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Abstract

Background: Non-alcoholic fatty liver disease (NAFLD) has become a prevalent issue and a consequence of metabolic syndrome
impact on human health. Both of anti-atherosclerosis and anti-hepatic fibrosis capabilities of herbal medicine Ger-Gen-Chyn-Lian-Tang
(GGCLT) has attracted attention, but their molecular regulatory mechanisms in a NAFLD model have not been elucidated. The aim
of the present study was to explore the bioactivity of db/db mice following treatment with GGCLT. Methods: NAFLD phenotype of
db/dbmice were treated with GGCLT and lipogenesis, mitochondria dysfunction, mitophagy, macrophage polarization and adipose tissue
browning were then evaluated using qRT-PCR and/or Western blot analysis, immunofluorescence, and immunohistochemistry assays,
respectively. Results: GGCLT not only decreased serum levels of TG and free fatty acids, but glucose and insulin tolerance test in
db/dbmice. In parallel, GGCLT reduced lipogenesis and hypoxia-inflammation cascades in NAFLD progression. GGCLT reduced lipid
accumulation and was accompanied by the enhanced mitochondria biogenesis, M2 macrophage, and decreased M1 macrophage. The
latter two events contributing to the anti-inflammation are resulting from mitochondria dynamics, and the lipotoxicity lowering effect
of GGCLT of NAFLD mice is mediated by promoting mitophagy in Parkin-dependent and -independent pathways, by mitochondrial
fusion over fission manner. GGCLT also inactivated lipogenesis and decreased lipid accumulation in epididymal white adipose tissue
with a higher M2/M1 macrophage ratio. Conclusions: Besides in the liver, modulating of mitochondrial biogenesis and adipose tissue
browning were characterized by increased Tmem26, Tfam, and Prdm16 expression by GGCLT in EWAT also contributes to the beneficial
action in NAFLD.
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1. Introduction

NAFLD (non-alcoholic fatty liver disease) prevalence
is increasing constantly, with an increase in prevalence ac-
companied by obesity and type 2 diabetes (T2D) [1]. An
excess flow of free fatty acids (FFA) arising due to dys-
functional/insulin resistant (IR) adipose tissue causing ec-
topic fat deposition in liver is closely the NAFLD develop-
ment [2]. In NAFLD and IR, both of excess lipid droplets
and insulin signaling play an important role in adipose tis-
sue dysfunction [3]. The alterations in lipid metabolism
are key to the development of NAFLD and its progression.
In addition, the condition of high free fatty acids, oxida-
tion stress, inflammatory response, oxidation stress, mito-
chondrial dysfunction, andmacrophage polarization are ob-
served in NAFLD [4].

Hepatic lipotoxicity, due to massive FFAs flux and
lipogenesis, has been associated to NAFLD severity and
comprises the processes of oxidative stress, autophagy,
and inflammation processes [5]. In the liver, induction
of CD36 translocation to the plasma membrane of the
hepatocyte increases FFA uptake may be a determining
factor in NAFLD patients with steatosis [5]. In keep-
ing with these findings, attenuate mitochondrial oxidative
stress and thereby protection against lipid-driven hepato-
toxicity, therefore mechanisms and treatment strategies by
modulating the patho-physiological feature of lipophagy is
perhaps to halt NAFLD.

Hepatocytes accumulate excessive FFA due to in-
creased availability of FFA beyond their capacity for oxida-
tion or export by lipoprotein particles in NAFLD [6]. Fatty
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acids flux was increased in hepatocytes results in enhanced
fatty acid import and oxidation of mitochondria in NAFLD.
As oxidative stress signaling promotes nuclear factor-κB
(NF-κB) and nucleotide-binding oligomerization domain-
like receptor, pyrin domain-containing 3 (NLRP3) inflam-
masomes, it stimulates the production of inflammatory cy-
tokines, such as TNF-α, IL-6 and IL-β1 [7]. In addition,
HIF-1α is involved in lipid metabolism through increased
lipid droplets accumulation [8], fatty acid and lipid synthe-
sis [8–10], and fatty acid uptake [10]. Mesarwi and his col-
leagues have illustrated that HIF-1 signaling worsens the
metabolic profile and hastens NAFLD progression and that
insulin resistance (IR) may worsen liver fibrosis and the po-
tential effects are plausibly mediated by hepatic inflamma-
tory stress [11].

An interesting mechanism of hepatocyte sensitivity to
hypoxic stress and mitochondrial dysfunction is the asso-
ciation NAFLD pathogenesis. In the liver and white adi-
pose tissue (WAT), mitochondria is an energy metabolism
center, which is maintained via combination ofmitochon-
drial respiratory chain (MRC) activity and fatty acid beta-
oxidation [12,13]. The clearance of damaged mitochondria
is the responsible of mitophagy that is promote mitochon-
drial turnover [14,15]. Mitophagy deregulation is also im-
plicated in fatty liver disease, hepatic fibrosis, and liver can-
cer [16]. On the other hand, the WAT expansion is associ-
ated with body fat accrual leading to obesity. Fat is often
noted for its energy-storing function, as in WAT; however,
brown and beige adipocytes play a crucial role in whole-
body energy homeostasis through futile catabolism of circu-
lating fatty acids [17]. The uncoupling protein (UCP) is es-
pecially expressed in brown and beige fat, where it regulates
thermogenesis by enabling mitochondria to acquire and ox-
idize a variety of extracellular metabolites that are associ-
ated with a variety of metabolic dysfunctions. Neverthe-
less, emerging evidence that the factors of biochemical and
functional characteristics of thermogenic genes are includ-
ing Ucp1, Cidea, Pgc1a, Cox7a, Prdm16, Cited1, Cd137,
Tmem26 in beige adipocytes [18].

Ger-Gen-Chyn-Lian-Tang (GGCLT) is a standardized
traditional Chinese herbal medicine, which is composed
of Puerariae radix, Scutellariae radix, Coptidis rhizome,
and Glycyrrhizae radix. GGCLT attenuated atherosclerosis
in an apolipoprotein E−/− mouse model [19]. Meantime,
GGCLT has hepatoprotective effects in thioacetamide-
induced liver injury [20] and cholestatic liver fibrosis [21].
This study presents a protective role of GGCLT to the
core lipids accumulation involved in NAFLD and illustrates
their association with IR, mitochondria dysfunction, mi-
tophagy and inflammatory response for its protection.

2. Materials and Methods
2.1 GGCLT Prepared

GGCLT has the following four botanical components,
the following herbs were produced in an 8:3:3:2 weight

ratio: (i) Puerariae Radix (roots of Pueraria lobata, Ge
Gen, 480 g); (ii) Scutellariae Radix (roots of Scullellaria
baicalensis, Huang Qin, 180 g); (iii)Coptidis Rhizoma (rhi-
zomes of Coptis chinensis, Huang Lian, 180 g), and (iv)
Glycyrrhizae Radix (roots of Glycyrrhiza uralensis, Gan
Cao, 120 g). The 960 g of the herbal components were
steeped in 5 liters of dH2O at 80 °C for 2 hours to create
the dH2O extracts. Filtered and lyophilized (VirTis Freeze-
mobile, Gardiner, NY, USA) extracts were produced with
an estimated yield of 12.5% (120 g). These substances were
freeze-dried, and store at –20 °C. Before being used in the
in vivo tests, the GGCLT extract was dissolved in dH2O.

