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Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease, and most patients with T2DM develop nonalcoholic fatty liver
disease (NAFLD). Both diseases are closely linked to insulin resistance (IR). Our previous studies demonstrated that Ruellia
tuberosa L. (RTL) extract significantly enhanced glucose uptake in the skeletal muscles and ameliorated hyperglycemia and IR in
T2DM rats. We proposed that RTL might be via enhancing hepatic antioxidant capacity. However, the potent RTL bioactivity
remains unidentified. In this study, we investigated the effects of RTL on glucose uptake, IR, and lipid accumulation in vitro to
mimic the T2DM accompanied by the NAFLD paradigm. FL83B mouse hepatocytes were treated with tumor necrosis factor-o
(TNF-a) to induce IR, coincubated with oleic acid (OA) to induce lipid accumulation, and then, treated with RTL fractions,
fractionated with n-hexane or ethyl acetate (EA), from column chromatography, and analyzed by thin-layer chromatography. Our
results showed that the ethyl acetate fraction (EAf2) from RTL significantly increased glucose uptake and suppressed lipid
accumulation in TNF-« plus OA-treated FL83B cells. Western blot analysis showed that EAf2 from RTL ameliorated IR by
upregulating the expression of insulin-signaling-related proteins, including protein kinase B, glucose transporter-2, and per-
oxisome proliferator-activated receptor alpha in TNF-« plus OA-treated FL83B cells. The results of this study suggest that EAf2
from RTL may improve hepatic glucose uptake and alleviate lipid accumulation by ameliorating and suppressing the hepatic
insulin signaling and lipogenesis pathways, respectively, in hepatocytes.

1. Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder
characterized by chronic hyperglycemia, insufficient insulin
secretion or action, or insulin resistance (IR). These con-
ditions cause abnormalities in lipid, carbohydrate, protein,
water, and electrolyte functions. Long-term hyperglycemic

conditions increase both oxidative stress and inflammatory
responses, leading to an increased risk of chronic inflam-
matory systemic diseases and their respective complications
[1-3].

Interestingly, approximately 70% of patients with T2DM
present with nonalcoholic fatty liver disease (NAFLD),
which is a bidirectional relationship [4, 5]. The main
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pathological feature of NAFLD is lipid overaccumulation in
liver cells, and it is associated mainly with obesity and
dyslipidemia. There is a strong relationship between IR and
hepatocyte abnormal lipid accumulation. Normally, insulin
promotes assimilation, stimulates glycogen synthesis in liver
and muscle cells, and synthesizes and stores fat as adipo-
cytes. If IR occurs, the lipolysis rate of visceral fat cells
increases, which leads to an increased content of free fatty
acids (FFAs) in the blood. When glycerol and fatty acids
enter the liver, this results in increased lipogenesis and
excess lipid accumulation in liver cells, eventually causing
fatty liver disease. Taken together, the pathophysiology of
NAFLD and T2DM is related to IR, and they are mutually
vicious interrelated risk factors [4, 5], although their
pathological mechanisms have not been fully elucidated.
Current T2DM- or NAFLD-related studies follow combined
approaches, and these researchers’ paradigm is more in line
with the actual condition of such patients.

Oleic acid (OA) is a monounsaturated fatty acid that is
naturally found widely in animals and plants and is one of
the most abundant fatty acids in human fat tissue. In fact,
OA has been demonstrated to induce hepatic cell steatosis in
established in vitro steatosis models [6, 7].

