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Mulberry and Hippophae-based
solid beverage promotes weight
loss in rats by antagonizing
white adipose tissue PPARg
and FGFR1 signaling
Xiao-Ting Zhou1, An-Qi Zhu1, Xiao-Min Li2,3, Ling-Yue Sun1,
Jian-Gang Yan2,3, Nin Luo1, Shi-Sheng Chen2,3, Zebo Huang4,
Xin-Liang Mao2,3* and Kun-Ping Li1*

1Key Laboratory of Glucolipid Metabolic Disorders, Ministry of Education of China; Institute of
Chinese Medicinal Sciences, Guangdong Pharmaceutical University, Guangzhou, China, 2Research &
Development Division, Perfect Life & Health Institute, Zhongshan, China, 3Research & Development
Division, Perfect (Guangdong) Co., Ltd., Zhongshan, China, 4School of Food Science and Engineering,
South China University of Technology, Guangzhou, China
Obesity, a multifactorial disease with many complications, has become a global

epidemic. Weight management, including dietary supplementation, has been

confirmed to provide relevant health benefits. However, experimental evidence

and mechanistic elucidation of dietary supplements in this regard are limited.

Here, the weight loss efficacy of MHP, a commercial solid beverage consisting of

mulberry leaf aqueous extract and Hippophae protein peptides, was evaluated

in a high-fat high-fructose (HFF) diet-induced rat model of obesity. Body

component analysis and histopathologic examination confirmed that MHP was

effective to facilitate weight loss and adiposity decrease. Pathway enrichment

analysis with differential metabolites generated by serum metabolomic profiling

suggests that PPAR signal pathway was significantly altered when the rats were

challenged by HFF diet but it was rectified after MHP intervention. RNA-Seq

based transcriptome data also indicates that MHP intervention rectified the

alterations of white adipose tissue mRNA expressions in HFF-induced obese

rats. Integrated omics reveals that the efficacy of MHP against obesogenic

adipogenesis was potentially associated with its regulation of PPARg and FGFR1

signaling pathway. Collectively, our findings suggest that MHP could improve

obesity, providing an insight into the use of MHP in body weight management.
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GRAPHICAL ABSTRACT

Efficacy of MHP against diet-induced obesity is validated in rats. Integrated metabolomics and transcriptomics indicate that MHP is able to facilitate
weight loss through regulating PPARg pathway and redressing adipose tissue dysfunction.
Highlights
Fron
• MHP promotes weight and adiposity loss of diet-induced

obese rats.

• Metabolomics shows MHP efficacy is closely related to

PPAR signaling pathway.

• Transcriptomics indicates MHP rectifies white adipose

tissue dysfunction.

• Efficacy of MHP is associated with regulation of PPARg and
FGFR1 signaling.
1 Introduction

Overweight or obesity is characterized by an excessive

accumulation of adipose tissue and has become a global epidemic

(1, 2). Obesity is highly associated with the development of

hyperlipidemia, nonalcoholic fatty liver disease (NAFLD), type 2

diabetes mellitus (T2DM), cardiovascular diseases and some types

of cancer (3), posing one of the greatest threats to health. On the

other hand, weight management has been shown to provide health

benefits. For example, a moderate 5% weight loss has considerable

health benefits, including decreased intra-abdominal and intra-

hepatic fat and increased multiorgan insulin sensitivity and b cell

function (4). Long-term intentional weight-loss also improves the

morbidity, mortality, quality of life, and health-care cost (5, 6).

Obesity guidelines have recommended weight loss of 5-10% as the

goal for medically supervised weight loss (7, 8).

Given the great benefits of weight loss, a number of measures

have been applied to realize the goal of 5% or more weight loss and

weight maintenance in the past few decades, including active lifestyle

modifications and pharmacological and surgical interventions.

Among them, noninvasive drugs and dietary supplements have

been regarded as promising approaches to address the deficit of

lifestyle intervention and reduce the severity of bariatric surgery (9,
tiers in Endocrinology 02
10). In the case of dietary supplements, usually no specific guidance

from a professional doctor is required and often no strict restrictions

are applied – they can be sold as functional beverage or health food

(11). Thus, many people turn to weight loss-promoting dietary

supplements in the hope to help them achieve their weight-loss

goals. However, despite extensive investigations on the role of dietary

bioactive substances with weight-loss potentials (12, 13), evidence to

support the efficacy of dietary supplements perse for weight loss is

limited (14). According to the U.S. FDA regulations, all dietary

supplements must be safe, but unlike drugs, there are currently no

efficacy requirements (13). Consequently, commercially available

dietary supplements that are labeled for use in weight loss are

multifarious, varying greatly in their efficacy (14, 15). Therefore,

there is a pressing need to investigate the claimed efficacy of weight-

loss dietary supplements as well as the underlying regulatory

mechanisms in metabolic pathways.

In our recent screening tests, a number of dietary supplements

are found to have weight-loss activities. Among them, MHP, a solid

beverage which is mainly consisted of mulberry leaf aqueous extract

and Hippophae protein peptides as well as L-arabinose, showed

potential protective effects against high-fat diet-induced obesity and

hyperlipidemia. Mulberry leaf has been traditionally used to lower

blood glucose and lipids, which is supported by their high content

of flavonoids and alkaloids (16). Hippophae rhamnoides L. has also

been shown to have weight-loss and lipid-lowering activities (17,

18). Hippophae protein peptides prepared from H. rhamnoides

seeds have also been proved effective in combating memory

impairment (19) and also shown to have hypoglycemic and anti-

inflammatory activities (20). These findings suggest that MHP has

weight-loss potential, but its efficacy and underlying mechanisms

have not been fully investigated.

Variation of endogenous metabolites reflects the alterations of

global metabolic homeostasis in cells and organisms, which can be

investigated by metabolomics. As a robust analytical tool,

metabolomics has been increasingly used in the studies of

diagnostic biomarkers, fundamental pathogenic mechanisms, and

therapeutic targets (21). By integrating with transcriptomics data
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and using such as Ingenuity Pathways Analysis, MetaCore and

Reactome software, algorithmically constructed metabolic networks

can be generated to provide more insight than phenotypes and

biochemical results analyzed individually (22).

In this study, we first evaluated the effects of MHP on a high-fat

high-fructose (HFF) diet-induced rat model of obesity and then

explored the underlying mechanisms by integrated metabolomics

and transcriptomics analysis. Our results showed that MHP

rectified white adipose tissue dysfunction and had weight-loss

activity, which was related to its regulation on PPARg
(peroxisome proliferator-activated receptor gamma) and FGFR1

(fibroblast growth factor receptor 1) signaling.
2 Materials and methods

2.1 Chemicals and reagents

Liquid chromatography-tandem mass spectrometry (LC-MS)

grade methanol (MeOH) and acetonitrile (ACN) were purchased

from Fisher Scientific (Loughborough, UK). Formic acid was

obtained from TCI (Shanghai, China). 2-Amino-3-(2-

chlorophenyl) propionic acid (internal standard) and ammonium

formate were obtained from Sigma Aldrich (Shanghai, China).

