�C for
further analysis.
Analysis of cell size and volume in WAT

The WAT samples from epididymal adipose tissue were fixed in 10% neutral
buffered formalin overnight and stained with hematoxylin and eosin dye
(Beyotime Institute of Biotechnology, Nantong, China). The relative size and
volume of fat cells within a microscopic field were determined by quantitation of
cells in three different randomly chosen fields of from six mice.
Western blotting

WAT and BAT samples were lysed with radio immunoprecipitation assay
(RIPA) lysis buffer (Beyotime Institute of Biotechnology, Nantong, China). The
lysates were homogenized and centrifuged at 13 000g for 15 min at 4�C. The
supernatants were collected and the protein concentrations were determined
according to the bicinchoninic acid protein assay kit (Beyotime Institute of
Biotechnology, Nantong, China). Equal amounts of protein (50–100 mg) were
analyzed by Western blotting. Antibodies against PKA and b3AR were purchased
from ImmunoWay Biotechnology Company (Plano, TX, USA). Antibodies against
perilipin A, hormone-sensitive lipase (HSL), UCP1, fibroblast growth factor
(FGF21), PGC-1a, and cAMP protein kinase catalytic subunit (cAMP) were pur-
chased from Abcam Company (United Kingdom). Antibodies against p-HSL
(Ser563), p-HSL (Ser660), and adipose triacylglycerol lipase (ATGL) were pur-
chased from Cell Signaling Technology (Danvers, MA, USA). Antibodies against
Peroxidase AffiniPure goat antimouse or antirabbit immunoglobulin G were
purchased from Jackson ImmunoResarch Laboratories (West Grove, PA). Signals
were visualized using Immobilon western chemiluminescent horseradish
peroxidase substrate (Merck Millipore Bioscience, Billercia, MA, USA) and
captured using a Syngene chemi-imaging system. Subsequently, bands were
quantified using Gene Tool according to the manufacturer’s instructions (Syn-
Gene, ChemiGenius 2, PerkinElmer, Shelton, CT, USA). The intensity of the bands
was normalized using each corresponding b-actin density as an internal control.
Statistical analysis

Results are expressed as means � SD. A one-way analysis of variance
(ANOVA) was performed for the differences in the four groups, followed by the
least significant difference post hoc test. P < 0.05 was considered statistically
significant. Statistical analysis was performed using the SPSS statistical software
version 18.0 (SPSS Inc., Chicago, IL, USA).
Results

Body and white adipose tissues weights

The H-wheat group tended to have higher average food intake
compared with the of HFD and H-oat groups for the duration
experiment (Fig. 1A; P < 0.05). Final body weight did not differ
between the H-oat and H-wheat groups, but were lower than in
the HFD group (Fig. 1B; P< 0.01). Compared with the HFD group,
the H-oat and H-wheat groups had lower perirenal (Fig. 1C;
P < 0.01) and epididymal (Fig. 1D; P < 0.01) fat mass. Although
perirenal and epididymal fat masses tended to be less in the
H-oat group than in the H-wheat group, the difference was not
statistically significant.
Analysis of cell size and volume in WAT

Histologic analysis of WAT showed that the relative size and
volume of adipocytes were considerably smaller in the H-oat and
H-wheat groups than in the HFC group (Fig. 2; P < 0.05).



Fig. 1. (A) Average food intake, (B) final body weight, (C) perirenal fat mass, and epididymal fat mass in male C57 BL/6 J mice fed a normal chow diet or an HFD without or
with 0.8% oat fiber or wheat bran fiber for 24 wk. Values are means � SD (n ¼ 12). aP < 0.05, versus mice fed with normal chow diet; bP < 0.05, versus mice fed with HFD diet;
cP < 0.05, versus mice fed an H-oat diet. HFD, high-fat diet; H-oat, high-fat diet supplemented with 0.8% oat fiber; H-wheat, high-fat diet supplemented with 0.8% wheat
bran fiber.
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Serum adiponectin level

The HFD group had a lower concentration of serum adipo-
nectin than the Chow group (P < 0.05). Compared with the HFD
group, concentrations of serum adiponectin showed an
increasing trend in the H-oat and H-wheat groups, but there
were no significantly statistical differences among the three
groups (Fig. 3; P > 0.05).

