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Abstract
Background: This paper aims to investigate the metabolic impact of walnut meal extracts rich in
polyphenols (WMP) on high fat diet (HFD)-fed rats and to determine whether the lipid-lowering effects are
related to modulations of the gut microbiota. SD rats were fed a standard chow diet or an HFD for 18
weeks. After 6 weeks, the HFD rats were supplemented with 750mg WMP/kg body weight and the vehicle
for 12 weeks. The structure of gut microbiota was assessed by analyzing 16S rDNA sequences.

Results: WMP suppressed the weight gain and visceral obesity. WMP treatment also improved lipid
pro�les and increased antioxidative activities. WMP fully reversed hepatic steatosis with upregulation of
adipocytokines involved in lipid catabolism (e.g. adiponectin, PPAR-γ, visfatin, CEBPα), and increased the
activity of lipoprotein lipase, hormone-sensitive lipase, in which were associated with glucose tolerance
improved and insulin resistance mitigated. As revealed by 16S rDNA sequencing, WMP restored the
diversity of intestinal �ora reduced by HFD, dramatically reduced the abundance of Fusobacterium
varium and Enterobacteriaceae, reversed and sharply raised the abundance of Lachnospiraceae UCG005
and Akkermansia decreased by HFD.

Conclusion: Our �ndings demonstrated that WMP suppressed the weight gain and adiposity in HFD-fed
rats, and fully reversed HFD diet-induced insulin resistance and hepatic steatosis while dramatically
reduced the abundance of Fusobacteriaceae and Enterobacteriaceae, underscoring the gut-liver axis as a
primary target of walnut polyphenols.

Introduction
Obesity is a medical symptom in which excess body fat accumulates to the extent that it may have an
adverse effect on health [1]. It increases the risk of cardiopathy, type 2 diabetes, dyslipidemia,
hypertension, infections or cancer, osteoarthritis, respiratory or gynecological problems [2]. It occurs
owing to an imbalance between energy intake and expenditure, resulting in subsequent excess adipose
accumulation [3]. Also, more evidences support the intention that obesity is related with a chronic
in�ammation based on the abnormal cytokines such as IL-6 and TNF-α, along with the activation of pro-
in�ammatory signaling pathways [4]. Insulin resistance (IR) is a physiological status which major
peripheral organs like the adipose tissue, liver, and skeletal muscle becomes less sensitive to the action of
insulin [5]. It is a usual cause of carbohydrate and lipid metabolic disorders, and often precedes the onset
of hyperglycemia and forecasts the development of fatty liver and type 2 diabetes [6].

The gut is habitat to trillions of microbes that have fundamental roles in many aspects of human
physiology, including metabolism and immune function [7], and recent evidence proposes that it
contributes to the development of obesity and metabolic diseases. Studies have shown that obesity can
make the structure of bacteria disorder, and intestinal �ora can further increase the intake of dietary
energy to promote obesity, it is a necessary condition for high fat diet (HFD) to induce obesity [8-10].
Moreover, HFD was known to induce enhances in intestinal permeability and increases in the secretion of
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intestinal pro-in�ammatory cytokines [11]. The intestinal micro�ora lipopolysaccharide (LPS), a potent
inducer of in�ammation, plays a key role in the occurrence and development of related metabolic
diseases. It is one of the components of the cell wall of some Gram’s negative bacteria, and the release of
Gram’s negative bacteria after death is dissolved. Studies have shown that polyphenols can increase the
abundance of probiotics in the intestines, for example, Akkermansia associated with the prevention of the
obesity can modulate the structure of bacteria disorder in intestinal �ora and further increase the intake
of dietary energy to promote abrogation of intestinal in�ammation in these animals, so as to achieve the
effect of anti-obesity [12,13].

