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Purpose: White adipose tissue (WAT) has positive effects on peripheral metabolism para-
meters and liver energy metabolism. This study aimed to explain the pharmacological
mechanism of Qushi Huayu (QSHY) granules in the treatment of nonalcoholic fatty liver
disease (NALFD) mice based on branched-chain amino acid (BCAA) catabolism and WAT
browning.

Patients and Methods: Thirty C57BL/6J mice were randomly divided into a (Ctrl) control
group, fed with a control diet, a NAFLD model group, fed with a high-fat and high-sugar
(HFHS) diet, and a QSHY granules treatment (HFHS+QSHY) group, administered with
QSHY granules. After 14 weeks of feeding, HFHS+QSHY group mice were administered
QSHY granules through oral gavage for 6 weeks. The metabolic parameters were assessed,
the circular and fecal BCAA content was observed, and liver and epididymal WAT (eWAT)
were collected for pathological, quantitative real-time polymerase chain reaction, and
Western blotting analyses.

Results: Compared with the HFHS group, mice in the HFHS+QSHY group demonstrated
restored liver histological changes, ameliorated hepatocyte steatosis, and alleviated inflammatory
cell infiltration. Consistent with the pathological changes, QSHY granules significantly reduced
the elevated levels of liver triglycerides, and serum alanine aminotransferase, and it relieved
hypercholesterolemia and insulin resistance in mice with HFHS-induced NAFLD. Furthermore,
it corrected BCAA metabolic disorders in serum and feces and promoted the expression of
BCAA catabolic genes in the eWAT of HFHS mice. QSHY granules also increased the expres-
sion of phosphorylated AMP-activated protein kinase (AMPK) protein, up-regulating the protein
expression of the AMPK/SIRT1/UCP-1 pathway in the eWAT.

Conclusion: QSHY granules improved hepatic steatosis and corrected the BCAA disorder
in NAFLD mice, and the related mechanisms regulated the AMPK/SIRT1/UCP-1 pathway
and promoted WAT browning.

Keywords: nonalcoholic fatty liver disease, branched chain amino acids, white adipose

tissue, browning, traditional Chinese medicine

Introduction

Nonalcoholic fatty liver disease (NAFLD) is a common metabolic disease worldwide.
The incidence of NAFLD is increasing rapidly, with a global prevalence rate of
25.24%, and a prevalence rate as high as 29.2% in China.'” Currently, NAFLD has
surpassed viral hepatitis B as the chronic liver disease with the highest global
incidence.” Despite this, there is no approved therapeutic drug for NAFLD treatment.
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Changes in dietary and exercise habits are commonly
adopted as interventions; however, these interventions have
the disadvantages, such as poor patient adherence and easy
rebound of efficacy. Therefore, investigations into potentially
safe and effective drugs that can be applied to NAFLD
treatment are urgently needed.

The mechanisms and heritability of NAFLD are com-
plex, and adipocyte dysfunction is an important factor that
influences the progression of NAFLD. In obesity,
increased lipolysis of white adipose tissue (WAT) is an
important source of peripheral and liver free fatty acids
(FFAs) and that influences the metabolic network and the
inflammation status in the liver. In contrast, brown adipose
tissue (BAT) and beige adipocytes in WAT have positive
effects on peripheral plasma metabolism parameters and
liver energy metabolism.* With the advent of metabolo-
mics technology, many endogenous metabolites not only
serve as potential biomarkers for obesity or NAFLD but
also regulators of disease progression and host energy
metabolism.>® Studies have shown that the presence of
elevated circulating branched-chain amino acids (BCAAs)
correlates significantly with adolescent obesity, as well as
independently predicts the risk of type 2 diabetes mellitus
(T2DM).” Furthermore, elevated fasting plasma BCAA
levels are also found in humans and mice with obesity-
associated NAFLD,*’ coinciding with abnormalities in
hepatic and adipose tissue BCAA catabolic enzymes.'®