2.2 High-Performance Liquid Chromatography (HPLC)
The six main index components of the GGCLT de-

coction were recognized by HPLC. A Waters HPLC Sys-
tem (Waters Corporation, Milford, Massachusetts, United
States) with a 600 quaternary pump, a Sugai U-620 column
temperature controller, a 717 plus autosampler, and a 996
photodiode array detector was used to perform the HPLC-
UV study. Puerarin, baicalin, berberine, baicalein, gly-
cyrrhizic acid, and wogonin in analytical-grade pure pow-
der forms were used as standards for the HPLC assay. Puer-
arin, baicalin, baicalein, glycyrrhizic acid, and wogonin
were purchased from Merck (Rahway, NJ, USA). Bererine
was purchased from Selleckchem (Burlington, MA, USA).
The analytical conditions were set as follows: gradient elu-
tion by the mixture of mobile phases A (mixture of 20 mM
potassium dihydrogen phosphate and 0.0085% phosphoric
acid), B (acetonitrile) and C (water) at 0–30 min with a ra-
tio of 90–75% A and 10–25% B; 30–40 min with a ratio of
75–65%A and 25–35%B; 40–55minwith a ratio of 65–0%
A, 35–75% B and 0–25% C; 55–60 min with a ratio of 75–
10% B and 25–90% C; 60–65 min with a ratio of 0–90% A,
90–10% B and 90–0% C. The flow rate was kept constant
at 1.0 mL/min. The column temperature was controlled at
35 °C, the post time was 15 min and the injection volume
was 5 µL. Approximately 0.5 g of GGCLT (lyophilized)
was weighed and put into 20 mL of 70% methanol solution
as extractive solvent, ultrasonically vibrated for 15 min at
room temperature, vibrated at 160 rpm for 20 min in a 40
°C water bath, centrifuged at 3000 rpm for 10 min, and the
supernatant liquid was injected in HPLC-UV for quantita-
tive analysis. The 200–400 nm UV wavelength was chosen
for complete detection. As a guard column, a Lichrospher
RP-18 end-capped column (particle size, 5 m; column size,
4.0 mm internal diameter × 10 mm; Merck KGaA, Rah-
way, NJ, USA) was employed. The analytical column was
a Cosmosil 5C18MSII column (particle size, 4.6 mm in-
ternal diameter) × 250 mm. Puerarin, baicalin, baicalein,
wogonin, berberine, and glycyrrhizic acid are represented
by Puerariae Radix, Scutellariae Radix, Coptidis Rhizoma,
and Glycyrrhizae Radix, respectively (Fig. 1).
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Fig. 1. Ger-Gen-Chyn-Lian-Tang (GGCLT) chromatogram determined by HPLC-UV. The panel shows the fingerprint of the HPLC
fingerprint (detection wavelength 250 nm) (A) and three-dimensional structures of these six main index components (B). Structures of
the compounds identified by HPLC-UV (C). Puerarin, baicalin, berberine, baicalein, glycyrrhizic acid, and wogonin, the six main index
components of GGCLT.
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2.3 Identification of the Active Compounds of GGCLT and
Screening the Targets of Fatty Liver

The Traditional Chinese Medicine Integrative
Database (TCMID) were used to screen the active com-
pounds of GGCLT for herbal molecular mechanism
analysis. Besides, literature analysis was performed to
supplement the potential active ingredients and their
pharmacological interactions. The fatty liver related genes
were screened by Public Health Genomics and Precision
Health Knowledge Base (v7.7). The intersection genes
between targets of the active compounds of GGCLT and
fatty liver related genes were overlapped by Venny 2.1.0.

2.4 Construction of the PPI Network Analysis
The protein-protein interaction (PPI) network was

constructed by Cytoscape 3.9.1 (Institute of Systems Bi-
ology, Seattle, Washington, USA). Network Analyzer was
used for network diagrams. Construction of PPI network
and screening of core targets fatty liver-related target pro-
teins were analyzed by online STRING11.5 database to
construct the PPI network. Protein type was set as “Homo
sapiens” with the minimum interaction threshold of 0.4.

2.5 Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) Pathway Analysis

The Traditional Chinese Medicine Integrative
Database (TCMID, Bioinformatics & Drug Design group
in Department of Pharmacy National University, Singa-
pore) was used to screen the GO function and KEGG
pathway analysis that were performed to determine the
function of candidate genes in the drug-compound-disease-
target gene network. GO term, including biological process
(BP), molecular functions (MF), cellular components (CC)
and KEGG pathway with p < 0.05 were considered as
statistically significant.

2.6 Animal Experiments
TheNational LaboratoryAnimal Center (Taiwan) pro-

vided the C57BL/6J and BKS.Cg-m +/+ Leprdb/JNarl
(db/db) mice utilized in this investigation. The animal ex-
periments were performed in accordance with the Chang
Gung University Institutional Animal Care and Use Com-
mittee (CGU107-265). The mice were then matched into
4 groups (n = 5/group). (1) normal mice, (2) db/db mice;
(3) db/db mice + GGCLT 50 mg/kg (oral, daily for 28 con-
secutive days); (4) db/db mice + GGCLT 150 mg/kg (oral,
daily for 28 consecutive days). The raw components of
Puerariae Radix (Pueraria lobata roots, Ge Gen), Scutel-
lariae Radix (Scullellaria baicalensis roots, Huang Qin),
Coptidis Rhizoma (Coptis chinensis rhizomes, Huang Lian),
and Glycyrrhizae Radix (Glycyrrhiza uralensis roots, Gan
Cao) were combined to create the powdere [20,21]. The
dried compound was subsequently dissolved in dH2O be-
fore use. After 28 days, animals were terminated by gradual
fill isoflurane asphyxiation.

2.7 Glucose Tolerance Test (GTT)
After a 6-hour fasting, a glucose load (1 g/kg of body

weight) was administered by gavage or by intraperitoneal
(i.p.) injection. Blood samples were collected from the tail
at 0 (baseline), 15, 30, 60, 90 and 120 minutes after the
glucose loads. Blood glucose levels were measured with
a Blood Glucose Monitoring System (OneTouch® Ultra,
Lifescan, Johnson & Johnson, USA). AUCs of glucose lev-
els calculated according to Trapezoid rules with those from
GTT.

2.8 Insulin Tolerance Test (ITT)
After a 6-hour fasting, an insulin load (0.75 U/kg of

body weight; Lilly, USA) was administered by gavage or
by intraperitoneal (i.p.) injection. Blood samples were col-
lected from the tail at 0 (baseline), 15, 30, 60, 90 and 120
minutes after the insulin loads. AUCs of glucose levels cal-
culated according to Trapezoid rules with those from ITT.
Plasma insulin levels were determined by ELISA kit.

2.9 HOMA-IR
The levels of fasting insulin and fasting glucose are

used to compute the homeostatic model assessment of in-
sulin resistance (HOMA-IR). Scores were calculated with
the following equation: [fasting glucose (mmol/L) × fast-
ing insulin (mIU/mL)] / 22.5 [22].

2.10 Plasma AST and ALT Analysis
Prior to biochemical examination, plasma was col-

lected by centrifugation and kept at –20 °C. The Randox
ATL and AST test was used to assess the plasma con-
centrations of alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) (Randox, Kearneysville, WV,
USA).

2.11 Plasma TG and FFA Analysis
Using the Randox triglycerides test and the NEFA As-

say, the concentrations of plasma triglycerides (TG) and
free fatty acids (FFA) were both directly assessed (Randox,
Kearneysville, WV, USA).