As an abundant of signi�cant nutrients that seem to have potential effects on human health [14], walnut
kernel was contained in the Chinese Pharmacopoeia [15]. The walnut consumption presented the
cardiometabolic protective effect for obese people [16]. Walnut meal (WM), as a by-product left behind oil,
is prepared from the walnut kernel by cold press. It is usually prepared walnut pastry, walnut milk and
feed, but usage is limited because of its bitter and astringent [17]. WM is rich polyphenolic components
(6.75%), such as rutin, gallic acid, p-hydroxybenzoic acid, 3-coumaric acid, chlorogenic acid and
kaempferol-3-glucoside [18,19]. Our previous studies showed that walnut meal extracts performed a
strong effect on lowering hyperlipidemia [20]. This paper aims at revealing the effect of WMP on HFD
induced metabolic disorders in rats and detecting how the WMP bene�ts are associated with changes in
the intestinal �ora.

Materials And Methods
Animals

140-160g SD rats (n=30, Hunan, China) were bred, eight rats/cage, in the experimental animalhouse of
the Yunnan University of Traditional Chinese Medicine. Animals were housed at a constant temperature
of 22± 2 ˚C with a relative humidity of 55±5% and an arti�cial 12-h light-darkness cycle. After
acclimatization to the experimental environment for one week and on a normal control diet (low-fat diet
AIN-93; 10% energy from palm oil) for a week before experiment, the rats were randomly assigned to three
groups including one group continued to be on normal control diet (assigned as NCD, keep feeding it to
the end of the experiment) and two high-fat diet groups (AIN-93 adapted; 60% of energy from palm oil) for
5 weeks, at this time, the serum TC and TG of the two HFD-fed rats were signi�cantly higher than the
NCD-fed rats. After 5 weeks, HFD-fed rats were randomly assigned to two groups: one (assigned as WMP)
received daily dose (750 mg/kg) of WMP by gavage, whereas another one (assigned as HFD), HFD and
NCD received the vehicle (saline). During the experiments, food intake was recorded daily and body
weight was recorded weekly. Feces were collected weekly and stored at −80 ˚C. Blood samples were
gotten from the abdominal aorta, clotted at 37 ˚C for 2h and centrifuged at 3000 g for 10 min, the serum
was isolated and stored at -80 ˚C, and liver weight, body length and fat weight were measured.

Preparation of the polyphenol-enrich extracts from cold pressed degreased walnut meal (WMP)



Page 4/19

The polyphenol extracts (WMP) of walnut meal were extracted in 50% ethanol(1:50, v/v) by re�ux
extraction for 60 min at 73 ˚C, after �ltering, sample solution was concentrated under reduced pressure
and then lyophilized to obtain a brown powder.

Glucose homeostasis

At week 12, rats were 12 h fasted and insulin tolerance tests (ITT) were conducted after an intraperitoneal
injection of insulin (0.75 UI/kg body weight). Blood glucose concentrations were measured with
automatic glucose analyzer (Anwen, Sannuo Ltd, Changsha, China) before (0 min) and after (30, 60 and
120 min) insulin injection. At the end of week 12, rats were fasted overnight and an oral glucose tolerance
test (OGTT) was conducted after gavage with glucose (3g/kg body weight). Blood sample was gotten
before (0 min) and after (15, 30, 60, 90 and 120 min) glucose challenge for glycaemia detection.
Additionally, blood samples (30 μL) were gotten at each time point during OGTT for insulin aemia and C-
peptide determination. The homeostasis model assessment of insulin resistance (HOMA-IR) index was
calculated as reference described [21].

Biochemical analysis

Triglyceride(TG),Total cholesterol (TC), low density lipoprotein (LDL-C), high density lipoprotein (HDL-C),
glutathione (GSH), malondialdehyde (MDA), glucose, annexin detection kits were bought from Nanjing
KenGENBioTECH Corp., Ltd(Nanjing, China). Leptin, adiponectin, insulin, PPAR-γ, visfatin, CEBPα,
lipoprotein lipase (LPL), hormone-sensitive lipase (HSL) were detected using ELISA kit (Jingmei Bio,
Jiangsu, China) according to the manufacturer’s protocols.