Hematoxylin plus Eosin dye kit (DH0006) was purchased from

Leagene (Beijing, China). Ultrapure water was generated using a

Milli Q system (Millipore, Bedford, USA).
2.2 MHP preparation and analysis

MHP is mainly consisted of mulberry leaf aqueous extract,

Hippophae protein peptide and L-arabinose. In the present study,

MHP (batch No. 20220623) was manufactured in a Good

Manufacturing Practice (GMP) pilot plant following specific

quality assurance instructions for the nutritional ingredients,

heavy metals and microorganisms (see Supplementary Table S1 in

Supplementary Materials).
2.3 Animals experiment

Male Sprague-Dawley rats (5-6 weeks old) were supplied by

Guangdong Medical Laboratory Animal Center (Guangzhou,

China). Animal study protocols were approved by the

Institutional Animal Care and Use Committee of the Guangdong

Pharmaceutical University. All animal studies were conducted in

accordance with the ARRIVE (Animal research: reporting of in vivo

experiments) guidelines (23). All animals were maintained under

specific pathogen-free conditions, housed with 12 h light/dark

cycles at controlled 22-24°C and 60-65% humidity. After

acclimatization on a normal chow diet for 7 days, the rats were

randomly divided into control group and high calorie diet group. As

previously described (22, 24), the control group was fed with

standard chow and the high calorie diet group was fed with a

high-fat diet plus HFCS-sweetened drink. Two weeks later, an
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elimination about 20% of obesity-resistant rats was performed

and the calorie diet group was divided into HFF group, MHP-H

and MHP-L group (n=8 for each group). Except the rats of normal

group, all the other rats were fed with a high-fat high-fructose

(HFF) diet, and the rats of MHP-H and -L group were

supplemented with MHP at a dose of 5.25 g/kg/day and 0.875 g/

kg/day by gavage respectively.

The intervention lasted for 8 weeks. Body weight of each rat was

measured twice per week throughout the experiment. In addition,

food and drink intake were monitored, and the energy intake and

energy efficiency (body weight gain(g)/total energy intake (kcal)) of

each group were calculated.
2.4 Sample collection

At the end of the experiment, all animals were anaesthetized

with pentobarbital sodium after an overnight (12h) fast. Blood and

tissues were harvested as previously described (25). Blood was

collected for serum metabolomics analysis. The inguinal white

adipose tissue (iWAT) was also collected and weighted. Part of

iWAT was fixed with 4% PFA for histological examination, while

the rest was snap frozen in liquid nitrogen. Samples were frozen at

-80°C until analyzed for metabolomics (plasma) or transcriptomics

(iWAT tissue).
2.5 Body composition analysis

Body composition analysis was carried out as previously

described using an NMR analyzer Minispec LF90II body

composition analyzer (Bruker Optics, Billerica, MA, USA) 1 day

prior to sacrifice (25). The adiposity, the ratio of lean mass to body

weight, and the ratio of fluid mass to body weight were calculated.
2.6 Metabolomics analysis

The untargeted metabolomics analysis was performed as

described (26). All the samples were thawed at 4°C. To 100 µL of

serum, 400 µL of methanol was added and vortexed for 1 min. The

mixture was then centrifuged for 10 min at 12,000 rpm and 4°C,

and the supernatant was transferred, concentrated and dried in

vacuum. Next, the dry samples were redissolved with 150 µL of 80%

methanol solution containing 2-chlorolphenylalanine (4 ppm) and

filtered through 0.22 mm membrane prior to LC-MS detection. A

small aliquot of each sample was pooled together as the quality

control sample.

The LC analysis was performed on a Vanquish UHPLC System

(Thermo Fisher Scientific, USA) using an ACQUITY UPLC® HSS

T3 (2.1×100 mm, 1.8 µm) column (Waters, Milford, USA). The

column was maintained at 40 °C. The flow rate and injection

volume were set at 0.3 mL/min and 2 mL, respectively. For LC-

ESI (+)-MS analysis, acetonitrile containing 0.1% formic acid (B1)

and water containing 0.1% formic acid (A1) were used as mobile

phase, while for LC-ESI (–)-MS analysis, pure acetonitrile (B2) and
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5 mM ammonium formate (A2) were used. Chromatographic

separation was carried out under the following gradient: 0~1 min,

8% B1(B2); 1~8 min, 8%~98% B1(B2); 8~10 min, 98% B1(B2);

10~10.1 min, 98%~8% B1(B2); and 10.1~12 min, 8% B1(B2).

Simultaneous MS and data-dependent MS/MS acquisition of

metabolites mass spectrometry data were performed on Orbitrap

Exploris120 with ESI ion source (Thermo Fisher Scientific, USA).

The sheath gas pressure and auxiliary gas were 40 and 10 arb,

respectively. The spray voltage was 3.50 kV and -2.50 kV for ESI (+)

and ESI(-), respectively. The capillary temperature was 325 °C. MS1

scan range of m/z was from 100 to1000 and MS1 resolving power

was set at 60000 FWHM. The number of data dependent scans per

cycle was set at 4. The MS/MS resolving power was set at 15000

FWHM. The normalized collision energy was 30 eV.

The raw data were first converted to mzXML format by

MSConvert in ProteoWizard software package (v3.0.8789) and

processed using R XCMS (v3.12.0) for feature detection, retention

time correction and alignment (27, 28). The metabolites were

identified by accuracy mass and MS/MS data which were

matched with HMDB (http://www.hmdb.ca), KEGG (https://

www.genome.jp/kegg/), mzcloud (https://www.mzcloud.org) and

the in-house metabolites database of Panomix Biomedical Tech

Co., Ltd. (Shuzhou, China).
2.7 Metabolic pathway and
function analysis

The metabolic pathway and function enrichment analysis was

proceeded as in previous studies (25, 29). PCA (principal

component analysis) and OPLS-DA (orthogonal partial least

squares discriminant analysis) were applied to discriminate the

groups by R ropls (v1.22.0) package (30). In order to screen the

differential metabolites (DMs), p value < 0.05 and VIP (variable

projection importance) value > 1 were set by fault as the threshold.

Using the generated DMs, pathway enrichment analysis was

performed using the online metabolomics tool of Biodeep

Platform (http://www.biodeep.cn/) to visualize and interpretate

the data.
2.8 RNA-Seq

RNA-Seq was performed as reported previously (22). Briefly,

RNA from the iWAT was extracted using Trizol reagent kit

(Invitrogen, USA) following the manufacturer’s instruction. The

cDNA library was constructed and sequenced on the Illumina

(Novaseq 6000) by Gene Denovo Biotechnology Co. (Guangzhou,

China). After the raw data were filtered, the clean reads were used

for identification the differentially expressed genes (DEGs) by

DESeq2 package. The level of mRNA FPKM (fragments per

kilobase of exon model per million fragments mapped reads)

value was also calculated. Genes with p value < 0.05 and |Fold

change|> 1.5 were categorized as DEGs, and then used for gene

ontology (GO) function analysis and Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway analysis. Gene Set Enrichment
Frontiers in Endocrinology 04
Analysis (GSEA) was implemented on the Java GSEA platform

while gene sets with NES absolute value >1, p value <0.05 and FDR

value < 0.25 were considered statistically significant. All the raw

data generated by RNA-Seq were submitted to the GenBank’s

Sequence Read Archive (https://www.ncbi.nlm.nih.gov/

sra/PRJNA1063764).
2.9 Statistical analysis

All data are expressed as means ± standard deviation (SD). A

Student’s t-test or one-way analysis of variance (ANOVA) was

carried out. p value < 0.05 was considered statistically significant. R

(https://www.rproject.org) and Graphpad Prism 6.0 software

(GraphPad, CA, USA) were used for graphics.
3 Results and discussion

3.1 MHP facilitates weight loss of HFF-diet
fed obese rats

In order to address the efficacy of MHP for weight loss, a serial

of experiments were performed on a HFF-induced rat model of

obesity (Figure 1A). As shown in Figures 1B, C, the body weight of

the HFF group rats was significantly increased compared with

normal rats, but 8-week intervention with a high dose of MHP

ameliorated the body weight gain caused by HFF diet.