Our previous study has demonstrated that Ruellia
tuberosa L. (RTL) aqueous or ethanolic extracts significantly
improved glucose uptake in C2C12 myoblasts, alleviated
tumor necrosis factor-a- (TNF-a-) induced IR in skeletal
muscles, and ameliorated hyperglycemia and IR indices in
high-fat-diet-fed plus streptozotocin-induced T2DM rats
[8]. Additionally, we demonstrated that RTL ameliorated
abnormal hepatic detoxification by enhancing hepatic an-
tioxidant capacity [9]. However, the potent bioactivities of
RTL and mechanism on improving NAFLD remain un-
certain. Hence, in the present study, we aimed to utilize the
TNF-a-induced IR combined with the OA-induced steatosis
paradigm to identify the active ingredients of RTL extracts
through thin-layer chromatography (TLC), to improve
glucose intake and inhibit lipogenesis, and to clarify the
underlying mechanisms of metabolism in FL83B cells.

2. Materials and Methods

2.1. Preparation of RTL Extracts. RTL was purchased in July
2017 from Wanhua, Taipei County, Taiwan, identified by
Prof. Wei-Jan Huang in the College of Pharmacy, Taipei
Medical University. A voucher specimen (TMU27449) was
deposited in the herbarium of College of Pharmacy, Taipei
Medical University. The extraction protocol was based on
our previous methods, with slight modifications [8]. RTL
stems and leaves together were freeze-dried into a powder
(4160.9 g), subsequently extracted with 6 mL distilled water
or methanol (1:6, w/v) at 4°C for 72h, and filtered using a
cheese cloth. The filtrate was filtered twice through What-
man No. 1 filter paper and centrifuged at 7,000 xg for
20 min. The supernatant was vacuum-concentrated using a
rotary evaporator below 40°C. The concentrated methanol
extract was dissolved in 400 mL water and subsequently
extracted with an equal volume of hexane and ethyl acetate
(EA) solvent, and the n-hexane and EA layers were divided
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through column chromatography using a Sephadex LH-20
column with 200 mL of 50-100% alcohol sequentially. The
different fractions were then collected from the n-hexane
layer (Hf1, Hf2, Hf3, and Hf4) and the EA layer (EAf1, EA2,
EAf3, and EAf4), as shown in Figure 1.

2.2. TLC. The supernatants were placed onto a silica gel
precoated plate (Kieselgel 60 F254, 0.20mm, Merck,
Darmstadt, Germany). The TLC plates were added with a
solvent mixture of dichloromethane: methanol: H,O: acetic
acid (10:1:0.1:0.2, v/v), followed by immersion into 10%
sulfuric acid, and then, the mixture was heated. Using the
color distribution state of TLC, similar effluents were col-
lected, and the solvent was drained through a rotary
evaporator. Different concentrates were freeze-dried into a
powder and kept at —80°C until use.

2.3. Cell Culture. The experiments were performed on
FL83B mouse hepatocytes (ATCC, Rockville, MD, USA)
incubated in an F12K medium containing 10% fetal bovine
serum (Invitrogen Corporation, Camarillo, CA, USA) in
10 cm Petri dishes at 37°C and 5% CO,. The experiments
were performed on cells that were 80-90% confluent.

2.4. TNF-a Induction of IR in FL83B Cells. The IR-induced
paradigm was described as the previous method with slight
modifications [10]. FL83B cells were seeded in 10 cm dishes
and incubated at 37°C for 48 h to reach 80% confluence. The
serum-free medium containing recombinant mouse TNF-«
and different RTL fractions (25 yg/mL) was incubated for 2 h
at 37°C to induce IR.

2.5. TNF-a Induction of IR with OA-Induced Lipid Accu-
mulation in FL83B Cells. FL83B cells (5 x 10°) were seeded in
six-well plates and incubated in a serum-free medium
containing 20 ng/mL TNF-a, 1mM OA, and 2% bovine
serum albumin for 24 h. The cells were then transferred to a
serum-free medium containing 25 ug/mL of the samples and
100 nM of insulin, followed by incubation at 37°C.

Lipid accumulation was measured by using Oil Red O
staining. Cells were placed on a plate, washed in PBS, and
then, fixed in 10% formalin for 1h. PBS was washed twice,
and 0.5 g Oil Red O stain was added for 15 min. The stained
cells were washed in distilled water, subsequently washed in
1ml isopropanol. Taking 100 ul to a plate, the absorbance was
measured at 492 nm. The value represented the total fat
content in the cell.