cAMP–PKA–HSL signaling pathway

Protein expressions of ATGL in both BAT and WAT samples,
protein expression of PKA in the BAT samples, and protein
Fig. 2. (A) Histologic examination of WAT (400�) and (B) relative adipocyte size from C
wheat bran fiber for 24 wk. Values are means � SD (n ¼ 5). aP < 0.05, versus mice fed w
high-fat diet (HFD); (C), high-fat diet supplemented with 0.8% oat fiber (H-oat); (D), hig
expression of p-HSL (660) in the WAT samples was much lower
in the HFD group than in the H-oat and H-wheat groups (Fig. 4A,
B; P < 0.05), but it was lower in the H-oat group than in the
H-wheat group (Fig. 4A, B; P < 0.05). Protein expressions of
perilipin A and cAMP in the WAT samples, and protein expres-
sions of p-HSL(660) and p-HSL(563) in the BAT samples did not
differ in the H-oat and H-wheat groups, but was much greater
than in the HFD group (Fig. 4A, B; P< 0.05). Therewere no effects
from oat and wheat bran fiber on protein expression of perilipin
A in the BAT samples. Protein expression of PKA in the WAT
samples was lower in the HFD group than in the H-oat and
H-wheat groups (Fig. 4A, B; P < 0.05), but it was higher in the
H-oat group than in the H-wheat group (Fig. 4A, B; P < 0.05).
57 BL/6 J mice fed a normal chow diet or an HFD without or with 0.8% oat fiber or
ith normal chow diet; bP < 0.05, versus mice fed with HFD diet. (A), chow diet; (B),
h-fat diet supplemented with 0.8% wheat bran fiber (H-wheat).



Fig. 3. Serum adiponectin concentration in male C57 BL/6 J mice fed a normal chow
diet or an HFD without or with 0.8% oat fiber or wheat bran fiber for 24 wk. Values
are means � SD (n ¼ 12). aP < 0.05, versus mice fed with normal chow diet. HFD,
high-fat diet; H-oat, high-fat diet supplemented with 0.8% oat fiber; H-wheat, high-
fat diet supplemented with 0.8% wheat bran fiber.
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Relative protein expressions in browning process

Protein expression of UCP1 in the WAT samples did not differ
between the HFD and H-wheat groups, but were much less than
in the H-oat group (Fig. 5A, B; P < 0.05). Protein expression of
b3AR in the BAT and WAT samples did not differ between the
HFD and H-oat groups, but were much less than in the H-wheat
group (Fig. 5A, B; P< 0.05). Protein expression of UCP1 in the BAT
samples and FGF-21 in the BAT and WAT samples was lower in
the HFD group than in the H-oat and H-wheat groups, but these
were lower in the H-oat group than in the H-wheat group
(Fig. 5A, B; P< 0.05). Protein expression of PGC-1a in the BATand
WAT samples were lower in the HFD group than in the H-oat and
H-wheat groups. It was lower in the H-wheat group than in the
H-oat group on protein expression of PGC-1a from BAT samples,
and there was no statistical difference between the H-oat and H-
wheat groups in protein expression of PGC-1a fromWATsamples
(Fig. 5A, B; P < 0.05).
Discussion

Cereal dietary fiber has received widespread attention in the
scientific community. Although some mechanisms have been
proposed for the health benefit of cereal dietary fiber, its effects
on lipolysis and thermogenesis in adipose tissues remain un-
clear. In the present study, we used obese mice induced by an
HFD whose body weight gain was >70% more than those fed a
chow diet. At organ and molecular levels, we found that cereal
dietary fiber from oat or wheat bran inhibited HFD-induced
obesity by activation of the cAMP–PKA–HSL signaling pathway
and increasing browning of white adipocytes.