Since obesity is associated with excessive fat accumulation, the

lean mass and fluid mass of each group rats were also measured. As

expected, a high dose of MHP treatment significantly decreased the

adiposity and increased the lean index, while there was no difference

in the ratio of fluid to body weight (Figures 1D–F). In order to

investigate whether the increase of body weight or WAT in rats was

related to food, drink or total energy intake, we measured the calory

intake and calculated the energy efficiency. It was found that there

was no difference in total energy intake between the HFF group and

MHP group, suggesting that the weight loss was not due to a

reduced total energy intake and that MHP did not inhibit the rat

appetite (Figures 1G–J).
3.2 Multivariate statistical analysis of
metabolomics data reveals HFF-diet-
stressed metabolic alterations

The metabolic profiles of animals are dynamically changing,

which can reflect the physiologic or pathologic conditions.

Although it is complicated, metabolomics analysis can present

some useful hints for mechanistic investigation (31). To study the

underlying mechanisms for MHP efficacy, we performed a LC-MS

based metabolomic profiling of serum collected from all the three

groups of rats. Considering their efficacy, the MHP-H group was

chosen for metabolomics analysis. Representative total ion

chromatograms of LC-MS profiling of Cont, HFF and MHP

groups of rats under positive ion mode are shown in Figure 2A.
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Mass spectrometry-based metabolomics studies require quality

control to obtain reliable and high-quality metabolomics data

(32). For this, the PCA score plots were used for both positive

and negative modes (Supplementary Figures S1A, B). The PCA

(R2X = 0.525) and PLS-DA score plots (R2X =0.505, R2Y =0.999,

and Q2 = 0.936) generated by multivariate statistical analysis based

on acquired data indicated that the metabolome of the three groups

of rats were distinct from each other (Figures 2B, C).

The volcano plot of the metabolites represented by MS data also

showed obvious difference between the control and HFF group

(Figure 2D), so do the HFF and MHP groups (Figure 2G). In order

to maximize the discrimination between every two groups and

screen out the differential metabolites, OPLS-DA analysis was

carried out. As a result, in the OPLS-DA score plot of Cont

versus HFF group, clear difference was presented while the

cumulative R2X, R2Y, Q2 value was 0.488, 0.998 and 0.762,
Frontiers in Endocrinology 05
respectively (Figure 2E). Similarly, HFF group was also different

from MHP group in the OPLS-DA score plot with the cumulative

R2X, R2Y, Q2 values being 0.479, 0.98, and 0.745 respectively

(Figure 2H). R2X and R2Y are known to be the cumulative model

variation in X and Y, while Q2 is the cumulative predicted variation.

In general, the values of these parameters that are approaching 1.0

indicate that a model is stable and has predictive reliability. A

permutation test with 200 iterations confirmed that the constructed

OPLS-DA model was valid and not over-fitted, as the original R2

and Q2 values to the right were significantly higher than the

corresponding permutated values to the left (33). The value of R2

was 0.99 and Q2 was 0.09 in Cont versus HFF group (Figure 2F),

while R2 was 0.93 and Q2 was 0.0 between HFF and MHP

group (Figure 2I).

Similarly, the LC-MS data under negative ion mode of

metabolic profiles were acquired and analyzed. Representative
B

C D E F

G H I

A

J

FIGURE 1

MHP facilitates weight loss in a high-fat high-fructose diet-induced obese rats. (A) SD rats were fed either a normal chow diet or a high-fat diet plus
HFCS-sweetened drink (HFF diet). Two weeks later, an elimination about 20% of obesity-resistant rats from the HFF diet fed group was performed
and the rest rats were divided into HFF group, MHP-H group and MHP-L group (n=8 for each group). The control and HFF group of rats received
deionized water (vehicle), while the MHP-H and MHP-L groups were supplemented with MHP at a dose of 5.25 g/kg/day and 0.875 g/kg/day,
respectively, via oral gavage until the end of the experiment. (B, C) Body weight and body weight gain. (D–F) Adiposity, lean and fluid index. (G, H)
Energy intake from normal or high-fat diet and high-fructose corn syrup sweetened drink, respectively. (I) Total energy intake. (J) Energy efficiency
of each group of rats. Cont, control group. HFF, high-fat high-fructose diet fed group. MHP-L and MHP-H are low dose- and high dose-MHP
supplemented groups, respectively. MHP, a mulberry and Hippophae-based solid beverage. Data are expressed as mean ± SD (n =8). *p < 0.05,
**p < 0.01, ***p < 0.001 vs. HFF group.
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total ion chromatograms of Cont, HFF and MHP groups were

shown in Figure 3A. The PCA (R2X =0.533) and PLS-DA (R2X

=0.226, R2Y =0.995 and Q2 = 0.914) score plots showed clear

differences among the Cont, HFF and MHP groups (Figures 3B,

C). The volcano plots originated from ESI(-)-MS data also showed

distinct difference between Cont and HFF groups (Figure 3D) as

well as between HFF and MHP groups (Figure 3G). Following the

aforementioned procedure, the OPLS-DA score plot of Cont versus

HFF group also showed clear difference with the cumulative R2X at

0.248, R2Y at 0.999, and Q2 at 0.876 (Figure 3E). The cumulative

R2X, R2Y and Q2 value were 0.231, 0.996, and 0.735 respectively

between HFF and MHP groups (Figure 3H). Moreover, a

permutation test confirmed that the present OPLS-DA model was

valid and not over-fitted. The detailed parameters were as the

following: R2 was 0.97 and Q2 was 0.03 in Cont versus HFF

group (Figure 3F), while R2 was 0.98 and Q2 was 0.03 between

HFF and MHP groups (Figure 3I).
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3.3 MHP efficacy is associated with PPAR
signaling pathway as revealed
by metabolomics

Metabolome reflects the holistic condition of an organism,

presenting a global manifestation by a list of metabolites which

are inextricably linked in terms of origination and metabolic

pathways involved. Taking VIP > 1 and p < 0.05 as threshold

values, a total of 73 serum small molecules were identified as the

DMs between the control and HFF group rats when the ESI(+) and

ESI(-) data were pooled together (Supplementary Table S2 in

Supplementary Materials). As shown in Figure 4A, the DMs

clustered into two distinct groups in the heatmap, which showed

that the serum metabolome was greatly altered after HFF

diet consumption.