Traditional Chinese medicine (TCM) is used widely in the
treatment of NAFLD in China. Qushi Huayu (QSHY) decoc-
tion is an empirical TCM formula, composed of five herbs,
including Artemisiae scopariae herba (Yin Chen), Polygoni
cuspinati rhizome et radix (Hu Zhang), Curcumae longae
rhizome (Jiang Huang), Gardeniae fructus (Zhi Zi), and
Herba hyperici japonica (Tian Jihuang)."" The active ingredi-
ents in the above herbals include geniposide, genipin, chloro-
genic acid, resveratrol, polydatin, kaempferol, quercetin, etc.,
which are reported to improve NAFLD.'>?° Preliminary
research suggests that the QSHY decoction inhibits hepatic
lipid accumulation by activating AMPK in vivo and in vitro
and corrects intestinal microbial disorders.>'**> Moreover,
QSHY decoction can significantly inhibit weight gain induced
by a high-fat and high-sugar (HFHS) diet in mice, and this
may be related to the promotion of WAT browning; however,
the related mechanisms are yet to be studied. Based on func-
tional metabolomics, this study explores the mechanism
behind QSHY’s correction of abnormal BCAA metabolism
in WAT in mice, simultaneously aiming to provide a new
potential treatment for NAFLD.

Materials and Methods

Preparation and Chemical Profiling of

QSHY

QSHY granules were produced by Jiangyin Tianjiang
Pharmaceutical Co, Ltd. (Jiangyin, China; batch number
1803316). The quality control of QSHY was determined
according to the concentration of the main active compo-
nents, geniposide, genipin, chlorogenic acid, resveratrol,
polydatin and kaempferol, as reported previously. The
chemical profile of QSHY was analyzed as described
previously."!

Animals and Treatment

Male C57BL/6 mice, 6-8 weeks old, weighing 20-22g,
were obtained from Shanghai Slack Animal Experiment
Center (Shanghai, China) and were maintained at the
Division of Animal Resources, Shanghai University of
Traditional Chinese Medicine, Shanghai, China. The
mice were housed in a temperature-controlled (20-26
°C), pathogen-free environment under a 12-h light/dark
cycle. The animal study protocols were approved by the
animal studies ethics committee of Shanghai University of
Traditional Chinese Medicine. All the operations and
experimental procedures complied with the ethical stan-
dard in Laboratory Animal—Guideline for review of ani-
mal welfare, The National Standard of the People’s
Republic of China (GB/T 35892-2018) and the Guide for
the Care and Use of Laboratory Animals: Eighth Edition.

The NAFLD mice model was induced by feeding the
mice an HFHS diet for 20 weeks. The mice were randomly
divided into a control (Ctrl) group (n = 8, fed with
a control diet, D12450J, [Research Diets Inc., New
Brunswick, NJ, USA]; 10% kcal from fat), an HFHS
group (n = 8, fed with HFHS diet, D12492 [Research
Diets Inc.]; 60% kcal from fat and high-sugar drinking
water, 42 g/L, containing 55% fructose and 45% sucrose
[Nantong Trophy Feed Technology Co., Ltd., Nantong,
China]), an HFHS+QSHY group (n = 8, fed with an
HFHS diet, D12492[Research Diets Inc.] and high-sugar
drinking water, 42 g/L, containing 55% fructose and 45%
sucrose [Nantong Trophy]).

The QSHY decoction granules, containing 0.21g of crude
drug/kg body weight, 10mL/kg body weight, daily. The dose
was converted from the therapeutic dose used in the clinical
trial (registration number: ChiCTR-IOR-17013491) were
gavaged to mice in the HFHS+QSHY group from 14
weeks. Mice in the Ctrl and HFHS groups were administered
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with an equal volume of double-distilled water. At the end of
the 20 weeks, samples of plasma, liver, WAT, and feces were
collected.