It has been established that dietary fiber plays an important
role in the regulation of metabolism [17–21]. The direct link
between dietary fiber and lipid metabolism is demonstrated by a
previous study [17] and current work, which showed that cereal
dietary fiber resulted in significant reduction in relative size and
volume of adipocytes in HFD-induced obesity. This is in line with
a previous study demonstrating that adipocyte volume was
determined by the content of intracellular lipids [22]. Therewere
no significant differences in the indexes of body weight, peri-
renal, and epididymal fat mass between the two intervention
groups, but the average food intake and energy intake (H-wheat,
13.29 � 1.63 kcal/d versus H-oat, 12.09 � 1.44 kcal/d) in the
H-wheat group were significantly higher than in the H-oat
group. Whether the food intake difference was caused by
different satiety effect warrants future investigation. Our results
also demonstrated that ATGL as a rate-limiting enzyme for
lipolysis in adipocytes [23], was substantially activated by oat or
wheat bran fiber to increase mobilization of intracellular fat. The
effect was more effective in the H-wheat group.

Adiponectin is an adipocyte-secreted hormone that sup-
presses energy expenditure and enhances energy conservation
[24]. Results from the present study demonstrated that HFD
resulted in reduction in serum adiponectin, compared with
the chow diet. Although neither oat nor wheat bran fiber was
effective for serum adiponectin, there was an increasing
trend in the two intervention groups, compared with the
HFD group. Some animal and population investigation also
demonstrated that intake of dietary fiber did not affect plasma
adiponectin [19,25].

The mobilization of metabolic energy from adipocytes de-
pends on a tightly regulated balance between hydrolysis and
resynthesis of TGs. Hydrolysis is stimulated by b-adrenergic
signaling to activate the cAMP–PKA pathway [26], which medi-
ates phosphorylation and activation of lipolytic enzymes,
including HSL, ATGL, and perilipin [27,28]. HSL was once thought
to be the major enzyme responsible for the lipolytic breakdown
of cellular fat stores. Phosphorylation of HSL occurs on multiple
sites, including Ser-660, which stimulates catalytic activity and
Ser-563, which is believed to be mutually exclusive with
phosphorylation of HSL at the non-PKA site Ser-565 [29]. Thus,
hormonal cues that signal systemic energy induce HSL phos-
phorylation at Ser-563 by PKA, which contributes to adipocyte
lipolysis to maintain whole-body energy homeostasis. The pre-
sent study found that oat or wheat bran fiber also increased
levels of cAMP and PKA substrates including ATGL and p-HSL,
suggesting that cereal dietary fiber-induced fat mobilization is
mediated by the cAMP–PKA–HSL pathway. Consistent with these
results, the expression of perilipin A, which regulates lipid stor-
age and hydrolysis [30], was dramatically upregulated by cereal
dietary fiber.

BAT is enriched in mitochondria that use UCP1-mediated
uncoupling to convert significant amounts of chemical energy
to heat. UCP1, the major isoform expressed in brown adipocytes,
plays an important role in thermogenesis regulation of body
weight [7]. Furthermore, upregulation of UCP1 level results in
increased thermogenesis and energy expenditure, which helps
to protect from fat accumulation and obesity [31]. In the present
study, both oat and wheat bran fiber increased the protein
expression of UCP1 in BAT and WAT of HFD-induced obese mice,
suggesting increased thermogenesis. Additionally, wheat
bran fiber increased the protein expression of b3AR in WAT,
whereas oat fiber did not. Brown-like cells can emerge in most
white fat depots upon prolonged cold exposure or b-adrenergic
receptor activation [32]. b3AR and cold exposure can induce a
subset of cells in WAT to become “brown-like” cells and
this “beigeing” process has been suggested to have strong
antiobesity and antidiabetic benefits [8,9]. We speculated that
increased b3AR in the H-wheat group could account for
increased thermogenesis and energy expenditure, to control
obesity.