2.12 Histological and Immunohistochemistry Evaluation
Liver and EWAT were embedded in paraffin after

being fixed overnight in 10% Neutral buffered formalin.
Then, xylene was used to deparaffinize portions that were
five micrometers thick, and a graded ethanol series was
used to dehydrate them. Hematoxylin (2 g/L) was used to
stain the tissue slices for 15 minutes, and eosin (0.1 percent
in 0.0003 percent acetic acid) was used for 10 minutes at
room temperature. Masson stain used by Trichrome Stain
(Masson) Kit (abcam, Cambridge, USA). For immunohis-
tochemistry, endogenous peroxidase activity was quenched
with 3% H2O2 in water for 10 min. Non-specific stain-
ing was minimized with 5% normal goat serum for 50 min.
Next, sections were subject to antigen retrieval, as needed,
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Table 1. Antibodies used for immunohistochemistry and western blot analysis.
Antibodies Identifier Source Dilution

β-actin MAB1501 Millipore, Burlington, MA, USA WB 1:1000
CCR7 ab32527 abcam, Cambridge, UK IHC 1:100; WB 1:500
CD11b ab133357 abcam, Cambridge, UK IHC 1:100; WB 1:500
CD11c ab52632, ab11029 abcam, Cambridge, UK IHC 1:100; WB 1:500
CD163 ab182422 abcam, Cambridge, UK IHC 1:100; WB 1:500
CD206 ab64693 abcam, Cambridge, UK IHC 1:100; WB 1:500
CD36 SC-70644 Santa Cruz Biotechnology, TX, USA IHC 1:100; WB 1:500
DRP1 sc-271583 Santa Cruz Biotechnology, TX, USA WB 1:500
DRP1 (Tyr504) PA5-105983 Thermo Fisher Scientific, MA, USA IHC 1:100; WB 1:500
F4/80 CI:A3-1 Thermo Fisher Scientific, MA, USA IHC 1:100; WB 1:500
HIF1 ab179483 abcam, Cambridge, UK IHC 1:100; WB 1:500
Histone SC-56616 Santa Cruz Biotechnology, TX, USA WB 1:500
LC3B GTX127375 GeneTex, CA, USA IHC 1:100; WB 1:500
MCP-1 ab7202 abcam, Cambridge, UK IHC 1:100; WB 1:500
Mitofusin 1 ab126575 abcam, Cambridge, UK IHC 1:100; WB 1:500
MMP9 AB19016 Millipore, Burlington, MA, USA IHC 1:100; WB 1:500
Parkin GTX39745 GeneTex, CA, USA IHC 1:100; WB 1:500
PGC1α ab54481 abcam, Cambridge, UK IHC 1:100; WB 1:500
SIRT1 ab110304 abcam, Cambridge, UK IHC 1:100; WB 1:500
SQSTM/p62 GTX100685 GeneTex, CA, USA WB 1:500
SQSTM/p62 (Ser403) GTX128171 GeneTex, CA, USA IHC 1:100; WB 1:500
SREBP-1 SC-366 Santa Cruz Biotechnology, TX, USA IHC 1:100; WB 1:500
Tmem26 PA5-23477 Thermo Fisher Scientific, Waltham, MA, USA IHC 1:100; WB 1:500
UCP1 ab10983 abcam, Cambridge, UK IHC 1:100; WB 1:500
VEGF ab69479 abcam, Cambridge, UK IHC 1:100; WB 1:500
Goat anti-mouse IgG Ap124P MilliporeSigma, USA WB 1:5000
Goat anti-rabbit IgG 111-065-003 Jackson ImmunoResearch Laboratories, PA, USA WB 1:5000
Goat anti-rat IgG 112-065-003 Jackson ImmunoResearch Laboratories, PA, USA WB 1:5000

and incubated with primary and second antibodies for 2
hours at room temperature. The antibodies used in this
study are shown in Table 1. Images were obtained using
Olympus IX71 microscope.

2.13 Protein Isolation and Western Blot Analysis

Tissues were homogenized in T-PER™ Tissue Pro-
tein Extraction Reagent (0.30 mg tissue/200 µL; Thermo
Fisher Scientific, MA, USA), NE-PER nuclear and Cy-
toplasmic Extraction Reagents (Thermo Fisher Scientific,
MA, USA), or Mitochondria Isolation Kit (Thermo Fisher
Scientific, MA, USA) containing proteinase inhibitors (1
µL/mL; Sigma-Aldrich; Merck KGaA, Rahway, NJ, USA).
The proteinase inhibitors inhibit serine, cysteine, and acid
proteases and aminopeptidases. The soluble proteins were
quantified with the Bio-Rad Rapid Coomassie kit (Bio-Rad
Laboratories, Hercules, California, USA), and then protein
(60–80 µg/lane) was run on a 10% SDS-PAGE gel and sub-
sequently transferred to a PVDF membrane (GE Health-
care, Chicago, Illinois, USA). Blocking was performed us-
ing Pierce™ Fast Blocking Buffer (Thermo Fisher Scien-
tific, MA,USA), 1X TBSwith 0.1%Tween-20 at room tem-
perature for 1 h. For immunoblotting, membranes were

incubated with diluted primary antibody in Pierce™ Fast
Blocking Buffer at 4 °C with gentle shaking overnight. Fol-
lowing primary incubation, the secondary antibody was in-
cubated at room temperature for 1 hour with gentle shaking
in PierceTM Fast Blocking Buffer. The protein expression
was detected using an enhanced chemiluminescence kit and
quantified using ImageJ 1.53 software (National Institutes
of Health, Maryland, USA). The primary and secondary an-
tibodies used in this study are shown in Table 1. Restore™
PLUS Western Blot Stripping Buffer (Thermo Fisher Sci-
entific, MA, USA) was used for detection of proteins with
comparable MW to β-actin protein (i.e., CCR7, p-p62, and
p62). After washing the blot to remove the chemilumines-
cent substrate, incubate it in RestoreWestern Blot Stripping
Buffer for 5 to 15 minutes at room temperature (or at 37 °C
for high affinity antibodies).

2.14 RNA Isolation and Quantitative Real-Time PCR

Total RNA was extracted from 0.2 g liver and EWAT
tissues using 1 mL of TRIzol (Thermo Fisher Scientific,
MA, USA). The cDNA was reverse transcribed from RNA
using a High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific, MA,USA) according to theman-
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ufacturer’s instructions. The cDNA sampleswere amplified
by qRT-PCR using SYBR Green I (Roche, Switzerland).
For qPCR, the following thermocycling conditions were ap-
plied: Initial denaturation at 95 °C for 5min, followed by 35
cycles of denaturation at 94 °C for 30 sec, annealing at 55 °C
for 30 sec, and elongation at 72 °C for 0.5 min, before hold-
ing at 4 °C. By utilizing the 2−∆∆Ct approach to normalize
each Ct result to either gene expression, relative mRNA ex-
pression levels were calculated. Table 2 (Ref. [3,23–38])
displays the primer sequences applied in this research.

2.15 Mitochondrial Enzyme Activity
Crude mitochondrial fraction was extracted from liver

and EWAT using Mitochondria Isolation Kit (Thermo
Fisher Scientific, MA, USA) for Tissue followed by manu-
facturer’s instructions. With the assistance of the Bio-Rad
Rapid Coomassie kit, the proteins weremeasured. For mea-
surement of mitochondrial Complex I, III, and IV activity in
liver and EWAT, usingMitochondrial Complex activity As-
say Kit, respectively. For measurement of Citrate synthase
activity and MDA using Colorimetric Assay kit followed
by manufacturer’s instructions.