2.6. Uptake of Fluorescent 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl) amino]-2-deoxy-d-glucose (2-NBDG) in FL83B Cells. The
FL83B cells were seeded in 10 cm dishes and then incubated
at 37°C for 48 h to achieve 80% confluence. The serum-free
medium containing 20 ng/mL recombinant mouse TNF-«
was added before incubating for 2h to induce IR. The cells
were then transferred to another F12K medium containing
5mM glucose, without (basal) or with 200 uM insulin and
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FiGure 1: The flow chart for fractionation of Ruellia tuberosa Linn. extraction.

10 uL different RTL fractions and incubated for 30 min at
37°C. An assay of glucose uptake was then performed as
described previously [10].The fluorescence intensity of the
cell suspension was evaluated by flow cytometry (FACScan,
Becton Dickinson, Bellport, NY, USA) at an excitation
wavelength of 488nm and an emission wavelength of
542 nm. Fluorescence intensity reflected the cellular uptake
of 2-NBDG.

2.7. Western Blot Analysis. The protein extraction methods
used in this study were adopted from our previous protocol
[11]. The protein concentration in the cell extract was de-
termined using a Bio-Rad protein assay dye reagent
(Richmond, VA, USA). Aliquots of the supernatant con-
taining 50 ug protein were separated through standard SDS-
PAGE and electrophoretically transferred to polyvinylidene
difluoride membranes. The membranes were incubated with
anti-insulin receptor 8 (IRB; 1:1000; Cell Signaling Tech-
nology, Beverly, MA, USA), anti-PI3-kinase p85 (1:1000;
Cell Signaling Technology), anti-phospho-Akt (Ser473) (1:
1000; Cell Signaling Technology), anti-Akt (1:500; Cell
Signaling Technology, Danvers, MA, USA), antiglucose
transporter (GLUT)2 (1:500; Millipore, Billerica, MA,

USA), anti-PPAR« (1:1000; GeneTex, Irvine, CA, USA), or
anti B-actin (1 : 4000; GeneTex) antibodies at 4°C overnight.
The membranes were incubated with anti-mouse IgG or
anti-rabbit IgG secondary antibodies and washed thrice for
5min each time. Protein band images were detected and
captured using the UVP Biospectrum image system (Level,
Cambridge, UK). Finally, all relevant protein expressions
were normalized with f-actin.

2.8. Statistical Analyses. Values are presented as the
mean + standard deviation using SPSS version 22.0 (SPSS
Inc., Chicago, IL, USA) analysis by one-way analysis of
variance (ANOVA) and Duncan’s new multiple-range tests.
P <0.05 was considered statistically significant.

3. Results

3.1. RTL Fractions Collection and Analysis by TLC. The
different RTL fractions from the n-hexane layer (Hf1, Hf2,
Hf3, and Hf4) and the EA layer (EAfl, EAf2, EAf3, and
EAf4) were collected through TLC analysis (Supplementary
Figure 1).



3.2. Effect of Different RTL Fractions on Glucose Uptake in
FL83B Mouse Hepatocytes. An evaluation of the 2-NBDG
uptake was performed to assess the improvement of glucose
uptake in FL83B cells. The EAf4 fraction improved glucose
uptake of FL83B mouse hepatocytes compared with the
control group (p =0.030) or compared with the TNF-
a-induced IR group (p = 0.013). In addition, the fluorescence
level of the EAf2 fraction group was 1.3 times greater than that
of the TNF-a-induced IR group (p = 0.014) (Figure 2).