Microbiota analysis by 16S rDNA sequencing

Microbial DNA was extracted from fecal samples using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek,
Norcross, GA, U.S.) according to the manufacturer’s protocols. The V4-V5 regions of the bacteria 16S
ribosomal RNAgene were ampli�ed by PCR [95 °C for 2 min, followed by 25 cycles (95 °C for 30 s, 55 °C
for 30 s, 72 °C for 30 s) and a �nal extension at 72 °C for 5 min] using primers 515F5’-barcode-
GTGCCAGCMGCCGCGG)-3’ and 907R 5’-CCGTCAATTCMTTTRAGTTT-3’, where barcode is an eight-base
sequence unique to each sample. PCR reactions were performed in triplicate 20 μL mixture containing
4 μL of 5 ×FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of Fast Pfu
polymerase, and 10 ng of template DNA. Amplicons were isolated from 2% agarose gels and puri�ed
using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, U.S.) according to the
manufacturer’s protocols and quanti�ed using QuantiFluor™ -ST (Promega, U.S.). Puri�ed amplicons were
pooled in equimolar and paired-end sequenced (2 × 300) on an Illumina MiSeq platform according to the
manufacturer’s instructions. The raw reads were deposited into the NCBI Sequence Read Archive(SRA)
database. Raw fastq �les were quality-�ltered, demultiplexedusing QIIME (version 1.9.1) with the
following criteria: (a) The 300 bp reads were truncated at any site receiving an average quality score <20
over a 50 bp sliding window, discarding the truncated reads that were shorter than 50bp. (b) Exact
barcode matching, 2 nucleotide mismatch in primer matching, reads containing ambiguous characters
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were removed. (c) Only sequences that overlap longer than 10 bp were assembled according to their
overlap sequence. Reads which could not be assembled were discarded. Operational units (OTUs) were
clustered with 97% similarity cutoff using UPARSE (version 7.1 http://drive5.com/uparse/) and chimeric
sequences were identi�ed and removed using UCHIME. The taxonomy of each 16S rDNA sequence was
analyzed by RDP Classi�er (http://rdp.cme.msu.edu/) against the silva (SSU123)16S rRNA database
using con�dence threshold of 70%.

Statistical analysis

Data were analyzed using the unpaired t-test and shown as the mean ± SD. Statistical signi�cance was
accepted at P < 0.05. Graphic design with statistics was drawn by Graph Pad Prism 5. Pearson
correlation was used to evaluate the relationship between gut microbial genera abundance and
physiological parameters. Statistical signi�cance was set at P < 0.05.

Results
Effects of WMP on body weight gain

After 12 weeks of administration, the weight of HFD group increased by 51.53%, while that of WMP-
treated HFD-fed rats increased by 10.91%, which was lower than that of group HFD signi�cantly (P <
0.01). WMP could signi�cantly inhibit the increase of body weight induced by high-fat diet (Fig. 1), which
was no difference of the amount of diet. Compared with group NCD, the Lee's index, epididymal fat index,
perirenal fat of HFD group increased signi�cantly (P < 0.01), and WMP could signi�cantly reverse the
increases (Tab.1).

Effect of WMP on serum lipid pro�le

In 12 weeks after administration, the HFD rats appeared hyperlipidemia as evidenced by increases of
serum TC, TG and LDL-C (P < 0.01).The WMP rats decreased serum TC by 51.54%, TG by 24.97%, LDL-C
by33.82% compared with the HFD rats. The serum ASL and AST levels in group HFD were signi�cantly
increased, which was related to liver injury. The WMP group reduced AST by 26.66%, ALT by 59.47%.The
HFD rat’s MDA and NO content increased compared with NCD group (P < 0.001), WMP reduced MDA and
NO content compared with HFD group signi�cantly (P < 0.01). Furthermore, the HFD decreased
expression of several genes involved with regulating lipid metabolism, including adiponectin, PPAR-γ,
visfatin, CEBPα and increased expression of Leptin. WMP suppressed the increase of leptin expression
and increased in PPAR-γ (P < 0.05), visfatin (P < 0.05), and CEBPα (P < 0.001) expression with the
tendency of WMP to return adiponectin to normal (Tab. 2).