2.16 Analysis of Biochemical Parameters
Examinations of serum TNF alpha, MCP-1 and IL-1β

were performed using mouse uncoated ELISA Kit mouse
uncoated ELISA kit (Thermo Fisher Scientific, MA, USA).

2.17 Statistical Analysis
All data are expressed as means ± SEM. Statisti-

cal analysis was performed with SPSS 21.0 software ((In-
ternational Business Machines Corporation, Armonk, NY,
USA). The experiments were repeated for three times. All
data were analyzed using a one-way ANOVA followed by
a Bonferroni’s post hoc test. p values less than 0.05 was
considered to indicate a statistically significant difference.

3. Results
3.1 The Composition of GGCLT

A typical GGCLT HPLC-UV chromatography finger-
print profile was obtained and six major constituents were
identified (Fig. 1). The well-separated peaks with reten-
tion times of 65 min and perentage of compound in GGCLT
(lyophilizate, %) were identified as follows: (1) Puerarin
(15.07 min, 28.90%); (2) Baicalin (33.55 min, 11.67%);
(3) Berberine (40.15 min, 7.77); (4) Baicalein (49.81 min,
0.54%); (5) Glycyrrhizic acid (50.42 min, 1.22); (6) Wogo-
nin (54.35 min, 0.28%) (Table 3). Puerarin is the bioactive
ingredient of Puerariae Radix; baicalin, baicalein, wogonin
are the bioactive ingredient of Scutellariae Radix; berberine
is the bioactive ingredient of Coptidis Rhizoma; and gly-
cyrrhizic acid is the bioactive ingredient of Glycyrrhizae
Radix. Based on the results, Puerarin was found to be the
most abundant compound of GGCLT (lyophilizate), fol-
lowed by baicalin, berberine, glycyrrhizic acid, baicalein,

and wogonin. In addition, the 3D-HPLC fingerprint and
the structure of compounds are shown (Fig. 1).

3.2 GGCLT Target Prediction and Construction of the PPI
Network

A total of 26 genes overlapped between 512 target
genes of the active compounds of GGCLT and 163 fatty
liver related genes (Fig. 2A). Then, a PPI network was con-
structed based on 26 overlapped genes between target pro-
teins and fatty liver relate genes (Fig. 2B). We found the
network contained 26 nodes with interaction score >0.4,
which represented the overlapped genes between target pro-
teins of the active compounds of GGCLT and fatty liver
related genes and their interaction relationship (Fig. 2C).
In GO function and KEGG pathway enrichment analysis,
we found that the top-regulated overlapped genes mainly
enrich in response to regulation of lipid metabolism, such
as long-chain fatty acid metabolic process, lipid metabolic
process, and fatty acid metabolic process (Fig. 2C). KEGG
pathway mainly enriched in such as insulin resistance,
steroid hormone biosynthesis, Metabolic pathways, and
adipocytokine signaling pathway (Fig. 2D).

3.3 GGCLT Prevents Insulin Resistance and Attenuated
Hepatic Lipogenesis

When compared to normal mice, db/db animals had
a higher body weight and liver weight/body weight ra-
tio (Fig. 3A,B). GGCLT 150 mg/kg dramatically lowered
body weight and the liver/body weight ratio in db/db mice
(Fig. 3A,B). In addition, plasma ALT and AST were sig-
nificantly decreased in db/db mice treated GGCLT com-
pared with db/db mice (Fig. 3C,D). After 28 days GGCLT
treatment, the glucose and GTT/ITT, fasting glucose, fast-
ing insulin, and HOMA-IR were decreased compared with
db/dbmice (Fig. 3E–K), suggesting that GGCLT improved
whole-body insulin sensitivity. GGCLT significant re-
duced plasma TG and FFA level compared with db/dbmice
(Fig. 3J,K), as well as reduced liver steatosis and fibro-
sis (Fig. 3L). As shown in Fig. 3L–O, the SREBP-1c and
downstream target genes, Fas, Scd1 and Acc1 mRNA ex-
pression were significantly increased as well as fatty acid
transporters (Cd36, Fatp,Cpt1 andCpt2) were significantly
increased in the liver of db/dbmice (Fig. 3L–O). Moreover,
GGCLT significantly reduced hepatic lipogenesis therefore
decreased fatty acid uptake in NAFLD model.

3.4 GGCLT Altered Inflammation and Reduced Hepatic
Macrophage Polarization in Liver

The serum and hepatic TNF-α, MCP1, and IL-1β con-
tent of db/db mice group were significantly higher than
those of the normal control group (Fig. 4A,B). Tnfα, in-
terferon gamma (Ifnγ), Mcp1, and IL-1β mRNA expres-
sion were significantly increased in liver of db/db mice
compared with normal mice (Fig. 4C). The inflammasome
factors, NACHT, LRR and PYD domains-containing pro-
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Table 2. Oligonucleotide sequences for qRT-PCR.
Gene Forward (5′→3′) Reverse (5′→3′) Accession No. Reference

Srebp1 actgtcttggttgttgatgagctggagcat atcggcgcggaagctgtcggggtagcgtc NM_011480 [23]
Fas tgtcattggcctcctcaaaaagggcgtcca tcaccactgtgggctctgcagagaagcgag NM_007988.3 [23]
Scd1 ccggagaccccttagatcga tagcctgtaaaagatttctgcaaacc NM_009127.4 [23]
Acc1 cccgccagcttaaggaca tggatgggatgtgggca NM_133360.3 [24]
Cd36 gcaaaacgactgcaggtcaac tggtcccagtctcatttagcca NM_001159558.1 [23]
Fatp gcttcaacagccgtatcctc tcttcttgttggtggcactg NM_011977.4 [23]
Cpt-1 ggacagagactgtgcgttcct gcgatatccaacagtgcttga NM_013495.2 [23]
Cpt-2 caactcgtatacccaaacccagtc gttcccatcttgatcgaggacatc NM_009949.2 [25]
Tnfα ttgacctcagcgctgagttg cctgtagcccacgtcgtagc NM_013693 [23]
Ifnγ cctcaaacttggcaatactc agcaacaacataagcgtcat NM_008337.4 [23]
Mcp1 aggtccctgtcatgcttctg tctggacccattccttcttg NM_011333.3 [23]
Il-1β aacctgctggtgtgtgacgttc cagcacgaggcttttttgttgt NM_008361.4 [3]
Nlrp3 agccttccaggatcctcttc cttgggcagcagtttctttc NM_145827.4 [26]
Aim2 ataggaggaacaacaacat gccatcttctgctacata NM_001013779.2 [27]
Asc gaagctgctgacagtgcaac tgtgagctccaagccatacg NM_023258.4 [28]
Caspase1 agatggcacatttccaggac gatcctccagcagcaacttc NM_009807.2 [26]
Sirt1 gcaacagcatcttgcctgat gtgctactggtctcactt NM_019812.3 [29]
Pgc1α gactcagtgtcaccaccgaaa tgaacgagagcgcatcctt NM_008904.2 [23]
Ucp1 cctgcctctctcggaaacaa tgtaggctgcccaatgaaca NM_009463.3 [23]
20kDa/Complex I ccagctgcgcagagttcatc gagagagcttggggaccacg NM_029272.4 [30]
Ip/Complex II tctaccgctgccacaccatc aagccaatgctcgcttctcc NM_023374.4 [30]
Core II/Complex III ccattggaaatgcagaggca ggctggtgacttcctttggc NM_025899.2 [30]
Cox2/Complex IV tcaaaagaagtgctggaaaaggtt tctacctgagtgtctttgactgtg NM_011198.4 [31]
F1α/Complex V atctatgcgggtgtacgggg agggactggtgctggctgat NM_007505.2 [30]
Pink gagcagactcccagttctcg gtcccactccacaaggatgt NM_026880.2 [32]
Ndp52 aaggactggattggcatcttta aggtcagcgtacttgtctttc NM_001271018.1 [33]
Ambra1 gggatgttgtgcctttgca cctggtgtgggaagagagaaga NM_172669.3 [34]
Phb2 cttggttccagtaccccattatc cgagacaacactcgcaggg NM_007531.2 [35]
Bnip3 cagcatgaatctggacgaag atcttcctcagacagagtgc NM_009760.4 [35]
Nix gagccggatactgtcgtcct caatatagatgccgagcccca NM_009761.3 [36]
Fundc1 tgtgatatccagcggcttcg gccggctgttccttactttg NM_028058.4 [37]
Bcl2 aaaccctgtgctgctatc ctgtgttcttcatcgttacttc NM_009741.5 [37]
Tfam ggaatgtggagcgtgctaaaa tgctggaaaaacacttcggaata NM_009360.4 [3]
Cd137 cgtgcagaactcctgtgataac gtccacctatgctggagaagg NM_011612.2 [3]
Tmem26 accctgtcatcccacagag tgtttggtggagtcctaaggtc NM_177794.3 [3]
Prdm16 cagcacggtgaagccattc gcgtgcatccgcttgtg NM_001291029.1 [3]
Cox7a1 cagcgtcatggtcagtctgt agaaaaccgtgtggcagaga NM_009944.3 [3]
Cox8b gaaccatgaagccaacgact gcgaagttcacagtggttcc NM_007751.3 [3]
Zic1 ctgttgtgggagacacgatg cctcttctcagggctcacag NM_009573.4 [3]
Lxh8 acacgagctgctacattaagga cccagtcagtcgagtggatg NM_010713.2 [3]
Gadph ccaatgtgtccgtcgtggatct gttgaagtcgcaggagacaacc NM_001289726.1 [38]