Histopathology Examination

The liver and eWAT tissues were formalin-fixed and
embedded in paraffin. Sections (4 um thick) were stained
with hematoxylin and eosin (H&E; Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The NAFLD
activity score (NAS) system which assesses steatosis, lob-
ular inflammation, and hepatocellular ballooning was used
to evaluate histological liver damage. Liver samples were
embedded in Optimal Cutting Temperature medium
(Sakura Finetek, Torrance, CA, USA) and snap-frozen in
liquid nitrogen, then sectioned (10-um thick) and stained
with oil red O (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Alanine Aminotransferase, Total
Cholesterol, and Triglyceride Assays

Alanine aminotransferase (ALT) and total cholesterol
levels (TC) in plasma were detected using the ALT and
TC assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The triglyceride (TG) content in liver
tissue was quantified as previously described,'’ using the
commercial kit obtained from Zhejiang Dongou
Diagnostic Products Co., Ltd. (Catalogue Number AO-
10017, Zhejiang, China).

Real-Time Polymerase Chain Reaction
(rt-PCR)

Total RNA was extracted from the WAT tissues using an
RNA isolation kit (Sangon Biotech Inc., Shanghai, China).
The quantity and purity of RNA were determined by the
absorbance at 260/280 nm using a spectrophotometer
(Tecan Group Ltd., Mannedorf, Switzerland). Total RNA
transcription was reversed into complementary DNA
(cDNA) using the cDNA synthesis kit (Bio-Rad, Hercules,
CA, USA). Rt-PCR was conducted using a commercial kit
(TB Green™ Premix Ex Taq™; TaKaRa Bio Inc., Shiga,
Japan) and Applied Biosystems ViiA7 (Thermo Fisher
Scientific, Waltham, MA, USA) based on the manufacturer’s
instructions. The specific primers for the target genes
(synthesized by Sangon Biotech Inc.) used are described in
Supplementary Table S1. Two-step PCR was performed as
follows: 95 °C pre-denaturation for 30 s, then 40 cycles of 95
°C for 5 s and 60 °C for 30 s. The expression of the target

gene of each sample was calculated using the delta-delta Ct
method.  Glyceraldehyde-3-phosphate
(GAPDH) was used as the internal control.

dehydrogenase

Western Blot Analysis
Western blot analysis described

previously.'" The total protein was extracted from WAT

was performed as
tissues, and protein content in WAT was quantified using
a BCA (bicinchoninic acid) protein assay (Beyotime,
Shanghai, China). Western blot analysis was performed to
evaluate the protein expression of eWAT phospho-AMPKa
(P-AMPKa), AMPK, recombinant Sirtuin 1 (SIRT1), and
uncoupling protein 1 (UCP1) antibody. The primary and
secondary antibodies are summarized in Supplementary
Table S2. Chemiluminescence imaging was adopted for
poly (vinylidene fluoride) (PVDF) membrane scanning, and
the imaging software (ChemiScope 3000 mini, Shanghai
Qinxiang Scientific Instrument Co., Ltd., Shanghai, China)
was used to analyze the gray value of each band.

BCAA Content in Serum and Fecal

Samples

Fecal samples were thawed on an ice-bath to diminish
degradation. Approximately 5 mg of each sample was
weighed followed by addition of 25ul. of water was
added. The samples were homogenated with zirconium
oxide beads for 3 min, and 120 pL of methanol containing
internal standard was added to extract the metabolites. Next,
20pL of supernatant was transferred to a 96-well plate, and
the following procedures were performed on an Eppendorf
Workstation
Germany). Finally, the plate was sealed for liquid chromato-

Epmotion (Eppendorf Inc., Hamburg,
graphy-mass spectrometry (LC-MS) analysis.

Serum samples were thawed on ice-bath to diminish
sample degradation. A total of 25uL of serum was added
to a 96-well plate. Then the plate was transferred to the
Eppendorf epMotion Workstation (Eppendorf Inc.). One
hundred and twenty microliters of ice-cold methanol with
partial internal standards was automatically added to each
sample and vortexed vigorously for 5 minutes. The plate
was centrifuged at 4000 g for 30 min (Allegra X-15R,
Beckman Coulter, Inc., Indianapolis, IN, USA). Finally,
the plate was sealed for LC-MS analysis.

In this study, BCAA concentration was measured by ultra-
performance liquid chromatography coupled to a tandem
mass spectrometry (UPLC-MS/MS) system (ACQUITY

UPLC-Xevo TQ-S, Waters Corp., Milford, MA, USA).
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Quantification was performed by comparing peak areas to
calibration curves generated using standard products.