Individually, each metabolite involves in specific biochemical

pathway and plays an important role in the delicate life process. For
B C

D E F

G H I

A

FIGURE 2

Multivariate statistical analysis of the LC-MS data acquired under positive ion mode. (A) Representative ESI(+)-MS total ion chromatograms of three
groups of serum samples; (B, C) Principal component analysis (PCA) and partial least squares-discriminate analysis (PLS-DA) score plots; (D, G)
Volcano plot of MS1 significant differential metabolites; (E, H) Pair-wise orthogonal projections to latent structures discriminant (OPLS-DA) scores
plot; (F, I) Statistical validation of the OPLS-DA model by permutation testing.
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example, when compared with Cont group, the contents of oleic

acid and uridine in serum of rats were considerably upregulated

(fold change, FC >3.0) while a-tocotrienol was significantly

downregulated (FC <0.5) in HFF group. In fact, oleic acid can

induce oxidative damage and steatosis in hepatocytes both in vitro

and in vivo (34). Uridine is one metabolite positively associated

with obesity, and is also a potential biomarker of insulin resistance

(35, 36). Tocotrienols possess powerful antioxidant, anticancer,

and cholesterol-lowering properties (37), and tocotrienols

supplementation not only inhibits body weight gain but also

attenuates oxidation stress in HFD-treated mice (38). On the

whole, however, the significantly changed DMs should be taking

into account for a living organism. To this end, Cytoscape,

MetaboAnalyst, MetaCore and other programs can generate

algorithmic networks which can present more insights than the

blunt results analyzed individually (25, 39). Thus, in order to

illustrate and visualize the underlying metabolic stress induced
Frontiers in Endocrinology 07
by HFF diet, the above DMs were further analyzed using

MetaboAnalyst 5.0 (www.metaboanalyst.ca) to interpret the

apparently independent changes into altered canonical pathways

and metabolic regulation networks. As shown in Figure 4B, pathway

enrichment results suggest that the changes of metabolic profile in

rats were related principally to (1) PPAR (peroxisome proliferator-

activated receptors) signaling pathway, (2) linoleic acid metabolism,

(3) renal cell carcinoma, and (4) other pathways. The metabolic

network generated with DMs is visualized by Cytoscape and shown

as Figure 4C. PPARs, including PPARa, PPARg and PPARb/d, are
fatty acid-activated transcription factors of the nuclear hormone

receptor superfamily that regulate energy metabolism. PPAR

signaling pathway is critical to coordinate many cellular events

during normal and stress conditions (40).

Likewise, using VIP > 1 and p < 0.05 as the thresholds, OPLS-

DA generated 76 serum DMs between the HFF challenged rats and

MHP supplemented rats based on the integrated ESI(+) and ESI(-)
B C

D E F

G H I

A

FIGURE 3

Multivariate statistical analysis of LC-MS data acquired under negative ion mode. (A) Representative ESI(+)-MS total ion chromatogram of serum
samples; (B, C) Principal component analysis (PCA) and Partial least squares-discriminate analysis (PLS-DA) score plots; (D, G) Volcano plots of MS1

significant differential metabolites; (E, H) Pair-wise orthogonal projections to latent structures discriminant (OPLS-DA) scores plots; (F, I) Statistical
validation of the OPLS-DA model by permutation testing.
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data (Supplementary Table S3 in Supplementary Materials). The

DMs can also be clustered into two distinct groups in the heatmap

(Figure 5A), which demonstrates that MHP intervention can

ameliorate the metabolism stress induced by HFF consumption.

Among them, some individual metabolites are interesting. For

instance, compared with HFF group, 6-hydroxyhexanoic acid was

remarkably upregulated in MHP group (FC>3.0), which can

significantly reduce high-fat diet induced weight gain and

improve glucose intolerance and insulin resistance in mice (41).

While the content of uric acid was significantly downregulated in

MHP group (FC <0.5), and recent studies have confirmed that high

level of serum uric acid is associated with obesity and metabolic

syndrome (42). However, an algorithmically constructed metabolic

network presents more insight than a serial of the individual

metabolites (25). Therefore, the above DMs were also used to

perform pathway enrichment analysis by MetaboAnalyst 5.0. As

shown in Figure 5B, the changes of metabolic profile in rats can be

related principally to (1) PPAR signaling, (2) renal cell carcinoma,

(3) central carbon metabolism in cancer, and (4) other pathways.

The metabolic network generated with DMs between HFF and

MHP groups was shown as Figure 5C. Unexpectedly, in both

Figures 4B and 5B, PPAR signaling pathway seems to be the most

impacted pathway, suggesting that this pathway is critical to

coordinate the whole metabolism. Although more evidence may

be needed, these results suggest that the efficacy of MHP is closely

related to its regulation on the PPAR signaling pathway, which is

worthy of further investigations.
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3.4 MHP mitigates white adipose tissue
transcriptome stress response in HFF-diet
induced obese rats

Abnormal WAT is a phenotypic indicator of over-weight or

obesity. In the present study, HFF diet intake led to an enlarged

iWAT (Figure 6A) and an increase in the ratio of iWAT weight to

body weight (Figure 6B). Therefore, we expect that MHP

supplementation may attenuate excessive lipid deposition. Indeed,

pathohistological examination of iWAT sections, both with H&E

staining and Masson’s trichrome staining, showed that the rats in

MHP-H group had less hypertrophic adipocytes as compared with

HFF group (Figures 6C, D) and collagenous fibrosis (Figures 6E, F).

These results confirmed the efficacy of MHP on weight loss.

As metabolome changes should originate from its upstream

effects, including proteome and transcriptome changes, thus we

performed RNA-Seq analysis of iWAT to verify the influence of

HFF on the transcriptomic profiles in white adipose tissue

(Figure 6G). As shown in Figure 6H, I, an obvious difference was

found between the control and HFF groups as well as between the

HFF and MHP-H groups. By setting p < 0.05 and |Fold change| >

2.0 as thresholds, a total of 5095 DEGs and 7907 DEGs were

screened out between control and HFF groups and between HFF

and MHP groups, respectively (see Supplementary Figure S2 in

Supplementary Materials). Furthermore, KEGG pathway

enrichment analysis of these DEGs showed that several pathways,

including CAMP signaling, glycolipid metabolism, regulation of
B

C

A

FIGURE 4

Rat serum metabolome is significantly altered when challenged by HFF diet. Untargeted metabolic analysis was performed through Vanquish UHPLC
tandem Orbitrap Exploris120 MS system. The compounds were identified and quantitated by accuracy mass and MS/MS data which were matched
with HMDB (http://www.hmdb.ca), KEGG (https://www.genome.jp/kegg/), mzCloud (https://www.mzcloud.org) and the in-house metabolites
database of Panomix Biomedical Tech Co., Ltd. (Shuzhou, China). (A) Relative levels of 73 differential metabolites shown in heatmap. (B) Pathway
enrichment analysis of the above 73 differential metabolites was performed using the online metabolomics tool of Biodeep Platform (http://www.
biodeep.cn/) to visualize the results. (C) Metabolic network generated with differential metabolites during HFF versus control. Heatmap was
generated by R pheatmap package using the 73 differential metabolites presented by metabolomic profiling of the rat serum samples of control and
HFF group. HFF, high-fat diet and high-fructose corn syrup drink.
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lipolysis in adipocytes, PPAR signaling, insulin resistance and

MAPK signaling, were significantly changed by HFF diet

(Figure 6J), confirming that HFF significantly exerted influence

on carbohydrate, lipid and energy metabolism of WAT as shown in

our previous report on hepatic transcriptome (25). As expected, the

high-dose MHP supplementation relieved this situation (Figure 6K)

– nearly all involved pathways were redressed after MHP intake,

suggesting that MHP could attenuate white adipose tissue

transcriptome stress in HFF-diet-induced obese rats.
3.5 MHP facilitates obese rats weight loss
partly through PPARg signaling pathway

Storage of extra calories is an inborn ability of white adipose

tissue. In the case of overnutrition, white adipose tissue usually

experiences two scenarios, i.e., hyperplasia and hypertrophy.

Adipocyte hyperplasia is commonly regarded as a healthy

adaptation whereas adipocyte hypertrophy is associated with

increased hypoxia which is regarded as an unhealthy state (43).