Table 3. Percentage of puerarin, baicalin, berberine, baicalein, glycyrrhizic acid, and wogonin.
No. Compound Retention time (min) Percentage of compound in

GGCLT (lyophilizate, %)
Weight of compound in

GGCLT (lyophilizate, mg/g)

1 Puerarin 15.07 28.90 289.0
2 Baicalin 33.55 11.67 116.7
3 Berberine 40.15 7.77 77.7
4 Baicalein 49.81 0.54 5.4
5 Glycyrrhizic acid 50.42 1.22 12.2
6 Wogonin 54.35 0.28 2.8
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Fig. 2. GGCLT target prediction, creation of the PPI network, and analysis of enriched GO and KEGG pathways. Venn plot
of the overlapped genes between targets of the active compounds of GGCLT and fatty liver related genes (A). The hub genes in the
protein-protein interaction (PPI) network (B). PPI network of the 26 overlapped genes between target proteins of the active compounds
of GGCLT and fatty liver related genes. Data show the top 5 remarkably enriched items in the cell component (CC), biological process
(BP), molecular function (MF) (C). Data show the top 22 remarkably enriched items in the KEGG pathways (D).
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Fig. 3. GGCLT prevents NAFLD development in db/dbmice. Body weight (g) (A). Liver weight/ body weight (%) (B). Plasma ALT
(U/L) (C). Plasma AST (U/L) (D). Glucose tolerance test (E). Insulin tolerance test (F). Fasting glucose (mmol/L) (G). Fasting insulin
(mIU/mL) (H). HOMA-IR (I). Plasma TG (mg/dL) (J). Plasma FFA (mmol/L) (K). Representative HE, Masson, SREBP-1c and CD36
staining of liver (L). Red arrow highlights the positive staining. Scale bar: 50 µm. Quantification of SREBP-1c and CD36 protein levels
by Western blot of liver (M). Right graphs indicate quantification relative to Histone or β-actin. Quantification of Srebp-1, Fas, Scd1,
Acc1, Cd36, Fatp, Cpt1 and Cpt2 by qRT-PCR (N,O). qRT-PCR indicates quantification relative to Gapdh. For each animal group, n =
5. All values represent the mean ± SEM. *p < 0.05; normal vs. db/db. #p < 0.05; db/db vs. db/db + GGCLT 50 mg/kg. ##p < 0.05;
db/db vs. db/db + GGCLT 150 mg/kg.
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tein 3 (Nlrp3), absent in melanoma 2 (Aim2), apoptosis-
associated speck-like protein containing a caspase recruit-
ment domain (Asc), and Caspase 1 mRNA expression
were also higher in db/db mice compared with normal
mice. GGCLT significantly decreased the levels of TNF-
α, MCP1, and IL-1β in serum and liver tissue as well as
reduced pro-inflammation cytokines and NLRP3 inflam-
masome in db/db mice (Fig. 4A–D). We next confirmed
that GGCLT attenuated angiogenesis markers, hypoxia-
inducible factor 1α (HIF1α), vascular endothelial growth
factor (VEGF), matrix metallopeptidase 9 (MMP9), and
monocyte Chemoattractant Protein-1 (MCP-1) protein lev-
els were increased in db/db mice, and GGCLT treatment
significantly decreased angiogenesis markers (Fig. 4E,F).

F4/80-positive macrophage infiltration in the db/db
mce was considerably enhanced in the liver, which corre-
sponded to the level of serum inflammatory cytokine ex-
pression. Macrophage infiltration in the group adminis-
tered GGCLT 150 mg/kg was significantly lower than that
in the db/db mice (Fig. 4G,H). Next, we examined whether
macrophagy polarization is involved in NAFLD in db/db
mice by assesingM1/M2marker expression. Immunohisto-
chemistry analysis showed a significant reduction in F4/80,
CD11b, CD11c, CCR7 and increase in CD163, CD206 pro-
tein level in db/db mice treated with GGCLT 150 mg/kg
compared to db/db mice (Fig. 4G,H).

3.5 GGCLT Improved Hepatic Mitochondrial Biogenesis

The SIRT1, PGC1α, and UCP1 protein levels and
mRNA expression in liver of db/dbmice were significantly
lower than normal mice, but GGCLT 150 mg/kg treatment
improved the reduced markers in db/db mice (Fig. 5A–
C). Also, the mitochondrial complex I (20kDa), II (Ip),
III (Core II), IV (Cox2), and V (F1α) in liver were de-
termined. GGCLT enhanced the mitochondrial complexes
mRNA expression compared to db/db mice (Fig. 5D) and
decreased enzymes activity including NADH: coenzyme Q
oxidoreductase (mitochondrial complex I), coenzyme Q-
cytochrome c reductase (mitochondrial complex III), cy-
tochrome c oxidase (mitochondrial complex IV) and, citrate
synthase were observed in liver of db/db mice compared
with normal mice as shown in Fig. 5E–H.Malondialdehyde
(MDA) levels were found to be much higher in db/db mice
compared to normal mice, and high dosage GGCLT signif-
icantly decreased MDA levels in db/db mice (Fig. 5I).