Statistical Analysis

Data were expressed as the mean + standard deviation.
The independent #-test was used to compare two groups if
the data meets normal distribution and homogeneity of
variance, and a one-way ANOVA analysis was used to
compare between multiple groups; Statistical significance
was set at p < 0.05.

Results
QSHY Granules Prevent Weight Gain in
HFHS-Induced NAFLD Mice and

Ameliorates Liver Steatosis
The Ctrl group demonstrated increased food intake, but sig-
nificantly reduced water intake than the HFHS diet-induced
groups. There was no significant difference in food and water
intake between the HFHS and HFHS+QSHY groups
(Figure 1A and B). After 20 weeks, mice in the HFHS group
were significantly obese compared with those in the Ctrl group
(Figure 1C), and body weight, liver weight, and eWAT weight
had increased significantly. QSHY granules significantly
reduced the weight gain of the whole body, liver, and eWAT
in HFHS diet-induced NAFLD mice (Figure 1C-F).

Figure 2A shows the H&E staining and oil red O staining
of representative liver samples from each group of mice. The

Ctrl mice exhibited a normal liver tissue structure, with no
hepatocyte steatosis or inflammatory cell infiltration.
Obvious hepatocyte steatosis and scattered inflammatory
cell infiltration were seen in the liver tissue of the HFHS
group. The oil red O staining showed a large number of lipid
droplets in the cytoplasm of hepatocytes. QSHY granules
restored HFHS-induced liver histological changes in mice,
ameliorated hepatocyte steatosis degeneration, and alleviated
inflammatory cells infiltration. Consistent with the patholo-
gical changes, QSHY prescription significantly reduced the
elevated NAS scores, as well as liver TG and serum ALT
levels in HFHS diet-induced NAFLD mice (Figure 2B-D).

QSHY Granules Relieve
Hypercholesterolemia and Insulin
Resistance in HFHS-Fed NAFLD Mice

After consuming an HFHS for 20 weeks, glucose and insulin
tolerance of mice in the HFHS group were impaired
(Figure 3A and C). Compared with the Ctrl group, the area
under the curve (AUC) of glucose and insulin tolerance of
mice in the HFHS group were significantly increased.
QSHY granules intervention improved the impairment of
glucose and insulin tolerance in NAFLD mice (Figure 3B
and D). In addition, the serum cholesterol content in HFHS
mice was significantly higher than that of the Ctrl group.
QSHY granules treatment significantly reduced hypercho-
lesterolemia induced by the HFHS diet (Figure 3E).

A B xx C
25 o —
-
5 20 rE: 4 |
kg [
=15 g3
- 3
E &
T 10 22
[} =
£ os £1
a
0.0 0 E
Q J N o
< & & Ctrl HFHS HFHS+QSHY
&
D &
E F
1.5+ % % % % 3 * % % %
60 ) T 1T 1 T 1r 1
§ -~ Ctrl 8 l a
g s RS £ 10] £ 2
E 40 . HFHS+QSHY % .%
-§’ H H
a2 @ 0.5 1
S 2 =
s -
rrrrrrrrrrrrrrrrrrrTrT 00' o_
B O R O : N o & N @ &
[ [
& & & &
£ 2
& &
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QSHY Granules Correct BCAA Metabolic
Disorder and Promote the Expression of
BCAA Catabolic Genes in WAT

Studies have shown that elevated BCAA metabolism can be
used as a marker for obesity. Under cold conditions, WAT
browning uses BCAA in mitochondria as the substrate to
promote thermogenesis and eliminate the circulating
BCAA.*> However, under the conditions of obesity and
diabetes, WAT browning is impaired and reduces BCAA
elimination.”* We analyzed the BCAA content in mice
serum samples and compared it with the Ctrl group. The
HFHS diet-fed mice had a higher serum leucine and isoleu-
cine content, and QSHY inhibited the increase of peripheral
leucine and isoleucine after intervention (Figure 4A). We
also observed the excretion of BCAA. As shown in
Figure 4B, the content of valine, leucine, and isoleucine in
the feces of HFHS mice was significantly higher than that of
the Ctrl group. QSHY granules significantly corrected the
increase of fecal BCAA content induced by the HFHS diet.