3.3. Effect of EAf2 Fraction on TNF-a plus OA-Induced IR and
Lipid Accumulation in FL83B Cells. Both the OA-induced
and the TNF-« plus OA-induced groups showed a signifi-
cant increase in intracellular lipid accumulation (Figure 3).
There was no difference between the groups administered
EAf2 at 20, 30, and 60 min and the OA-induced group/TNF-
« plus OA-induced group. However, a decrease in intra-
cellular lipid accumulation was significantly observed
10 min after EAf2 administration, compared with the TA20
group (p =0.005), TA30 group (p =0.008), and TA60
group (p = 0.012), respectively (Figure 4). After 120 min of
EAf2 administration, the significantly decreased lipid ac-
cumulation was observed, compared with the TNF-a-in-
duced IR group (p = 0.045) (Figure 4).

3.4. Effect of EAf2 Fraction on TNF-« plus OA-Induced IR and
Lipid Accumulation in Enhancing FL83B Cell Insulin Sig-
naling Pathway Protein Expression. Western blot analyses of
hepatic insulin-signaling-related proteins were conducted,
including IRB, PI3K, p-Akt/Akt, GLUT2, and PPAR«
(Figure 5(a)). PPAR« protein expression was increased after
the EAf2 fraction administration to the OA-induced group
and TNF-a plus OA-induced group, compared with the
control group, which increased by 108% and 138%, re-
spectively (Figure 5(b)). The expression of the GLUT2
protein increased after the administration of the EAf2
fraction to the TNF-a-induced, OA-induced, and TNF-«
plus OA-induced groups (Figure 5(c)). The expression of the
p-Akt/Akt protein increased after the administration of the
EAf2 fraction to the TNF-a-induced and TNF-a plus OA-
induced groups (Figure 5(d)). The administration of the
EAf2 fraction increased PI3K protein expression in the OA-
induced group (Figure 5(e)). The EAf2 fraction can regulate
IRf protein expression in the TNF-a-induced and OA-in-
duced groups (Figure 5(f)).

4. Discussion

In the present study, EA fractions from RTL, especially in
EAf2, showed the best improved glucose uptake in IR mouse
FL83B hepatocytes. Additionally, the EAf2 fraction from
RTL also attenuated IR plus lipid accumulation in
FL83B cells. RTL may have possibly regulated and enhanced
hepatic insulin-signaling-related metabolic protein expres-
sions, including those of GLUT2, p-Akt/Akt, and PPAR«
(Figure 6), suggesting that the possible underlying mecha-
nisms of RTL extract were to improve glucose intake and
inhibit lipogenesis in FL83B cells.
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resistance group. *p<0.05 and **p<0.01 vs. control group;

#p <0.05 and ##p< 0.01 vs. TNF-« group.

In this study, TNF-« inhibits glucose uptake in FL83B
hepatocytes. OA increases lipid accumulation in TNEF-
a-treated FL83B hepatocytes. We postulated that the EAf2
fraction increased glucose uptake and suppressed lipid
accumulation may be attributed by alleviating the IR in
TNF-a and OA-treated FL83B hepatocytes. When adipo-
cytes develop IR, insulin signaling is blocked. Lipogenesis is
inhibited, lipolysis is increased, and FFA concentration is
increased in the blood. The absorption rate of FFAs in other
organs is increased, thereby stimulating hepatocytes for
gluconeogenesis, fat synthesis, and synthesis of very-low-
density lipoprotein (VLDL). No study has confirmed the
lipotoxicity of liver fat and visceral fat in the IR of muscle
cells, although obesity is associated with IR [12-14]. In-
dividuals with higher liver and visceral fat who develop IR
in muscle, liver, and fat cells show increased concentrations
of lipoprotein in the blood, whereas individuals with
obesity and higher visceral fat content have a significant
increase in lipogenesis compared with individuals of
normal weight [15]. The fat accumulated in liver cells re-
flects the balance of lipolysis, lipid peroxidation, lipo-
genesis, and VLDL production and elimination. When
regulating fat metabolism dysfunction, hepatic fat de-
composition is reduced, fat accumulation is increased, and
fatty acid oxidation and VLDL production reach satura-
tion, resulting in the accumulation of lipid in hepatocytes,
which eventually leads to a fatty liver [4].