Effect of WMP on hepatic steatosis, oxidative stress and lipid metabolism

After 12 weeks of WMP administration, liver weight was decreased (Tab. 1) while concomitantly lowering
hepatic TC and TG deposition and ameliorating HFD-induced hypercholesterolaemia and
hypertriglyceridaemia in these rats. WMP treatment enhanced hepatic lipase LPL, HSL activities in rats (P

http://drive5.com/uparse/
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< 0.01). Furthermore, the leptin expression was elevated, and adiponectin, PPAR-γ, visfatin expression
reduced in HFD-fed rats compared with NCD rats. Whereas, WMP supplementation increased adiponectin,
PPAR-γ, visfatin expression compared with HFD rats, but no effect on leptin (Tab. 3).

The livers of NCD and WMP groups presented reddish brown and normal in shape, while the HFD group
appeared yellow brown color and larger liver (Fig. 2a, upper). The HE staining results showed that the liver
cells in NCD rats were arranged orderly and complete with no obvious vacuolated lipid droplets. In HFD
rats, the liver tissue was irregular in the cells, the edges were not clear, and there were a large number of
vacuolated lipid droplets and severe fat degeneration. Compared with the HFD group, WMP mitigated the
fatty degeneration of the liver and improved the cell boundaries. It is obvious that the arrangement of
hepatic cell cord tends to be normal (Fig. 2a, below). The amount` of epididymal adipocytes in group HFD
was signi�cantly larger than that in group NCD and group WMP (Fig. 2b).

Effect of WMP on high fat diet induced insulin resistance

All experimental rats appeared a signi�cant increase of blood glucose values at 30 and 60 min after oral
glucose (P < 0.01)(Fig. 3). After 120 min, the glycemic pro�le of HFD group was not reestablished to
basal levels (0 min) and was higher than other groups signi�cantly (P < 0.01). WMP administration in
HFD-induced rats signi�cantly decreased postprandial glucose levels compared with HFD group. The
area under the curve for OGTTs was the largest in the HFD group, and the WMP group signi�cantly
reduced (P < 0.01). WMP-treated HFD-fed rats displayed improved fasting glycaemia. At the same time,
WMP-treatment reduced level of insulin (P < 0.05) and improved insulin sensitivity. This conclusion was
also supported by the lower HOMA-IR indexes of the WMP-treated HFD-fed rats when compared with their
vehicle-treated HFD controls (P < 0.01).

WMP regulated the gut microbiota

To evaluate changes in the gut bacterial community induced by WMP, 16S rDNA from variable regions
V3–V4 of the fecal samples from NCD, HFD and WMP groups were sequenced by Illumina HiSeq/MiSeq
platforms; richness and evenness were calculated. At the OTU level, the HFD rats had reduced number of
species when compared with the NCD rats. Diversity measured by Shannon’s richness index reduced
signi�cantly in the HFD group when compared with the NCD group. The WMP rats had increased
Shannon’s indexes when compared with the HFD group, but had not reached the same level as the NCD
group. Diversity measured by Simpson’s evenness index also appeared increased values in the HFD group
when compared with the NCD group, while that in the WMP group was lower than in the HFD group, but
did not reach the levels as in the NCD group (Fig. 4a). The similarity of intestinal microbiota in each fecal
sample was evaluated by principal component analysis (PCA). From the PC1 direction, the NCD group is
closer to the WMP group than the HFD group (Fig. 4b). Heatmap expressed the �rst 50 species of the OUT
level, and we observed that some species were restored to the NCD group by WMP (Fig. 4c).