Mammals cannot synthesize BCAAs; therefore, they must
be obtained from dietary intake. Since there was no statistical
difference between the food and water intake in the HFHS-fed
mice and the HFHS+QSHY intervention mice in this study, we
speculated that BCAA catabolism was an important reason for
the difference in circulating BCAA levels in each group.
QSHY granules significantly reduced the eWAT weight gain

A B
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after intervention (Figure 1F). According to one report, the
BCAA oxidative degradation enzymes are significantly inhib-
ited in the eWAT of obese and diabetic mice,* therefore, we
observed the intervention effect of QSHY granules on the
decomposition of BCAA in the eWAT. The H&E staining
indicated that the eWAT in the HFHS group was hypertrophic
and hyperplasic. QSHY granules intervention reduced the
hypertrophy of adipocytes (Figure 4C and D). Subsequently,
we detected the expression of BCAA catabolic genes in
eWAT. Compared with the Ctrl group, the mRNA expression
of branched-chain ketoacid dehydrogenase E1 alpha polypep-
tide (Bckdh-a), branched-chain ketoacid dehydrogenase El
beta polypeptide (Bckdh-b), dihydrolipoamide branched
chain transacylase E2 (Dbf), and dihydrolipoamide dehydro-
genase (DId) was decreased in the HFHS group (Figure 4E),
indicating that QSHY granules promote the expression of
BCAA catabolism-related genes in WAT, thereby reducing
the peripheral BCAA concentration.

QSHY Granules Promote WAT Browning
by Regulating the AMPK/SIRT |/UCP-|
Pathway

Further experimental observations include QSHY granules
intervention promoted the mRNA expression of browning-
related genes including peroxisome proliferative activated
receptor, gamma, coactivator 1 alpha (Pgc-/a), uncoupling
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protein 1 (Ucp-1), peroxisome proliferator-activated receptor y
(Ppary), and PR domain containing 16 (Prdm16) in the eWAT
of HFHS-fed NAFLD mice (Figure 5A). Preliminary studies
have proven that QSHY decoction significantly increases the
phosphorylation expression level of AMPK protein in high fat
diet-induced NAFLD mice,*' and it was reported that AMPK
agonists promote eWAT browning.?® Therefore, we speculated
that QSHY’s effect on WAT browning was related to the
AMPK pathway. We observed the gene and protein expression
of AMPK in eWAT, and the HFHS diet inhibited the gene
expression and phosphorylation level of AMPK in the HFHS
group. QSHY granules restored the gene expression and the
phosphorylation level of AMPK in eWAT, and the protein
expression of SIRT1 and UCP-1 were significantly increased
in the HFHS+QSHY group compared to that in the HFHS
group (Figure 5B and C). The above research results suggest
that QSHY regulates the AMPK/SIRT1/UCP-1 pathway and
promotes WAT browning in NAFLD mice.

Discussion

Metabolic diseases, such as NAFLD and obesity, have
become serious global health threats in the world.?” Many
experimental studies have proven that Chinese herbal
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medicine effectively ameliorates metabolic syndrome,*®>’

but the related pharmacological mechanisms remain
unclear. The QSHY formula is based on historical evidence
of the benefits of clinical herbal medicine, and years of
clinical and basic research have confirmed its efficacy and
safety as an intervention to protect against NAFLD.!' In
this study, after 6 weeks of treatment, QSHY granules
significantly ameliorated steatosis and insulin resistance in
NAFLD mice, reduced the eWAT content in NAFLD mice,
and demonstrated metabolic protective effects.