In general, adipocyte hypertrophy is achieved in mature adipocytes

via an increase in lipid accumulation or lipogenesis (i.e., triglyceride

synthesis), which is synergetic with a decreased lipolysis (i.e.,

triglyceride breakdown). In contrast, adipocyte hyperplasia relies

on a complicated adipogenesis process (44). The nuclear hormone

receptor PPARg is regarded as the master regulator of adipogenesis

as it is indispensable for adipocyte differentiation. Mechanistically,
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TGF-b signals through SMAD3 and directly inhibits PPARg-C/
EBPa complex formation and, in consequence, adipogenesis (45).

TGF-b and PPARg signaling pathways play a crucial regulatory

role in adipocyte hyperplasia and hypertrophy, which may be a key

target for the treatment of obesity (Figure 7A). Take PPARg for

instance, some of its ligands have been developed as clinically effective

antidiabetic drugs (46, 47). Therefore, GSEA analysis on TGF-b
signaling pathway and PPARg signaling pathway in adipose tissue

transcriptome were conducted. As compared to the control group,

the HFF group exhibited a significant downregulation trend, which

was reversed after MHP treatment (Figures 7B, C). The heatmap of

genes related to adipocyte hyperplasia and hypertrophy reflected an

obvious difference between the Cont and HFF groups, while, after

MHP treatment, mRNA levels of differential genes tended to be

normal (Figure 7D). As a transcription factor, PPARg activates

expression of various genes involved in fat deposition, such as Lpl,

Fatp1, CD36, Fabp4, and Plin, by binding a functional peroxisome

proliferator response element (PPRE) on their promoter in adipose

tissue (48). In this study, MHP significantly suppressed the

expression of Pparg and its downstream target genes Fabp4 and

Plin1 induced by HFF diet, suggesting that MHP may improve fat

deposition by regulating the PPARg pathway (Figure 7E).
In consideration of their structures and functions, the TGF-b

superfamily ligands can be divided into two subfamilies: TGF-bs and
BMPs (49). In our study, Tgfb3, the key gene involved in adipocyte

proliferation, exhibited a significant upregulation trend followingMHP

treatment (Figure 7E), indicating that MHP may improve the state of
B

C

A

FIGURE 5

Metabolic remodeling in obese rat after a high-dose MHP supplementation. Untargeted metabolic analysis was performed using Vanquish UHPLC
tandem Orbitrap Exploris120 MS system. The compounds were identified and quantitated by accuracy mass and MS/MS data which were matched
with HMDB (http://www.hmdb.ca), KEGG (https://www.genome.jp/kegg/), mzCloud (https://www.mzcloud.org) and the in-house metabolites
database of Panomix Biomedical Tech Co., Ltd. (Shuzhou, China). (A) Relative levels of 76 differential metabolites shown in heatmap. (B) Pathway
enrichment analysis of the above 76 differential metabolites was performed using the online metabolomics tool of Biodeep Platform (http://www.
biodeep.cn/) to visualize the results. (C) Metabolic network generated with differential metabolites during HFF versus MHP. Heatmap was generated
by R pheatmap package using the 76 differential metabolites presented by metabolomic profiling of the rat serum samples of HFF and MHP group.
HFF, high-fat diet and high-fructose corn syrup drink.
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adipocyte hypertrophy by inhibiting TGFb3-mediated adipocyte

proliferation. Several genes involved in adipogenesis and lipid

accumulation, for example, Smad1/2 and Bmp2/4, were robustly

upregulated in the adipocytes under the HFF diet, but there was a

significant inhibition of Bmp2/4 expression upon MHP intervention

(Figure 7E). BMPs are pleiotropic proteins that regulate processes like
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cell-fate determination, proliferation, apoptosis and differentiation (50).

BMP2 stimulates adipogenesis in 3T3-L1 cells by induction of PPARg
via mainly Smad-1/5/8 and p38 MAPK pathway (51). BMP4 promotes

MSCs commitment to the adipocyte lineage and induces adipogenesis

in a dose-dependent manner (52). Therefore, our findings suggest that

MHP may exert its effects by modulating TGF-b and PPARg signaling
B
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A

FIGURE 6

MHP improved white adipose tissue transcriptomic stress in HFF-induced obese rats. (A, B) Enlarged iWAT and increase in iWAT weight/body weight;
(C, D) H&E stained iWAT sections and quantitative results of adipocytes. (E, F) Masson’s trichrome stained iWAT sections and quantitative analysis of
collagenous fibrosis. (G) RNA-Seq analysis of iWAT; (H, I) Volcano plot of genes; (J, K) KEGG pathway enrichment analysis of DEGs. Cont, control
group. HFF, high-fat high-fructose diet fed group. MHP-L and MHP-H are low dose- and high dose-MHP supplemented groups, respectively. MHP,
a mulberry and Hippophae-based solid beverage. GSEA, gene set enrichment analysis. iWAT, inguinal white adipose tissue. The access number of
RNA-Seq raw reads is PRJNA1063764. (https://www.ncbi.nlm.nih.gov/sra/PRJNA1063764). Data are expressed as mean ± SD (for iWAT weight/body
weight, n =8; for H&E stained and Masson’s trichrome stained sections, n=6). *p < 0.05, ***p < 0.001 vs. HFF group.
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pathways, thereby promoting adipocyte proliferation and inhibiting

adipogenesis. Consequently, this could alleviate adipocyte hypertrophy

and improve the unhealthy obese conditions.
3.6 Weight-loss effect of MHP is associated
with its regulation on adipose fibrosis

Obesogenic adipogenesis is a pathological process which is closely

related to ECM (extracellular matrix) (53). In physiological states, a

balance between synthesis, deposit and degradation of ECM

components exists. However, diet-induced obesity is usually

accompanied with ongoing ECM remodeling, which likely results

from an excess synthesis of fibrillar components, such as collagens I,

III and VI, and an impaired degradation of these proteins (54).

Excessive ECM deposition in adipose tissue is a hallmark of fibrosis,

which is a major contributor to adipose tissue dysfunction (55). As

described, Masson’s trichrome staining adipose tissue sections showed

a higher content of collagen fiber in HFF-diet challenged rats as

compared to the control group, but MHP reversed its progression

(Figure 6C). Thus, we reasoned that the health benefit of MHP may
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also be due to its improvement on the adipose dysfunction (Figure 8A).

In other words, MHP intervention may reduce ECM deposition as well

as fibroblasts of adipocyte, consequently improving adipose tissue

fibrosis challenged by HFF diet.