PGC-1a is a critical transcriptional regulator of oxidative
metabolism and adaptive thermogenesis [33]. Also, PGC-1a is
highly expressed in BAT, which contains multilocular adipocytes
enriched with mitochondria. Studies showed that upregulation
of UCP1 was mediated by the transcription factor PGC-1a [34]. In



Fig. 4. Protein expressions of ATGL, perilipin A, cAMP, PKA, and HSL (Western blotting image [A] and statistical analysis [B]) in BAT and WAT of male C57 BL/6 J mice fed a
normal chow diet or an HFD without or with 0.8% oat fiber or wheat bran fiber for 24 wk. Values are means � SD (n ¼ 5). aP < 0.05, versus mice fed with normal chow diet;
bP < 0.05, versus mice fed with HFD diet; cP < 0.05, versus mice fed with H-oat diet. ATGL, adipose triacylglycerol lipase; BAT, brown adipose tissue; cAMP, cAMP protein
kinase catalytic subunit; HFD, high-fat diet; H-oat, high-fat diet supplemented with 0.8% oat fiber; H-wheat, high-fat diet supplemented with 0.8% wheat bran fiber; HSL,
hormone sensitive lipase; PKA, protein kinase A; WAT, white adipose tissue.

S.-F. Han et al. / Nutrition 33 (2017) 118–124122



Fig. 5. Protein expressions of UCP1, b3AR, FGF-21, and PGC-1a (Western blotting image [A] and statistical analysis [B]) in BAT and WAT of male C57 BL/6 J mice fed a normal
chow diet or an HFD without or with 0.8% oat fiber or wheat bran fiber for 24 wk. Values are means � SD (n ¼ 5). aP < 0.05, versus mice fed with normal chow diet. bP < 0.05,
versus mice fed with HFD diet. cP < 0.05, versus mice fed with H-oat diet. BAT, brown adipose tissue; b3AR, b3-adrenergic receptor; FGF-21, fibroblast growth factor 21; HFD,
high-fat diet; H-oat, high-fat diet supplemented with 0.8% oat fiber; H-wheat, high-fat diet supplemented with 0.8% wheat bran fiber; PGC-1a, proliferator-activated receptor
gamma coactivator-1 a; UCP1, uncoupling protein 1; WAT, white adipose tissue.
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the present study, we observed that the protein expression of
PGC-1a is also increased in H-oat and H-wheat mice, suggesting
that increased UCP1 expression is mediated by transcription
factor PGC-1a. Animal research demonstrated that FGF21 can
regulate PGC-1a and browning of WAT in adaptive thermogen-
esis [9]. And FGF21 plays a physiologic role on regulating lipolysis
in WAT [35,36], as well as increasing substrate utilization by
increasing fatty acid oxidation in the liver [37]. The beneficial
effects of FGF21 on glucose metabolism and body weight have
evoked a substantial interest in FGF21 as a potential treatment
for diseases such as obesity and diabetes [38]. Our data suggest
that cereal dietary fiber from oat and wheat bran increased the
protein expression of FGF21, which regulates PGC-1a levels.

It is important to note thatmany studies have been performed
to evaluate the effects of cereal dietary fiber on insulin resistant
and hepatic lipid accumulation [17–20]. The present study aimed
to explore the effects of cereal dietary fiber on browning of white
adipocytes by activation of UCP1 and on lipolysis by activation of
the cAMP–PKA–HSL signaling pathway in C57 BL/6 J mice fed an
HFD. Given the fact that cereal fiber intake is far below suggested
and noncommunicable diseases are surging in modern societies
[39], the present investigation provides a biochemical rationale
for promoting adequate cereal dietary fiber intake as a
nutritional and lifestyle approach in the prevention and treat-
ment of obesity and associated metabolic diseases.
Conclusion

The present study suggested that cereal dietary fiber reduces
high-fat–induced obesity by enhancing adipocyte lipolysis and
consequently reduces visceral fat mass in response to HFD
feeding. The present study explored the potential mechanisms
for the beneficial effects of cereal dietary fiber on lipolysis and
thermogenesis. We found that cereal dietary fiber both
strengthened fat mobilization by the cAMP–PKA–HSL pathway
in WAT, and promoted WAT browning by activation UCP1 and
b3AR, PGC-1a, FGF-21, involved in thermogenesis, thereby
reducing obesity. Nevertheless, the precise molecular mecha-
nisms of cereal dietary fiber on lipolysis and thermogenesis in
adipose tissues in depth remains to be elucidated, to confirm
the role of cereal dietary fiber in preventing obesity-associated
diseases.
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