At the phylum level, the major bacterial communities were Bacteroidetes, Firmicutes and Proteobacteria
(Fig. 5a, left), and the HFD increased the relative abundance of Fusobacteria and Proteobacteria
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signi�cantly (P < 0.05) against the NCD group, which could be signi�cantly reversed by WMP (Fig. 5a,
right). The WMP treatment for 12 weeks decreased in the relative abundance of Fusobacteria and
Proteobacteria signi�cantly (Fig. 5a, right), while there was a signi�cant increase in the relative
abundance of Bacteroidetes, Cyanobacteria and Actinobacteria (Fig. 5b).

At the family level, the main bacterial communities were Lachnospuraceae, Bacteroidaceae,
Prevotellaceae, BacteroidalesS24-7 group, Ruminococcaceae, Lactobacillaceae (Fig. 5b, left), and the
HFD diet leaded to a sharp increase in Bacteroidaceae, Peptostreptococcaceae, Fusobacteriaceae and
decrease in Lactobacillaceae, while the WMP-treated HFD-fed rats reversed these change (Fig. 5b).
Increased Enterobacteriaceae, Bacteroidales S24-7 group, Ruminococcaceae and Prevotellaceae were
also observed in the WMP group when compared with the HFD group (Fig. 5b, right).

At the genus level, 7 top relative abundance bacteria were as follows: Bacteroides, norank Bacteroidales
S24-7 group, Lactobacillus, Romboutsia, unclassi�ed Lachnospiraceae, Prevotella-9, and 5 bacteria were
with signi�cant differences (Fig.5c). The HFD diet leaded to a sharp increase in Bacteroides, Romboutsia,
Fusobacterium and decrease in norank Bacteroidales S24-7 group and Lactobaciius, while the WMP-
treated HFD-fed rats reversed these changes, decreased Fusobacterium by 98.68%, Bacteroides by
69.91% when compared with the HFD group (Fig. 5c, right).

At the species level, that WMP signi�cantly reversed the increase of Fusobacterium varium, Bacteroides
vulgates signi�cantly (P < 0.01) and the decrease of Lachnospiraceae, Lactobacillus animalis and
Akkermansia sp. (Fig. 5d).

Discussion
Although previous studies showed that WMP reduced lipid accumulation in mice and inhibited
adipogenesis in 3T3-L1 cells in vitro [20], the mechanism underlying this effect and whether the WMP
may modulate the composition of the gut microbiota or intestinal integrity remained unclear. This study
showed that WMP not only decreased body weight gain, mitigated liver steatosis and insulin resistance
but also reversed of changes in intestinal �ora in HFD induced obese rats.

Our study showed that WMP treatment effectively controlled HFD-induced weight gain, reduced Lee’s and
visceral adiposity, moreover, the food intake of rats in each group was observed without difference, was
mostly linked to reduced energy e�ciency. WMP gavage fully reversed lipid accumulation in serum and
liver, accompanied by the decrease of the content of MDA and the improvement of the activity of CAT and
GSH, which is in accordance with antioxidant defense mechanisms by polyphenols [12,22]. Lipotoxicity in
HFD can result in increased activity levels of alanine transaminase (ALT) and aspartate transaminase
(AST), which are usually detected clinical biomarkers of liver health [23], while HFD-fed rats
supplemented with WMP have appeared a lower activity level of these two enzymes, and reversed hepatic
steatosis derived from dyslipidemia and hepatic triglyceride accumulation.
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To explore which adipose related factors could be modulated by WMP, we detected the expression levels
of leptin (LEP), adiponectin, PPAR-γ, visfatin, CEBPα. The main physiological function of LEP is to
regulate appetite and pathway disorders [24], and adiponectin is an adipocyte-derived hormone that acts
as an antiatherogenic, antidiabetic, and anti-in�ammatory[25], and accordingly, WMP supplementation
reduced leptin expression and increased adiponectin expression. In the WMP-treated group, the content of
visfatin in the serum and liver increased signi�cantly, which it was largely synthesized and secreted by
granulocytes and found to be an insulin sensitizer [26,27]. PPAR-γ is a ligand-inducible transcription
factor, it belongs to the nuclear hormone receptor superfamily that is well-known to control expression of
genes involved in lipid metabolism, adipocyte differentiation and insulin sensitivity. Activation of PPAR-γ
can effectively improve insulin resistance, selectively promote FFA uptake by fat, inhibit liver synthesis of
fatty acids, and improve lipid metabolism disorders [25,28]. PPAR-γ is also proved to have strong
antioxidant and anti-in�ammatory effects. In our study, the expression of PPAR-γ was downregulated in
HFD rats, which was consistent with the reports of Natalia [29] and the WMP reversed this effect,
upregulated PPAR-γ to levels of the NCD rats. FAS is a key enzyme of lipid biosynthesis, which inhibiting
FAS causes a decrease of fat accumulation [30]. We observed that WMP supplementation enhance the
expression of enzymes involved in lipolysis and reduction in fat storage (LPL, HSL) in liver of HFD-fed
rats. LPL is an enzyme that helps adipose tissue to obtain free fatty acids from triglycerides circulating in
lipoproteins [31], and HSL induces lipolysis by hydrolyzing intracellular tri- and diacylglycerol. The
alleviation of insulin resistance in HFD rats by WMP was evidently related to the regulation of these
adipocytokines.