3.6 GGCLT Enhanced Hepatic Mitophagy

Compared to normal mice, the protein expression lev-
els of Parkin, LC3B, phospho (p)-p62, and mitofusin-1
(MNF1) in the liver of db/db mice were decreased but
phospho-dynamin-related protein (p-Drp1) expression was
increased (Fig. 6A,B). The GGCLT administration for 28
days, the opposite expression patterns were observed (Fig.
6A,B). Moreover, GGCLT effectively enhanced the expres-
sion of Parkin-dependent/independent mitophagy pathway,

including Pink, calcium binding and coiled-coil domain 2
(Ndp52/Calcoco2), prohibitin 2 (Phb2), autophagy and be-
clin 1 regulator 1 (Ambra1), B-cell lymphoma 2 (Bcl2),
BCL2 interacting protein 3 (Bnip3), FUN14 domain con-
taining 1 (Fundc1) compared to db/db mice (Fig. 6C,D).

3.7 GGCLT Attenuated Lipogenesis in EWAT

The shape of EWAT and adipocyte diameter size were
large in db/db compared with normal mice (Fig. 7A,B),
and GGCLT 150 mg/kg significant reduced EWAT size and
adipocyte diameter size. GGCLT resulted in dramatically
reduced the SREBP-1c and target genes, Fas, SCD1, Scd1,
as well as fatty acid transporters (Cd36, Fatp, Cpt1 and
Cpt2) mRNA expression in EWAT of db/dbmice (Fig. 7C–
F). Moreover, GGCLT significantly reduced hepatic lipo-
genesis and fatty acid transporters, suggesting that GGCLT
regulated lipid homeostasis in db/db mice.

3.8 GGCLT Reduced Inflammation and Altered
Macrophage Polarization in EWAT

db/db mice had higher Tnfα, Ifnγ, Mcp1, IL-1β,
Nlrp3, Aim2, Asc, and Caspase 1 mRNA expression in
EWAT, after GGCLT treatment 28 days, the proinflam-
matory cytokines and NLRP3 inflammasome were signif-
icantly reduced compared with db/db mice (Fig. 8A,B).
HIF1α, VEGF, MMP9, and MCP1 protein levels were in-
creased in db/db mice, and GGCLT 150 mg/kg treatment
significantly decreased angiogenesis markers in EWAT
compared to db/db mice (Fig. 8C,D).

The EWAT dramatically boosted F4/80-positive
macrophage infiltration in the db/db mce. Macrophage
infiltration was considerably lower in the GGCLT group
than in the db/db mice (Fig. 8E). Macrophages were
increased in EWAT of db/db mice were due to an increase
in CD11b, CD11c, and CCR7 compared with normal
mice. GGCLT reduced macrophage infiltration (F4/80,
CD11b) and M1 macrophage markers (CD11c, CCR7) in
EWAT of db/db mice (Fig. 8E,F). On the contrary, GGCLT
150 mg/kg enhanced M2 macrophage markers (CD163,
CD206) protein levels in EWAT of db/db mice (Fig. 8E,F).

3.9 GGCLT Enhanced Mitochondrial Biogenesis and
Browning in EWAT

Consistent with the histological features, GGCLT en-
hance mitochondria biogenesis and thermogenesis mark-
ers, SIRT1, PGC-1α, UCP1, and transmembrane protein
26 (Tmem26) protein levels in EWAT of db/db mice as
compared to db/db mice (Fig. 9A–C). GGCLT 150 mg/kg
enhanced the mitochondrial complexes mRNA expression
compared to db/dbmice (Fig. 9D). Thermogenic genes, mi-
tochondrial transcription factor A (Tfam), Cd137, Tmem26,
PR domain containing 16 (Prdm16), cytochrome c oxidase
polypeptide 7A1 (Cox7a1), Cox8b, Zinc finger protein 1
(Zic1), and Lxh8mRNA expressionwere increased in db/db
mice treatment GGCLT (Fig. 9E,F). Decreased enzymes ac-
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Fig. 4. GGCLT reduced hepatic inflammation and M1 polarization in db/dbmice. Serum concentration of TNFα, MCP1, and Il-1β
(A). Liver concentration of TNFα, MCP1, and Il-1β (B). Quantification of Tnfα, Ifnγ, Mcp1, Il-1β, Nlrp3, Aim2, Asc and Caspase1 by
qRT-PCR. qRT-PCR indicates quantification relative to Gapdh (C,D). Representative HIF1α, VEGF, MMP9 and MCP-1 staining of liver
(E). Red arrow highlights the positive staining. Scale bar: 50 µm. Quantification of HIF1α, VEGF and MCP1 protein levels by Western
blot of liver. Right graphs indicate quantification relative to Histone or β-actin (F). Representative F4/80, CD11b, CD11c, CCR7 and
CD163 staining of liver (G). Red arrow highlights the positive staining. Scale bar: 50 µm. Quantification of CD11b, CD11c, CCR7 and
CD163 protein levels by Western blot of liver (H). Right graphs indicate quantification relative to β-actin. Ratio of CD11c/CD206 and
CCR7/CD163 in liver. For each animal group, n = 5. All values represent the mean ± SEM. *p < 0.05; normal vs. db/db. #p < 0.05;
db/db vs. db/db + GGCLT 50 mg/kg. ##p < 0.05; db/db vs. db/db + GGCLT 150 mg/kg.
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Fig. 5. GGCLT improved hepatic mitochondrial biogenesis in db/db mice. Representative SIRT1, PGC1α, and UCP1 staining of
liver (A). Red arrow highlights the positive staining. Scale bar: 50 µm. Quantification of SIRT1, PGC1α, and UCP1 protein levels
by Western blot of liver (B). Right graphs indicate quantification relative to Histone or β-actin. Quantification of Sirt1, Pgc1α, Ucp1,
20kDa/Complex I, Ip/Complex II, Core II/Complex III, Cox2/Complex IV and F1α/Complex V by qRT-PCR (C,D). qRT-PCR indicates
quantification relative to Gapdh. Mitochondrial complex I, III, and IV activity (percent of control) (E-G). Mitochondrial citrate synthase
activity (H). Malondialdehyde (MDA) levels in liver (nM/mg protein) (I). For each animal group, n = 5. All values represent the mean±
SEM. *p< 0.05; normal vs. db/db. #p< 0.05; db/db vs. db/db + GGCLT 50 mg/kg. ##p< 0.05; db/db vs. db/db + GGCLT 150 mg/kg.

tivity including NADH: coenzyme Q oxidoreductase (mi-
tochondrial complex I), coenzyme Q - cytochrome c re-
ductase (mitochondrial complex III), cytochrome c oxidase
(mitochondrial complex IV) and, citrate synthase were ob-
served in EWAT of db/dbmice compared with normal mice
(Fig. 9G–J). MDA levels determined in the EWAT tissue
were found to be significantly lower in db/dbmice that treat
with GGCLT (Fig. 9K).

4. Discussion

NAFLD remains a health concern due to its noticeable
complexities in disease progression and complications. For
the management of NAFLD, it is imperative to use the best
available treatment. The traditional Chinese herbal formula
(i.e., GGCLT) contains several plants, some of which con-
tain more than one phytochemical component, and as a re-
sult, several plants work in conjunction symbiotically with
each other in order to maximize the therapeutic benefits.
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Fig. 6. GGCLT enhanced hepatic mitophagy in db/db mice. Representative Parkin, LC3B, p-p62, MNF1, and p-DRP1 staining of
liver. Red arrow highlights the positive staining (A). Scale bar: 50 µm. Quantification of Parkin, LC3B, p-p62, p62, MNF1, p-DRP1,
and DRP1 protein levels by Western blot of liver (B). Right graphs indicate quantification relative to β-actin. Ration of p-p62/p62 and
p-DRP1/DRP1 in live. Quantification of Pink, Ndp52, Ambra1, Phb2, Bnip3, Nix, Fundc1 and Bcl2 by qRT-PCR. qRT-PCR indicates
quantification relative to Gapdh (C,D). For each animal group, n = 5. All values represent the mean ± SEM. *p < 0.05; normal vs.
db/db. #p < 0.05; db/db vs. db/db + GGCLT 50 mg/kg. ##p < 0.05; db/db vs. db/db + GGCLT 150 mg/kg. MNF1, mitofusin-1; Drp1,
dynamin-related protein; Ndp52/Calcoco2, calcium binding and coiled-coil domain 2; Phb2, prohibitin 2; Ambra1, autophagy and beclin
1 regulator 1; Bcl2, B-cell lymphoma 2; Bnip3, BCL2 interacting protein 3; Fundc1, FUN14 domain containing 1.