BCAAs have been reported as potential biomarkers of
metabolic syndrome, and bariatric surgery reduces circu-
latory BCAA concentration.'® In this study, we found that
QSHY granules corrected the aberrant BCAA metabolism
in circulation and in fecal matter. The circulatory BCAA
levels are affected mainly by the imbalance between
BCAA intake and its catabolism. Although the postpran-
dial blood BCAAs levels more closely reflect the amount
of protein intake, the fasting circulating BCAAs primarily
provide the catabolic pathway. The catabolism of BCAA is
similar in all life forms. BCAAs are initially transaminated
by the chain amino acid transferase (BCAT) to form
branched chain a-keto acids (BCKA). The branched-
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Figure 5 QSHY granules promote WAT browning through AMPK/SIRT [/UCP-1 pathway. (A) thermogenic genes mRNA expression in eWAT (n = 8 per group); (B) the
protein expression of AMPK/SIRT |/UCP-| pathway in eWAT (n = 4 per group); (C) protein expression gray scale analysis; (D) schematic diagram of pharmacological

mechanism of QSHY prescription.*P < 0.05, **P < 0.01.
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chain ketoacid dehydrogenase (BCKDH) complex is
located on the inner surface of the inner mitochondrial
membrane and undergoes an irreversible BCKA oxidation
decarboxylation reaction, releases CO2, and covalently
adds coenzyme A (CoA) groups to the oxidized BCKA
product.’® The BCKDH complex has three components: 1)
a thiamine decarboxylase, which exists in the form of a2/
B2 heterotetramer, and it is encoded by the Bckdh-a and
Bckdh-b genes, respectively;’' 2) a fatty acid ester-
dependent dihydroacyl transacylase that transfers acyl
groups to CoA, encoded by the Dbt gene; 3) an flavin
adenine dinucleotide (FAD)-dependent dihydroacyl dehy-
drogenase, which transfers the released electrons to NAD
+, and it is encoded by the DId gene.*® The oxidation rate
of the BCKDH complex is strictly regulated by the rate of
phosphorylation/dephosphorylation.**** BCKDH kinase
(BCKDK) adds phosphate to the three residues of
BCKDH-alpha, thereby inhibiting the activity of
BCKDH.>**> After decarboxylation by BCKDH, the sub-
sequent catabolism of BCAA is cleared in the form of CO,
or enters the tricarboxylic acid (TCA) cycle (Figure 4E).

The WAT acts as a regulator in the energy homeostasis and
metabolism of the whole body.*® The clearance rate of BCAA
in WAT is inhibited in obesity and/or diabetes, which leads to
a higher peripheral BCAA concentration.>” An isotope-
labeled study showed that BCAA oxidation was redistributed
in insulin-resistant mice, the oxidation of isoleucine in WAT
was reduced by about 75% in high-fat diet mice, and the
contribution of valine carbons to succinate was decreased by
60% in ob/ob mice, indicating a strong blunt of BCAA oxida-
tion in WAT of insulin-resistant mice.*> Transplanting normal
adipose tissue to BCAT2—/— mice with systemic defects in
BCAA metabolism reduced circulating BCAA levels by 30%
(fasting state) to 50% (fed state).>® These studies indicate that
WAT is an important metabolic filter of circulative BCAA in
the obesity and insulin resistance context. In terms of the
mechanism, the accumulation of intracellular BCAAs, espe-
cially leucine, activates the mammalian target of rapamycin
(mTOR) signaling components and contributes to the devel-
opment of obesity-associated insulin resistance.®’

We observed that the intervention effect of QSHY
granules on WAT and detected gene expression was
related to BCAA catabolism. QSHY granules signifi-
cantly reduced the weight gain of eWAT in HFHS-fed
mice. The mRNA expression of Bckdh-a, Bckdh-b, Dbt,
and DId in eWAT was significantly inhibited in the
HFHS group, and the QSHY intervention restored the
expression of these BCAA catabolic genes. There was no

significant difference between the HFHS and HFHS
+QSHY group in the expression of the Bckdk gene,
which inhibits the activity of the BCKDH complex.
These results suggest that QSHY granules correct the
inhibition of decomposition of BCAA in WAT by the
HFHS diet, and the mechanism is related to the up-
regulated expression of BCKDH complex-related genes.
However, the mice in the QSHY group had lower blood
valine levels. The reason for this remains unclear.
Therefore, follow-up studies are needed to confirm
whether this is due to a batch difference or a consistent
drug effect in mice.