In the present study, IR, PI3K, and p-Akt/Akt expressions
were decreased in TNF-a-induced cells, compared with un-
treated cells, indicating that TNF-« induced IR in hepatocytes
through this pathway. Moreover, TNF-a plus OA-induced cells
were also altered through the same signaling pathway, which
showed a decrease in the expression of both GLUT2 and
PPARG, illustrating that this model can induce IR in normal
liver cells when combined with the fatty liver model.
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FIGURE 3: Lipid accumulation in FL83B cells by oil red O staining. (a) C: cells incubated with the F12K medium group. (b) T: TNF-a induced
for the insulin resistance group. (c) OA: oleic acid induced for the lipid accumulation group. (d) TA: TNF-a and oleic acid induced insulin

resistance for thefatty liver cells group.
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FIGURE 4: Effects of ethyl acetate fraction 2 (EAf2) on lipid accumulation in FL83B cells. C: cells incubated with the F12K medium containing
the 100 nM insulin group. T: TNF-« induced for the insulin resistance group. OA: oleic acid induced for the fatty liver cells group. TA : TNF-

o and oleic acid induced insulin resistance for the fatty liver cells group. *p <0.05, ** p <0.01, and *** p < 0.01 vs. control group; # p<0.05,
## p <0.01, and ### p <0.01 vs. TNF-a group; *p <0.05 and **p <0.01 vs. TA10 group; and *p <0.05 vs. TA120 group.

Glucose uptake evaluation showed that the EAf2 fraction
increased glucose uptake in IR FL83B cells, indicating that it
can alleviate cellular IR and recover normal cellular insulin-
related functions. The EAf2 fraction can enhance insulin
receptor protein expression and stimulate PI3K expression,
as well as promote the activation of downstream pathways.
PI3K is a downstream molecule of the insulin receptor
substrate (IRS), and when insulin binds to insulin receptors,

IRS phosphorylation activation is promoted and the sig-
naling of the PI3K pathway is activated. PI3K is a secondary
signal transduction factor that subsequently promotes
downstream Akt/PKB protein activation, and the glucose
channel protein GLUT2 is moved from the cytoplasm to the
surface of the cell membrane, thus enhancing cellular glu-
cose uptake [16]. The EAf2 fraction has the effect of in-
creasing intracellular phosphorylated Akt reaction,



6 Evidence-Based Complementary and Alternative Medicine

EAf (25ugmL) 3.0
C T CA TA T+ OA+ TA+ o abed
S 25 4 ac
PPARq (52kDA) e G G - E“zo L
o g 2.0
2
= 15 -
F
GLUT?2 (55kDA) el e s =
3 1.0
2
= 05
P-AKE (60KDA) | s S S s SHu  S— S—— & 0.
0.0 T T T T T T T
Akt (60kDA) ey C T CA TA T+ OA+ TA+
— EAf (25ugmL)
PI3K (85kDA)
IRB (95kDA) ;- .o — -_n — e
Actin (42kDA) = -
- . .. e -
Insulin (100nM) + + + + + + +
TNF-a (20ng/mL) - + - + + - +
Oleic acid (1mM) - - + + - + +
() (b)
25 3.0
o abed
g oy z 25 - od
%‘ d :L 2.0 A
o) )
£1s
e = 1.5
£ 104 E
kS 210 -
S B
) k]
<
é 0.5 4 205 -
0.0 T T T 0.0 T T T T T
C T CA TA T+ OA+ TA+ C T CA TA T+ OA+ TA+
EAf (25ugmL) EAf (25ugmL)
(c) (d)
35 30
g 3.0 abd E 2.5 abd
‘é 25 é 2.0 bd
© 20 - 0
& ‘g 1.5 4
® 15 2
5 g
§ Lo g 1.0
2 H 3
o o~
= 0.5 4 = 0.5
0.0 T T T T T T T 0.0 T T T T T T T
C T CA TA T+ OA+ TA+ C T CA TA T+ OA+ TA+
EAf (25ugmL) EAf (25ugmL)
(e) (f)
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suggesting that the degree of phosphorylated Akt increases
because of increased PI3K expression. When Akt is stim-
ulated by upstream signaling, such as PI3K signaling, it
activates Ser473 and Thr308 phosphorylation, which pro-
motes downstream proteins, such as glycogen synthase ki-
nase 3, forkhead box O, and mammalian target of
rapamycin, to regulate glucose transport and glycogen
synthesis [17]. The activation of Akt moves GLUT4 from the
cytoplasm to the cell membrane, thereby increasing cellular
glucose uptake. When insulin stimulation disappears,
GLUT4 returns to the cytoplasm for standby. GLUT2 is
glucose sensitive and has a bidirectional transport direction.
It is present widely in the liver, islet beta cells, kidneys, and
small intestine cells and is different from GLUT4. GLUT2 is
regulated by insulin and glucose levels in the blood, which
regulate the cellular glucose output or input [18].