The beneficial effects of GGCLT on the various medici-
nal purposes may be due to its wide spectrum of pharma-
cological properties such as vasodilation, cardioprotection,
neuroprotection, antioxidant, anticancer, antiinflammation,
alleviating pain, and attenuating insulin resistance [19,20].

Anti-diabetic property of puerarin enhanced the per-
formance of mitochondria in muscle and promoted the ox-
idation of fatty acids, which thus prevented the accumula-
tion of intramyocellular lipids in diabetic rats [39]. Gly-
cyrrhizin (GL) significantly attenuated serum bile acid ac-
cumulation partially by restoring inflammation-mediated
hepatic farnesoid X receptor inhibition in choline-deficient
diet (MCD) induced nonalcoholic steatohepatitis (NASH)

mice [40]. The preclinical evidence suggested that berber-
ine might be an effective and promising drug for treating
NAFLD/NASH [41]. Berberine can significantly improve
blood lipids and liver function in patients with NAFLD and
has good advantage in reducing blood glucose in patients
with NAFLD [42]. Wogonine improves hyperglycemia
and dyslipidemia by activation of PPARα in db/db mice
[43]. Anti-inflammatory effects of baicalin, baicalein, and
wogonin on lipopolysaccharide (LPS)-mediated vascular
inflammatory responses [44]. Baicalin and baicalein are
the main components of Scutellaria baicalensis. The ther-
apeutic effects and mechanism of baicalin, baicalein, and
their combination may be useful on ulcerative colitis rat
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Fig. 7. GGCLT attenuated lipogenesis in EWAT of db/db mice. Representative pictures of EWAT in mice (A). Adipocyte diameter
(µm) (B). Representative HE, Masson, SREBP-1c and CD36 staining of EWAT (C). Red arrow highlights the positive staining. Scale
bar: 50 µm. Quantification of SREBP-1c and CD36 protein levels by Western blot of EWAT (D). Right graphs indicate quantification
relative to Histone or β-actin. Quantification of Srebp-1, Fas, Scd-1, Acc1, Cd36, Fatp, Cpt-1 and Cpt-2 by qRT-PCR (E,F). qRT-PCR
indicates quantification relative to Gapdh. For each animal group, n = 5. All values represent the mean ± SEM. *p < 0.05; normal vs.
db/db. #p < 0.05; db/db vs. db/db + GGCLT 50 mg/kg. ##p < 0.05; db/db vs. db/db + GGCLT 150 mg/kg. Srebp-1, sterol regulatory
element-binding protein 1; Fas, fatty acid synthase; Scd-1, stearoyl-CoA desaturase-1; Acc1, acetyl-CoA carboxylase; Fatp, fatty acid
transport protein; Cd36, cluster of differentiation 36; Cpt1, carnitine palmitoyltransferase 1; EWAT, epididymis white adipose tissue.

[45]. These GGCLT properties should be used to specif-
ically target NAFLD and may be useful as new alterna-
tives or supplements for the development of clinical drugs.
NAFLD is closely associated with lipotoxicity and has be-
come one of the most studied mechanisms in the pathogen-
esis of NAFLD.

In this condition, circulating free fatty acid (FFA) lev-
els are elevated despite the increased concentration of in-
sulin due to tissue resistance to its action [46]. In addi-
tion, FFA is among most common molecules suspected for
lipotoxicity. Hepatic FAs derive from the adipose tissue
lipolysis and are synthesized in the liver, or are released
from lysosomes after autophagy. Consequently, surplus
FFA that are not incorporated in more complex forms are
lipotoxic to hepatocytes, they result in endoplasma reticular
stress, mitochondrial dysfunction and oxidative stress, fol-

lowed by the formation of reactive oxygen species (ROS).
These processes activate the proinflammatory and profi-
brotic pathways, causing the disease to progress to NASH
[4,47]. In this study, lipotoxicity, inflammation, and IR are
a contributing factor in the NAFLD suite. GGCLT miti-
gated inflammation and RI induced by lipotoxicity, which
decreased lipolysis of adipocytes and improved lipotoxic-
ity. In addition, GGCLT with each condition improve each
other and shows a downward trend in the development of
NAFLD in the presence of lipotoxicity, IR and inflamma-
tion form a vicious cycle.

Hepatic CD36 overexpression corresponds to a
marked increase in uptake of hepatic FFAs and a de-
crease in β-oxidation and autophagy, thus contributing to
hepatosteatosis. Conversely, the downward regulation of
hepatic CD36 decreases the absorption of FFAs and in-
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Fig. 8. GGCLT reduced inflammation and M1 polarization in EWAT of db/db mice. Quantification of Tnfα, Ifnγ, Mcp1, Il-1β,
Nlrp3, Aim2, Asc and Caspase1 by qRT-PCR (A,B). Representative HIF1α, VEGF, MMP9 and MCP-1 staining of EWAT (C). Red
arrow highlights the positive staining. Scale bar: 50 µm. Quantification of HIF1α, VEGF and MCP-1 protein levels by Western blot
of EWA (D). Right graphs indicate quantification relative to Histone or β-actin. qRT-PCR indicates quantification relative to Gapdh.
Representative F4/80, CD11b, CD11c, CCR7 and CD163 staining of EWAT (E). Red arrow highlights the positive staining. Scale bar: 50
µm. Quantification of CD11b, CD11c, CCR7 andCD163 protein levels byWestern blot of EWAT (F). Right graphs indicate quantification
relative to β-actin. Ratio of CD11c/CD206 and CCR7/CD163 in EWAT. For each animal group, n = 5. All values represent the mean ±
SEM. *p< 0.05; normal vs. db/db. #p< 0.05; db/db vs. db/db + GGCLT 50 mg/kg. ##p< 0.05; db/db vs. db/db + GGCLT 150 mg/kg.
EWAT: epididymis white adipose tissue.
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Fig. 9. GGCLT improved mitochondrial biogenesis in EWAT of db/db mice. Representative SIRT1, PGC1α, and UCP1 staining of
EWAT (A). Red arrow highlights the positive staining. Scale bar: 50 µm. Quantification of SIRT1, PGC1α, and UCP1 protein levels
by Western blot of EWAT (B). Right graphs indicate quantification relative to Histone or β-actin. Quantification of Sirt1, Pgc1α, Ucp1,
20kDa/Complex I, Ip/Complex II, Core II/Complex III, Cox2/Complex IV and F1α/Complex V by qRT-PCR (C–F). qRT-PCR indicates
quantification relative to Gapdh. Mitochondrial complex I, III, and IV activity (percent of control) (G–I). Mitochondrial citrate synthase
activity (J). Malondialdehyde (MDA) levels in EWAT (nM/mg protein) (K). For each animal group, n = 5. All values represent the mean
± SEM. *p < 0.05; normal vs. db/db. #p < 0.05; db/db vs. db/db + GGCLT 50 mg/kg. ##p < 0.05; db/db vs. db/db + GGCLT 150
mg/kg.