WAT has strong plasticity and shifts to the browning
process under certain conditions. WAT browning con-
sumes excess energy and has an anti-obesity effect.'®*°
It has been reported that following cold exposure, the BAT
actively transports BCAA in mitochondria, mediated by
SLC25A44, for thermogenesis and promotes the clearance
of BCAA in mice and humans.** WAT browning is
a complicated process, which is regulated by PRDM16,
PGC-1, and other transcription factors and secreted
proteins.***! In this study, we found that the QSHY gran-
ules significantly promoted the expression of thermogen-
esis genes, Pgc-la, Ppary, Prdmli6, and Ucp-1 in WAT,
which may be beneficial to the catabolism of BCAA.

As the markers of WAT browning, PPARy and UCP-1
can be activated by AMPK agonists.** PGC-1o was first
identified as a coactivator of PPARy in brown adipocytes,
and it is induced by enhancing phosphorylated AMPK and
deacetylated NAD-dependent deacetylase — sirtuin-1
(SIRT1) activities.*>** AMPK activation increases cellular
NAD+ levels and indirectly activates SIRT1 and its down-
stream genes PGC-Ia and UCP-I, thereby promoting
WAT browning and increasing energy consumption.*>
Lack of adipocyte AMPK in mice exacerbates insulin
resistance and hepatic steatosis,*® and this suggests that
adipose tissue AMPK is essential for maintaining mito-
chondrial integrity and inhibiting insulin resistance caused
by overnutrition. In our previous work, we found that
QSHY decoction promotes the phosphorylated AMPK
protein expression in the liver of NAFLD rats,”' however,
the effect of QSHY decoction on AMPK in adipose tissue
is still unknown. In this study, we found that QSHY
granules promote phosphorylation of AMPK, up-regulate
the protein expression in the AMPK/SIRT1/UCP-1 path-
way, and promote WAT browning and BCAA catabolism
in WAT of HFHS diet-fed mice.
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Noteworthily, QSHY granules also

reduced the BCAA content in the feces of mice on

significantly

a HFHS diet. Although mammals lack the enzymes required
for de novo BCAA synthesis, recent studies have shown
that gut microbiota may be one of the sources of BCAA
synthesis.*” Compared with lean people, the gut microbiota
of obese patients is enriched more by BCAA biosynthetic
pathways.”° Gavage with Bacteroides reduces the concen-
tration of serum BCAA and weight gain in high-fat diet-fed
mice.”' Although our previous work found that QSHY
decoction promoted the proportion of Bacteroides in the
gut,”” it remains unclear whether regulating gut microbiota
reduces the peripheral BCAA with QSHY decoction.
There were some limitations in this study. The pharma-
cological effects of QSHY granules that corrects gut dysbio-
sis and increases the expression of phosphorylated AMPK
protein in the liver are negatively correlated with weight
gain. However, we cannot rule out the importance of differ-
ences in body weight in the decrease in hepatic steatosis and
circulating BCAA levels with QSHY treatment. It has been
previously reported that insulin resistance is a major cause of
the BCAA
diabetes.> However, in this study, we also observed that

elevated levels in  obesity and
QSHY concoction relieves hyperlipidemia and corrects insu-
lin resistance in HFHS diet-fed mice, which is closely related
to the increase in AMPK pathway expression and is one of
BCAA metabolic disorders.
Additionally, the skeletal muscle is also an important regu-
lator of BCAA metabolism. This study did not include ana-
lysis of QSHY treatment on BCAA metabolism enzyme

levels in the skeletal muscle, and the potential role of muscle

the factors that corrects

tissue on BCAA metabolism cannot be ruled out.

Conclusion

This study confirmed the benefits of QSHY granules in
HFHS-induced NAFLD mice. QSHY granules ameliorated
liver steatosis, relieved insulin resistance, and alleviated
the metabolites disorder in HFHS-induced NAFLD mice.
Furthermore, QSHY granules promote WAT thermogen-
esis by up-regulating the protein expression of the AMPK/
SIRT1/UCP-1 pathway and facilitate the catabolism of
BCAAs in eWAT (Figure 5D); however, the direct inter-
action between them still requires further verification.
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