IR combined with fatty liver results in reduced GLUT2
protein expression in liver cells. In the present study, the
EAf2 fraction ameliorated IR combined with fatty liver by
enhancing the expression of GLUT2 and PPARa, thereby
reducing intracellular lipid accumulation and ameliorating
fatty liver. Indeed, the increased PPAR« protein expression
reduced intracellular lipid accumulation [19]. PPAR« is
abundant in the liver, muscle, and kidney. It is used to
promote fat oxidation and remove FFAs in the blood, which
has protective and preventive effects on fatty liver [19].

The administration of RTL fractions of n-hexane and EA
in diabetic rabbits lowered the animals’ blood sugar level
[20]. Moreover, the best evaluation of antioxidant activity
resulted from RTL extraction using methanol and EA [21].
Here, our findings showed that n-hexane and EA fractions of
RTL have better effects on improving the glucose uptake
capacity of IR cells, which is consistent with the results of
other studies. EA fractions of RTL can effectively improve
the blood sugar level in diabetes through their antioxidant
capacity, as EA fractions speculatively contain high amounts
of polyphenols and triterpenoids [20]. Another study

indicated that the active compound of the EA fraction may
be a polyphenol called cirsimaritin [22]. Although this
compound is speculated, the components are quite com-
plicated. Our recent study indicated the possible bioactive
compounds of EA from RTL identified by high-performance
liquid chromatography assay, including phenolic acids
(syringic acid and p-coumaric acid) and flavanoid (cirsi-
maritin) on improving glucose uptake in hepatocytes [10].

5. Conclusions

Our results showed that EAf2 from RTL significantly in-
creased glucose uptake and suppressed lipid accumulation in
TNF-a plus OA-induced FL83B cells. The possible allevi-
ating mechanism happens by enhancing the expression of
the insulin signaling pathway protein, including Akt and
GLUT2, to ameliorate the glucose uptake capacity, which
may have been due to the increased Akt phosphorylation
and GLUT?2 expression that attenuated IR and the increased
PPAR« expression that reduced lipid accumulation in TNF-
a plus OA-induced FL83B cells. The further separation and
identification of bioavailability contributor on alleviating
abnormal lipid accumulation from RTL EA fractions using
mouse hepatocyte models is currently on process in our
laboratory.
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The activation of hepatic stellate cells (HSCs) is a key component of liver fibrosis. Two antifibrosis pathways have been identified,
the reversion to quiescent-type HSCs and the clearance of HSCs through apoptosis. Lipopolysaccharide- (LPS-) induced HSCs
activation and proliferation have been associated with the development of liver fibrosis. We determined the pharmacological
effects of wild bitter melon (WM) on HSC activation following LPS treatment and investigated whether WM treatment affected
cell death pathways under LPS-treated conditions, including ferroptosis. WM treatment caused cell death, both with and without
LPS treatment. WM treatment caused reactive oxygen species (ROS) accumulation without LPS treatment and reversed the
decrease in lipid ROS production in HSCs after LPS treatment. We examined the effects of WM treatment on fibrosis, en-
doplasmic reticulum (ER) stress, inflammation, and ferroptosis in LPS-activated HSCs. The western blotting analysis revealed that
the WM treatment of LPS-activated HSCs induced the downregulation of the connective tissue growth factor (CTGF), a-smooth
muscle actin (a-SMA), integrin-f1, phospho-JNK (p-JNK), glutathione peroxidase 4 (GPX4), and cystine/glutamate transporter
(SLC7A11) and the upregulation of CCAAT enhancer-binding protein homologous protein (CHOP). These results support WM
as an antifibrotic agent that may represent a potential therapeutic solution for the management of liver fibrosis.