creases β-oxidation and autophagy protection against hep-
atosteatosis [5]. GGCLT reversed of NAFLD was fol-
lowed by a significant reduction in CD36 levels in hep-
atic and adipose tissues in mice. On the other hand, CD36
expression is also modulated by hypoxia-inducible factors
(HIFs) [48]. In particular, GGCLT decreased the expres-

sion of CD36 and reduced the signaling of hypoxia in liver
and fat tissue, thus contributing to the protective effect
of NAFLD. The fact of our study was the rise of CD36
in the membrane when persistent with lipotoxicity, sug-
gesting that the chronic hypoxia-mitochondria dysfunction-
inflammation cascade of NAFLD mice may explain the
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CD36 translocation contribute to hepatic steatosis. This
study found that GGCLT improved metabolic parameters
in obese fat tissue in spite of the lack of significant dif-
ferences in food and daily energy intakes among treatment
groups. As a result, in adipose tissues, adipocyte hypertro-
phy promotes the expression of hypoxia-inducible factor-1
(HIF-1), the balance of which is essential for the mainte-
nance of a healthy energy homeostasis [49]. As a result,
hypoxia signaling is necessary for its pro-lipogenic actions
throughout obese adipose tissue, while HIF-1 regulates the
polarization of M1 and M2 macrophages. These cause the
release of inflammatory signaling factors and the recruit-
ment of more immune cells into adipose tissue, which dis-
rupts the signaling of intracellular insulin [50,51]. Recent
evidence suggests that the expression of UCP1, UCP2, and
PGC-1 in ectopic mitochondria, combined with a gene ex-
pression profile of brown adipocytes (BA), induces WAT
to take on the characteristics of BA tissue (BAT) [52]. The
present study investigated the mechanism of GGCLT in-
tervention on the signaling between lipogenesis, inflam-
matory response, and mitochondria biogenesis in NAFLD
mice. These findings provide evidence that GGCLT bene-
fited above signaling pathways, which are involved inmeet-
ing the energetic needs of tissues and improving mitochon-
drial dysfunction under hypoxia stress conditions.

Adipocytes hypertrophy and hyperplasia in obesity,
allowing these cells to compartmentalize triglycerides. Fur-
thermore, insulin resistant adipocytes produce an excess
of free fatty acids, which may cause liver inflammation
[53]. In the current model, the improved metabolic pro-
file of GGCLT was associated with a lower influx in
macrophage depolarization. The development of inflam-
mation in the liver and EWAT in db/db mice was preceded
by macrophage activation and proinflammatory gene ex-
pression. GGCLT treatment significantly reduced M1/M2
levels of macrophage and inflammation-associated genes in
both liver and adipose tissue in this study. In our study, we
found that EWAT inflammation is important in the devel-
opment of insulin resistance and NAFLD in db/dbmice. In
this study, the gene expression analysis of EWAT revealed
that genes related to adipose browning and macrophage de-
polarization were up-regulated, and mitochondria biogene-
sis correlated with hepatic contents. These findings suggest
that GGCLT may have an anti-inflammatory effect on pe-
ripheral white adipose tissue browning and may also play
an important role in the pathogenesis of NAFLD.

Previous research has shown that GGCLT reduces
lipid accumulation through primary hepatocytes, implying
that activation of AMPK and PPAR in hepatocytes, causing
a reduction in lipid formation, contributes to GGCLT’s ben-
eficial action in ApoE−/− atherosclerosis mice [19]. Our
results showed that GGCLT inhibit of CPT-1, 2 leads to de-
creased lipogenesis from NAFLD both in liver and adipose
tissue. Thus, we propose that GGCLT inactivation of lipo-
genesis leads to an auto-diminishing returns loop for lipid

accumulation in the liver or adipose tissue, offering an alter-
native advantageous mechanism in NAFLD. Furthermore,
we discovered that GGCLT can activate mitochondrial bio-
genesis proteins (SIRT1, PGC1α), which is implicated in
its anti-lipogenic action. Because individual fatty acids in-
fluenced lipid and carbohydrate metabolism, the profile of
fatty acids reaching the liver may be important modulators
of hepatic energy metabolism. It could be speculated, how-
ever, that GGCLTmay directly action on mitochondrial ox-
idation, and subsequently lower rates of lipogenesis when
lipotoxicity involving in NAFLD procession. However,
how the inhibition of β-oxidation decreases lipogenesis is
not known.

WAT browning was linked to a decline in parkin-
mediated mitophagy, and parkin expression inhibited WAT
browning [54]. One of the underlying causes of NAFLD is
mitochondrial dysfunction caused by a failure of the qual-
ity control processes [55]. Extreme mitochondrial fission is
a precursor to hepatocyte death that causes mitochondrial
dysfunction. Autophagy targets depolarized mitochondria
for degradation in response to mitochondrial damage (mi-
tophagy) [56]. One of the underlying reasons of NAFLD is
mitochondrial dysfunction caused by a breakdown of qual-
ity control procedures. As a result, mitochondria are active
organelles that constantly fusion and fission. Abnormal mi-
tochondrial fission is a precursor to hepatocyte apoptosis
that causes mitochondrial malfunction.

GGCLT enhances β-oxidation and lowers lipogene-
sis in response to mitochondrial damage, resulting in low
levels of lipid buildup in hepatocytes, which eliminates ex-
cess ROS and hepatic injury while also promoting hep-
atic mitochondria biogenesis and mitophagy. Taken to-
gether, the results show that activation of mitochondrial
quality control systems re-establishes the mitochondrial ac-
tivity of GGCLT and improves its therapeutic use and pre-
vention of the development of NAFLD. First, the GGCLT
is a phytochemical-rich formula that contains a variety of
anti-inflammation and antioxidant compounds. GGCLT is
promising for the maintenance of human health, in addi-
tion to its diverse bioactive properties in NAFLD animal
models. Because of this importance, highly specific ana-
lytical methods are required to accurately assess bioactive
substances in various matrices derived from GGCLT. Fi-
nally, although our results revealed that GGCLT amelio-
rated the systemic homeostasis and the response to NAFLD
challenges to the coordination of liver and adipose tissues.
But is the GGCLT mainly acting on liver or adipose tissue?
Our current data don’t provide the real target. Further study
should help us to clarify adipocyte-hepatocyte crosstalk sig-
naling and provided a unique feature of the GGCLT be-
tween the liver and the adipose compartment in NAFLD.

5. Conclusions
Crosstalk between the liver and adipose tissue is a cru-

cial factor in the emergence of NAFLD. Large amounts of
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physiologically active tissue may be found in adipose tis-
sue, which has a major impact on liver disease. Adipose
tissue rather than liver tissue itself may be the best target for
treating hepatic illness. In addition, activating mitochon-
dria biogenesis has been demonstrated in our study and the
main treatment foundation for NAFLD, diabetes, and obe-
sity is thought to be GGCLT. We established the same mi-
tochondria β-oxidation-dependent anti-lipogenesis activity
of GGCLT in both adipose tissue and liver, corroborating
our observations on GGCLT. This will eventually become a
standard component of the repertoire for treating liver dis-
ease. In summary, our research provides a fresh strategy
and possible targets for GGCLT’s positive effects on mi-
tophagy and mitochondrial dysfunction in NAFLD. How-
ever, additional research is needed to further evaluate the
potential benefits of such therapy in human subjects.
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