Intestinal �ora plays a key role in the development of obesity, mainly due to the metabolic endotoxemia
produced by LPS. Some studies showed that [32], on the one hand, the increase of Gram-negative strains
led to a large amount of LPS formation in the intestinal tract, on the other hand, the imbalance in the
proportion of bacteria inhibited the expression of intestinal tight junctions, thus signi�cantly increased
the permeability of the intestinal mucosa in mice, made a most of LPS from the intestines into the blood
[33]. Short-chain fatty acids (SCFAs) are microbial fermentation products with a high concentration in the
intestinal tract, which is related to glucose and lipid metabolism, secretion of gut hormones, immune
homeostasis, and the physiological concentration of SCFA immediately improves the function of the
colon epithelial barrier [34]. Our results showed that HFD rats increased F/B compared with NCD group,
F/B in WMP-treated rats was higher than that in HFD rats. At the phylum level, WMP signi�cantly
decrease in the relative abundance of Proteobacteria and Fusobacteria. At the family level, WMP
increased the SCFAs-producing bacteria, including Ruminococcaceae, Bacteroidales S24-7group,
Lachnospiraceae and reduced relative abundance of Gram-negative opportunistic, such as
Fusobacteriaceae, Enterobacteriaceae, Bacteroidaceae. WMP decreased the abundance of
Fusobacterium, Escherichia-shigella, Bacteroides, which it belongs to Gram-negative bacteria, and
increased the abundance of norank Bacteroidales S24-7 group, Lactobacilus at the genus level.
Fusobacterium spp. has also been considered a pro-inflammatory passenger bacterium in the origin and
proliferation of human colorectal cancer [35]. Some studies have also shown that the abundance of fecal
Enterobacteriaceae induced by high fat diet increased [36]. Zhao successfully isolated Enterobacter
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cloacae B29 from the feces of a severely obese patient, it was found that the bacterial strain increased
the LPS level of blood in aseptic mice, increased the level of in�ammation in mice, and then presented
obesity and other symptom [37]. The Lachnospiraceae family is formed by dozens of named genera,
including Butyrivibrio, Ruminococcus, Anaerostipes, and Cellulosilyticum as well as a number of
incertaesedis strains sharing a higher degree similarity of their 16S ribosomal RNA gene sequences. All of
them are strictly anaerobes. In human adults, members of this family have been associated with
protection against obesity and Clostridium di�cile infections. They are also known as potent SCFAs
producers [38]. WMP reversed and signi�cantly increased the abundance of Lachnospiraceae UCG005;
and it also reversed and sharply raised the abundance of Akkermansia sp. in accord with that cranberry
extract treatment markedly increased the proportion of the mucin-degrading bacterium Akkermansia [39].