Since ECM remodeling is a complicated and dynamically

changing process, we performed mRNA expression enrichment

analysis of the gene set of extracellular matrix organization

(Figure 8C). As expected, HFF diet changed the expression of ECM

organization pathway genes whereas MHP intervention reversed this

condition. As the matrix metalloproteinases (MMP) are regarded as

marker proteins involved in adipose ECM remodeling, mRNA

expression levels of MMP genes were also compared. As shown in

Figure 8G, significant upregulation expression of MMP-2 and MMP-

14 genes was found in HFF group rats, while it was normal in MHP

group. It has been shown that MMP-2 is a key regulator of adipocyte

differentiation, and high-expression of MMP-2 is necessary for

adipocytes hyperplasia when responding to excess energy from

HFF diet (56). Also, MMP14 is found dramatically upregulated in

adipose tissue of obese mice induced by high-fat diet (57). Therefore,

the efficacy of MHP is likely due to its protection against adipose

tissue dysfunction.
B C

D E

A

FIGURE 7

MHP promotes obese rats weight loss partly through TGF-b and PPARg signaling pathways. (A) Schematic response of adipocytes to MHP
intervention via TGF-b and PPARg signaling pathways; (B, C) GSEA analysis of TGF-b and PPARg signaling pathways; (D) Heatmap of the expressions
of genes involved in TGF-b and PPARg signaling pathway in iWAT; (E) mRNA expression level of typical genes. Data are expressed as mean ± SD
(n=5). MHP, a mulberry and Hippophae-based solid beverage. GSEA, gene set enrichment analysis. iWAT, inguinal white adipose tissue. *p < 0.05,
**p < 0.01, ***p < 0.001 vs. HFF group.
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Crosslinking of collagen, the main component of connective

tissue surrounding adipocytes, is known to affect adipose

remodeling, which is crucial for maintaining function and

metabolic homeostasis of adipose tissue (58). In fact, increased

interstitial fibrosis in WAT may lessen the flexibility of ECM and

decrease the plasticity of adipose tissue as obesity progresses, which

ultimately leads to adipose tissue dysfunction (55). Through GSEA

analysis of the iWAT transcriptome, we found the trend back of

crosslinking of collagen fibrils pathway after MHP intervention

(Figure 8B). Similar results were also found in collagen formation

pathway and assembly of collagen fibrils and other multimeric

structures pathway (Supplementary Figures S3A, B).

In addition to ECM remodeling, adipose fibrosis also

contributes greatly to adipose tissue dysfunction. We found that

the signaling by FGFR1 pathway, which is associated with adipose

tissue fibrosis, was markedly downregulated in the HFF group

(Figure 8D), so did the downstream signaling of activated FGFR1

pathway (Supplementary Figure S3C). Interestingly, these two
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pathways were significantly upregulated after MHP treatment

(Figure 8D). Further, the heatmap of the DEGs from signaling by

FGFR1 pathway and crosslinking of collagen fibrils pathway

suggests that MHP was able to improve HFF diet-induced obese

adipose tissue fibrosis at the transcriptomic level (Figure 8F). As

shown in Figure 8G and Supplementary Figure S3D, the critical

genes involved in these two pathways in the HFF group, including

Fgf1, Fgfr1, Col1a1, Col1a3, Col6a2, Lox and Loxl1/2/3/4 showed a

marked upregulation trend as compared with the control group, but

showed a substantial downregulation trend after MHP intervention.

Fgf1 is unique among the Fgf family in its ability to activate all

four Fgfrs and their isoforms (59). It is reported that adipose Fgf1 is

dramatically induced in HFD-fed mice (60) and expression of Fgf1

and Fgfr1 in the adipose tissue of HFD-fed and ob/ob mice is

significantly elevated when compared with normal diet-fed and

lean control mice (61). In line with these reports, the expression of

Fgf1 and Fgfr1 was significantly increased in the iWAT of HFF-

induced obese rats but was normal after MHP treatment (Figure 8G).
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FIGURE 8

Efficacy of MHP on weight loss is associated with its regulation on FGFR1 pathway. (A) Schematic response of adipocytes to MHP intervention
through improving adipose tissue dysfunction. GSEA analysis of pathways: crosslinking of collagen fibrils (B), extracellular matrix organization (C),
signaling by FGFR1 (D) and response to hypoxia (E). (F) Heatmap of the expressions of genes involved in aforementioned pathways in iWAT. (G)
mRNA expression level of part of typical genes. MHP, a mulberry and Hippophae-based solid beverage. GSEA, gene set enrichment analysis. iWAT,
inguinal white adipose tissue. Data are expressed as mean ± SD (n =5). **p < 0.01, ***p < 0.001 vs. HFF group.
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Collagen type I, III, and VI are highly expressed in adipose tissue (62)

and diet induced obesity is found to promote the expressions of

Col1a1, Col3a1 and Col6a3 in eWAT of C57/B6J mice (58).

Moreover, Col3a, Col6a, and Lox gene expressions are

downregulated by metformin and resveratrol, which are shown to

decrease collagen deposition in adipose tissue induced by HFD (63).

In fact, Lox (Lysyl oxidase), which catalyzes the formation of allysine

and hydroxylysine, is crucial for collagen fiber crosslinking and thus

for fibrosis development (64). Berberine is also found to suppress the

expression ofHif-1a and Lox in eWAT at the state of obesity induced

by HFD (65). Therefore, the efficacy of MHP is potentially associated

with its protection against adipose tissue fibrosis.

As aforementioned, the adipocyte hypertrophy is usually along

with an insufficient local blood supply and a subsequent locally hypoxic

microenvironment in adipose tissue (66). Therefore, the genes related

to hypoxia response may have some expression alterations in our case.

For this, GSEA analysis of the iWAT transcriptome on the response to

hypoxia pathway was carried out (Figure 8E). As expected,

supplementation of MHP resulted in a strong downregulation trend

for the key genes related to hypoxia, including Hif-1a, Vegfr, Egfr and
Igf1 (Figure 8G, Supplementary Figure S3D). Interestingly, an elevated

expression of Hif-1a, the hypoxia-inducible factor-1 a, in obese

adipose tissue is reported to trigger a potent pro-fibrotic

transcriptional program, and inhibition or knockout Hif-1a can

ameliorate the negative aspects of the obesity-associated fat pad

expansion and adipose tissue fibrosis (66, 67).

Rapid tissue expansion during the development of obesity

causes the neo-vasculature to struggle to keep up, and the mRNA

expression of vascular endothelial growth factor (Vegf), a well-

known Hif-1a target gene, is markedly elevated in HFD fed mice

(55). On the other hand, hyperplastic expansion is preceded by

angiogenesis but angiogenesis is often insufficient and occurs after

hypertrophic adipocyte growth, which can result in hypoxia and

tissue dysfunction (68, 69). Previous research has revealed that HFD

increases expression of Egfr and its ligand amphiregulin in adipose

tissue macrophages (ATMs). Furthermore, Egfr deletion in ATMs

leads to an inhibition of resident ATM proliferation and monocyte

infiltration into adipose tissue, which results in decreased obesity

and insulin resistance (70). As described above, the expression of

hypoxia-related genes was markedly increased in the HFF group,

but it was normal after MHP intervention (Figure 8G), suggesting

that the efficacy of MHP is related to its improvement on hypoxia

condition of the hypertrophic adipocytes.
4 Conclusions

In the present study, body component analysis and

histopathologic examination confirm that MHP can effectively

facilitate weight loss and adiposity decrease in rat model of

obesity. Pathway enrichment analysis with the DMs generated by

serum metabolomic profiling and multivariant statistical analysis

suggest that PPAR signal pathway was significantly altered when

challenged by HFF diet while it was rectified after MHP

intervention. Furthermore, the RNA-Seq based transcriptome

data indicate that MHP intervention also rectified the alterations
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of white adipose tissue mRNA expressions in HFF-induced

obese rats. Integrated omics reveals the efficacy of MHP against

obesogenic adipogenesis was potentially with its regulation of

PPARg and FGFR1 signaling pathway. Collectively, our findings

provide reliable evidence that MHP can improve obesity and an

insight into the use of MHP in body weight management. Although

full understanding of its mechanisms requires further work, MHP is

a potential healthy product for body weight management.
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1. González-Muniesa P, Mártinez-González MA, Hu FB, Després JP, Matsuzawa Y,
Loos RJF, et al. Obesity. Nat Rev Dis Primers. (2017) 3:17034. doi: 10.1038/nrdp.2017.34

2. Bluher M. Obesity: global epidemiology and pathogenesis. Nat Rev Endocrinol.
(2019) 15:288–98. doi: 10.1038/s41574-019-0176-8

3. Duwaerts CC, Maher JJ. Macronutrients and the adipose-liver axis in obesity and fatty
liver. Cell Mol Gastroenterol Hepatol. (2019) 7:749–61. doi: 10.1016/j.jcmgh.2019.02.001

4. Magkos F, Fraterrigo G, Yoshino J, Luecking C, Kirbach K, Kelly SC, et al. Effects
of moderate and subsequent progressive weight loss on metabolic function and adipose
tissue biology in humans with obesity. Cell Metab. (2016) 23:591–601. doi: 10.1016/
j.cmet.2016.02.005

5. Rueda-Clausen CF, Ogunleye AA, Sharma AM. Health benefits of long-term
weight-loss maintenance. Annu Rev Nutr. (2015) 35:475–516. doi: 10.1146/annurev-
nutr-071714-034434

6. Willis EA, Huang W-Y, Saint-Maurice PF, Leitzmann MF, Salerno EA, Matthews
CE, et al. Increased frequency of intentional weight loss associated with reduced
mortality: a prospective cohort analysis. BMCMed. (2020) 18:248. doi: 10.1186/s12916-
020-01716-5

7. Williamson DA, Bray GA, Ryan DH. Is 5% weight loss a satisfactory criterion to
define clinically significant weight loss? Obes (Silver Spring). (2015) 23:2319–20.
doi: 10.1002/oby.21358

8. Donna Ryan MH. Expert panel report: Guidelines (2013) for the management of
overweight and obesity in adults. Obesity. (2014) 22:S1–S410. doi: 10.1002/oby.20660

9. Srivastava G, Apovian CM. Current pharmacotherapy for obesity. Nat Rev
Endocrinol. (2018) 14:12–24. doi: 10.1038/nrendo.2017.122

10. Bessesen DH, Van Gaal LF. Progress and challenges in anti-obesity pharmacotherapy.
Lancet Diabetes Endocrinol. (2018) 6:237–48. doi: 10.1016/S2213-8587(17)30236-X

11. Wang S, Cao S, Arhatte M, Li D, Shi Y, Kurz S, et al. Adipocyte Piezo1 mediates
obesogenic adipogenesis through the FGF1/FGFR1 signaling pathway in mice. Nat
Commun. (2020) 11:2303. doi: 10.1038/s41467-020-16026-w

12. Watanabe M, Risi R, Masi D, Caputi A, Balena A, Rossini G, et al. Current
evidence to propose different food supplements for weight loss: A comprehensive
review. Nutrients. (2020) 12:2873. doi: 10.5105/jse.40.167

13. Van Breemen RB. Development of safe and effective botanical dietary
supplements. J Med Chem. (2015) 58:8360–72. doi: 10.1021/acs.jmedchem.5b00417

14. Batsis JA, Apolzan JW, Bagley PJ, Blunt HB, Divan V, Gill S, et al. A systematic
review of dietary supplements and alternative therapies for weight loss. Obes (Silver
Spring). (2021) 29:1102–13. doi: 10.1002/oby.23110

15. Dwyer JT, Coates PM, Smith MJ. Dietary supplements: regulatory challenges and
research resources. Nutrients. (2018) 10:41. doi: 10.3390/nu10010041

16. Zhang R, Zhang Q, Zhu S, Liu B, Liu F, Xu Y. Mulberry leaf (Morus alba L.): A
review of its potential influences in mechanisms of action on metabolic diseases.
Pharmacol Res. (2022) 175:106029. doi: 10.1016/j.phrs.2021.106029

17. Yang X, Wang Q, Pang ZR, Pan MR, Zhang W. Flavonoid-enriched extract from
Hippophae rhamnoides seed reduces high fat diet induced obesity ,
hypertriglyceridemia, and hepatic triglyceride accumulation in C57BL/6 mice. Pharm
Biol. (2017) 55:1207–14. doi: 10.1080/13880209.2016.1278454

18. Wang Z, Zhao F, Wei P, Chai X, Hou G, Meng Q. Phytochemistry, health
benefits, and food applications of sea buckthorn (Hippophae rhamnoides L.): A
comprehensive review. Front Nutr. (2022) 9:1036295. doi: 10.3389/fnut.2022.1036295

19. Zhu X, Cai L, Liu J, Zhu W, Cui C, Ouyang D, et al. Effect of seabuckthorn seed
protein and its arginine-enriched peptides on combating memory impairment in mice.
Int J Biol Macromol. (2023) 232:123409. doi: 10.1016/j.ijbiomac.2023.123409

20. Yuan H, Zhu X, Wang W, Meng L, Chen D, Zhang C. Hypoglycemic and anti-
inflammatory effects of seabuckthorn seed protein in diabetic ICR mice. Food Funct.
(2016) 7:1610–5. doi: 10.1039/C5FO01600B
21. Newgard CB. Metabolomics and metabolic diseases: where do we stand? Cell
Metab. (2017) 25:43–56. doi: 10.1016/j.cmet.2016.09.018

22. Li KP, Yuan M, Wu YL, Pineda M, Zhang CM, Chen YF, et al. A high-fat high-
fructose diet dysregulates the homeostatic crosstalk between gut microbiome,
metabolome, and immunity in an experimental model of obesity. Mol Nutr Food
Res. (2022) 66:e2100950. doi: 10.1002/mnfr.202100950

23. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving
bioscience researchreporting: the ARRIVE guidelines for reporting animal research.
PloS Biol. (2010) 8:e1000412. doi: 10.1371/journal.pbio.1000412

24. Jegatheesan P, Beutheu S, Freese K, Waligora-Dupriet AJ, Nubret E, Butel MJ,
et al. Preventive effects of citrulline on Western diet-induced non-alcoholic fatty liver
disease in rats. Br J Nutr. (2016) 116:191–203. doi: 10.1017/S0007114516001793

25. Li KP, Yuan M, He ZR, Wu Q, Zhang CM, Lei ZL, et al. Omics insights into
metabolic stress and resilience of rats in response to short-term fructose overfeeding.
Mol Nutr Food Res. (2019) 63:e1900773. doi: 10.1002/mnfr.201900773

26. Li HY, Huang SY, Zhou DD, Xiong RG, Luo M, Saimaiti A, et al. Theabrownin
inhibits obesity and non-alcoholic fatty liver disease in mice via serotonin-related
signaling pathways and gut-liver axis. J Adv Res. (2023) 52:59–72. doi: 10.1016/
j.jare.2023.01.008

27. Rasmussen JA, Villumsen KR, Ernst M, Hansen M, Forberg T, Gopalakrishnan
S, et al. A multi-omics approach unravels metagenomic and metabolic alterations of a
probiotic and synbiotic additive in rainbow trout (Oncorhynchus mykiss).Microbiome.
(2022) 10:21. doi: 10.1186/s40168-021-01221-8
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30. Thévenot EA, Roux A, Xu Y, Ezan E, Junot C. Analysis of the human adult
urinary metabolome variations with age, body mass index, and gender by
implementing a comprehensive workflow for univariate and OPLS statistical
analyses. J Proteome Res. (2015) 14:3322–35. doi: 10.1021/acs.jproteome.5b00354