In summary, we found that WMP treatment protected from HFD-induced obesity, liver steatosis and
insulin resistance in HFD-fed rats, this effect was associated with the increase of gram-negative bacteria
in the intestinal tract. At the same time, our study provided evidence for the function of walnut
polyphenols in the anti-obesity, antioxidant and regulating intestinal �ora.
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Tables
Table 1 Effect of WMP on visceral index of rats
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  NCD HFD WMP

Weight(g) 439.91±36.95 631.11±59.06### 466.82±42.71***

Lee’s index(%) 25.26±0.55 28.37±0.74### 26.14±0.62***

Liver index(%) 2.24±0.18 3.57±0.56### 2.73±0.28***

Epididymal adipose index (%) 1.36±0.25 2.08±0.44## 1.39±0.42**

Perirenal adipose index (%) 1.57±0.45 3.07±0.81### 1.78±0.76***

Rats were fed either a normal or a high-fat diet (HFD) for 12 weeks HFD-fed animals were treated with
daily oral doses of WMP (750 mg/kg) normal and HFD fed control rats were gavaged with vehicle
(normal saline). Data are expressed as the mean±SD (n=10). ## P < 0.01 and ### P < 0.001 compared with
NCD group; ** P < 0.01 and *** P < 0.001 compared with HFD group.

 

Table 2 Effect of WMP on the serum parameters.

  NCD HFD WMP

TC(mmol/l) 0.59±0.14 1.38±0.27### 0.67±0.14***

TG(mmol/l) 0.56±0.21 1.18±0.23### 0.89±0.21***

LDL-C(mmol/l) 0.45±0.12 1.21±0.23### 0.80±0.23***

HDL-C(mmol/l) 0.73±0.38 0.65±0.11 0.78±0.24

MDA(nmol/ml) 4.23±0.48 7.04±0.94### 3.82±0.33***

Leptin(ng/ml) 14.43±1.94 17.80±1.33## 15.04±2.11*

Visfatin(ng/ml) 49.58±13.93 37.63±4.06 53.94±12.26*

PPAR-γ(ng/ml) 5.93±2.18 2.67±1.06### 5.21±1.41*

AST(IU/L) 12.10±2.45 20.14±3.97### 14.77±4.48***

ALT(IU/L) 7.67±5.24 29.12±3.60### 11.80±5.02***

NO(μmol/l) 6.45±1.49 10.18±2.79### 6.74±2.37**

Adiponectin(μg/ml) 1.17±0.32 0.57±0.12## 0.83±0.26

CEBPα(ng/ml) 3.59±0.35 2.56±0.26### 3.26±0.37***
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Note: Rats were fed either a normal or a high-fat diet (HFD) for 12 weeks HFD-fed animals were treated
with daily oral doses of WMP (750 mg/kg) normal and HFD fed control rats were gavaged with vehicle
(normal saline). Data are expressed as the mean±SD (n=10). ## P < 0.01 and ### P < 0.001 compared with
NCD group; * P < 0.05, ** P < 0.01 and *** P < 0.001 compared with HFD group.

Table 3 Effect of WMP on hepatic steatosis, oxidative stress and lipid metabolism.