31. Johnson CH, Ivanisevic J, Siuzdak G. Metabolomics: beyond biomarkers and
towards mechanisms. Nat Rev Mol Cell Biol. (2016) 17:451–9. doi: 10.1038/
nrm.2016.25

32. Dunn WB, Broadhurst D, Begley P, Zelena E, Francis-Mcintyre S, Anderson N,
et al. Procedures for large-scale metabolic profiling of serum and plasma using gas
chromatography and liquid chromatography coupled to mass spectrometry. Nat
Protoc. (2011) 6:1060–83. doi: 10.1038/nprot.2011.335

33. Wu Y, Fu Y, Rao C, Li W, Liang Z, Zhou C, et al. Metabolomic analysis reveals
metabolic disturbances in the prefrontal cortex of the lipopolysaccharide-induced
mouse model of depression. Behav Brain Res. (2016) 308:115–27. doi: 10.1016/
j.bbr.2016.04.032

34. Luo T, Jiang S, Zhou B, Song Q, Du J, Liu P, et al. Protective effect of isoorientin
on oleic acid-induced oxidative damage and steatosis in rat liver cells. Front Pharmacol.
(2022) 13:818159. doi: 10.3389/fphar.2022.818159

35. KimMJ, Kim JH, KimMS, Yang HJ, Lee M, Kwon DY. Metabolomics associated
with genome-wide association study related to the basal metabolic rate in overweight/
obese Korean women. J Med Food. (2019) 22:499–507. doi: 10.1089/jmf.2018.4310

36. Liu K, Jin X, Zhang X, Lian H, Ye J. The mechanisms of nucleotide actions in
insulin resistance. J Genet Genomics. (2022) 49:299–307. doi: 10.1016/j.jgg.2022.01.006

37. Sen CK, Khanna S, Roy S. Tocotrienol: the natural vitamin E to defend the
nervous system? Ann N Y Acad Sci. (2004) 1031:127–42. doi: 10.1196/annals.1331.013
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2024.1344262/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2024.1344262/full#supplementary-material
https://doi.org/10.1038/nrdp.2017.34
https://doi.org/10.1038/s41574-019-0176-8
https://doi.org/10.1016/j.jcmgh.2019.02.001
https://doi.org/10.1016/j.cmet.2016.02.005
https://doi.org/10.1016/j.cmet.2016.02.005
https://doi.org/10.1146/annurev-nutr-071714-034434
https://doi.org/10.1146/annurev-nutr-071714-034434
https://doi.org/10.1186/s12916-020-01716-5
https://doi.org/10.1186/s12916-020-01716-5
https://doi.org/10.1002/oby.21358
https://doi.org/10.1002/oby.20660
https://doi.org/10.1038/nrendo.2017.122
https://doi.org/10.1016/S2213-8587(17)30236-X
https://doi.org/10.1038/s41467-020-16026-w
https://doi.org/10.5105/jse.40.167
https://doi.org/10.1021/acs.jmedchem.5b00417
https://doi.org/10.1002/oby.23110
https://doi.org/10.3390/nu10010041
https://doi.org/10.1016/j.phrs.2021.106029
https://doi.org/10.1080/13880209.2016.1278454
https://doi.org/10.3389/fnut.2022.1036295
https://doi.org/10.1016/j.ijbiomac.2023.123409
https://doi.org/10.1039/C5FO01600B
https://doi.org/10.1016/j.cmet.2016.09.018
https://doi.org/10.1002/mnfr.202100950
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.1017/S0007114516001793
https://doi.org/10.1002/mnfr.201900773
https://doi.org/10.1016/j.jare.2023.01.008
https://doi.org/10.1016/j.jare.2023.01.008
https://doi.org/10.1186/s40168-021-01221-8
https://doi.org/10.1007/s00216-015-9042-2
https://doi.org/10.1016/j.freeradbiomed.2018.06.009
https://doi.org/10.1021/acs.jproteome.5b00354
https://doi.org/10.1038/nrm.2016.25
https://doi.org/10.1038/nrm.2016.25
https://doi.org/10.1038/nprot.2011.335
https://doi.org/10.1016/j.bbr.2016.04.032
https://doi.org/10.1016/j.bbr.2016.04.032
https://doi.org/10.3389/fphar.2022.818159
https://doi.org/10.1089/jmf.2018.4310
https://doi.org/10.1016/j.jgg.2022.01.006
https://doi.org/10.1196/annals.1331.013
https://doi.org/10.3389/fendo.2024.1344262
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Zhou et al. 10.3389/fendo.2024.1344262
38. Kato Y, Aoki Y, Fukui K. Tocotrienols influence body weight gain and brain
protein expression in long-term high-fat diet-treated mice. Int J Mol Sci. (2020)
21:4533. doi: 10.3390/ijms21124533

39. Wang Y, Yu RY, Zhang J, Zhang WX, Huang ZH, Hu HF, et al. Inhibition of
Nrf2 enhances the anticancer effect of 6-O-angeloylenolin in lung adenocarcinoma.
Biochem Pharmacol. (2017) 129:43–53. doi: 10.1016/j.bcp.2017.01.006

40. Montaigne D, Butruille L, Staels B. PPAR control ofmetabolism and cardiovascular
functions. Nat Rev Cardiol. (2021) 18:809–23. doi: 10.1038/s41569-021-00569-6

41. Sebag SC, Qian Q, Upara C, Ding Q, Cao H, Hong L, et al. A medium chain fatty
acid, 6-hydroxyhexanoic acid (6-HHA), protects against obesity and insulin resistance.
Acta Pharm Sin B. (2024). doi: 10.1016/j.apsb.2024.01.002

42. Yeo C, Kaushal S, Lim B, Syn N, Oo AM, Rao J, et al. Impact of bariatric surgery
on serum uric acid levels and the incidence of gout-A meta-analysis. Obes Rev. (2019)
20:1759–70. doi: 10.1111/obr.12940

43. Ghaben AL, Scherer PE. Adipogenesis and metabolic health. Nat Rev Mol Cell
Biol. (2019) 20:242–58. doi: 10.1038/s41580-018-0093-z

44. Tan CK, Chong HC, Tan EH, Tan NS. Getting 'Smad' about obesity and diabetes.
Nutr Diabetes. (2012) 2:e29. doi: 10.1038/nutd.2012.1

45. Petrus P, Mejhert N, Corrales P, Lecoutre S, Li Q, Maldonado E, et al.
Transforming growth factor-b3 regulates adipocyte number in subcutaneous white
adipose tissue. Cell Rep. (2018) 25:551–60.e5. doi: 10.1016/j.celrep.2018.09.069

46. Lehrke M, Lazar MA. The many faces of PPARg. Cell. (2005) 123:993–99.
doi: 10.1016/j.cell.2005.11.026

47. Ahmadian M, Suh JM, Hah N, Liddle C, Atkins AR, Downes M, et al. PPARg
signaling and metabolism: the good, the bad and the future. Nat Med. (2013) 19:557–
66. doi: 10.1038/nm.3159

48. Gu H, Zhou Y, Yang J, Li J, Peng Y, Zhang X, et al. Targeted overexpression of
PPARg in skeletal muscle by random insertion and CRISPR/Cas9 transgenic pig
cloning enhances oxidative fiber formation and intramuscular fat deposition. FASEB
J. (2021) 35:e21308. doi: 10.1096/fj.202001812RR
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