  NCD HFD WMP

TC(μmol/g) 1.01±0.18 4.78±1.25### 1.65±0.43***

TG(μmol/g) 3.76±0.81 9.04±2.40### 5.36±1.75***

LDL-C(μmol/g) 2.14±1.43 4.88±2.44### 1.81±0.56***

HDL-C(μmol/g) 0.38±0.05 0.13±0.08### 0.37±0.07***

MDA(μmol/g) 4.66±0.74 5.76±0.32## 4.29±0.74***

Leptin(μg/g) 0.19±0.06 0.38±0.11### 0.28±0.05*

Visfatin(ng/g) 9.15±2.14 2.69±0.52### 11.99±2.03***

PPAR-γ(μg/g) 7.16±1.27 5.20±1.10### 10.51±0.88***

Prot(g/kg) 1.85±0.23 1.46±0.07### 1.78±0.14***

GSH(mg/g prot) 1.01±0.18 0.77±0.071### 1.24±0.15***

CAT(U/μgprot) 0.92±0.12 0.75±0.12# 0.94±0.16**

LPL(pg/g)  52.24±13.06 15.54±2.50### 44.01±6.67***

HSL(mU/g) 116.6±24.74 43.90±8.09### 140.40±7.94***

Note: Rats were fed either a normal or a high-fat diet (HFD) for 12 weeks. HFD-fed animals were treated
with daily oral doses of WMP (750 mg/kg) while normal and HFD fed control rats were gavaged with
vehicle (normal saline). Data are expressed as the mean±SD (n=10). # P < 0.05, ## P < 0.01 and ### P <
0.001 compared with NCD group; * P < 0.05, ** P < 0.01 and *** P < 0.001 compared with HFD group.

Figures
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Figure 1

Fig. 1 Effect of WMP on the body weight of HFD-fed rats. Rats were fed either a normal or a high-fat diet
(HFD) for 12 weeks. HFD-fed animals were treated with daily oral doses of WMP (750 mg/kg) while Chow
and HFD fed control rats were gavaged with vehicle (normal saline), (a) body weight, (b) total weight gain,
(c) food intake. Data are expressed as the mean±SD (n=10). # P < 0.05 and ## P < 0.01 HFD vs. NCD; * P
< 0.05 and ** P < 0.01WMP vs. HFD.
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Figure 2

HE staining of liver and epididymal adipose tissue in rats. Rats 3 were fed either a normal or a high-fat
diet (HFD) for 12 weeks HFD-fed animals were treated with daily oral doses of WMP (750 mg/kg) normal
and HFD fed control rats were gavaged with vehicle (normal saline). (a)Liver tissue morphology (upper)
and HE staining (below, 200×). (b) Adipocyte morphology was assessed by H&E staining (400×).
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Figure 3

Effect of WMP on insulin-glucose axis function. The effect 3 of WMP on the function of the Rats were 12
h fasted for fasting glycaemia (a) Changes in tail blood glucose during Oral glucose tolerance test
(OGTT). (b) Area under the curve for OGTTs. (c) Fasting serum insulin levels. (d) HOMA-IR, homeostasis
model index for insulin resistance (IR). Data are expressed as the mean±SEM (n=10). # P < 0.05, ## P <
0.01 and ### P < 0.001 compared with NCD group; * P < 0.05, ** P < 0.01 and *** P < 0.001 compared
with HFD group
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Figure 4

WMP modulated the structure and diversity of 3 the gut microbiota Rats were fed either a normal or a
high-fat diet (HFD) for 12 weeks. HFD-fed animals were treated with daily oral doses of WMP (750
mg/kg) while normal and HFD fed control rats were gavaged with vehicle (normal saline). (a)Alpha
diversity analysis at the OUT level calculated on denoised sequences of rat cecal microbiota (b) principal
component analysis (c) heatmap on OUT level. Data are expressed as the mean±SD (n=8). ### P < 0.001
compared with NCD group.
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Figure 5

WMP modulated the composition of the gut microbiota. Rats 2 were fed either a normal or a high-fat diet
(HFD) for 12 weeks. HFD-fed animals were treated with daily oral doses of WMP (750 mg/kg) while
normal and HFD fed control rats were gavaged with vehicle (normal saline). (a) phylum-level, (b) family-
level, (c) genus-level, (d) species-level. The left graph is the community composition of all the samples,
the right graph shows signi�cant differences in the �ora. Data are expressed as the mean±SD (n=8). # P
< 0.05, ## P < 0.01 and ### P < 0.001 compared with NCD group; * P < 0.05, ** P < 0.01 and *** P < 0.001
compared with HFD group.