1. Introduction

Chronic liver fibrosis is a health problem, characterized by
severe morbidity and significant mortality [1-3]. The un-
derlying physiology of chronic liver fibrosis has been as-
sociated with the rapid activation and transdifferentiation of
quiescent HSCs fibrogenic myofibroblast-like cells following
liver injury or the development of liver fibrosis [4, 5],
resulting in cell proliferation, migration, extracellular matrix
(ECM) accumulation [6], contraction, chemotaxis, and in-
flammatory signaling [7]. ECM accumulation has been as-
sociated with the increased expression of a-smooth muscle

actin (a-SMA), type I and III collagens, and tissue inhibitor
of metalloproteinase-1 (TIMP-1), following the develop-
ment of liver fibrosis [5, 8-10]. The contraction of HSCs has
been proposed to mediate fibrosis by regulating sinusoidal
blood flow and ECM remodeling [11]. Recent studies have
shown that HSCs are activated by external signals, con-
tributing to liver inflammation or liver injury by producing
inflammatory cytokines and directing T lymphocytes into
the parenchyma [12]. Multiple cellular and molecular sig-
naling pathways are involved in the regulation of HSC ac-
tivation: (1) the release of mitogenic (transforming growth
factor-alpha (TGF-« [13]), platelet-derived growth factor
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(PDGEF [14, 15]), interleukin-1 (IL-1 [16]), tumor necrosis
factor-alpha (TNF-« [17]), and insulin-like growth factor
(IGF-1)) and fibrogenic (transforming growth factor-beta
(TGF-B [18]) and interleukin-6 (IL-6)) cytokines; (2) re-
ceptor activation, including Toll-like receptors (TLRs [19]),
collagen receptors [20], liver X receptor [21], the nuclear
receptor Rev-erba [22], the orphan nuclear receptor NR4A1
[23], vitamin D receptor [24], and G protein-coupled re-
ceptors, such as succinate dehydrogenase-G protein-coupled
receptor 91 (GPR91) [25, 26]; (3) autophagy, endoplasmic
reticulum (ER) stress, and oxidative stress [27-31]; and (4)
inflammatory cells, including macrophages, natural killer
cells, hepatocytes, and B cells [5, 16, 17, 32-34].

The resolution of hepatic fibrosis requires the clearance
of activated HSCs, via apoptosis, or the reversion of HSCs
an inactivated phenotype [7-9]. Therefore, HSCs represent
an attractive target for antifibrotic therapy [35, 36]. The
differentiation of HSCs into proliferative, fibrogenic
myofibroblasts is well-known to play a critical role during
hepatic fibrosis, as demonstrated by both experimental and
clinical human liver injuries [7]. Existing antifibrotic
strategies include decreasing the number of activated
HSCs via the inhibition of proliferation, the induction of
apoptosis, and the inhibition of excessive ECM deposition
[37]. Thus, the suppression of HSC growth and/or the
induction of HSC apoptosis by natural products are
considered to be effective options for the amelioration of
liver fibrosis.

Wild bitter melon (WM; Momordica charantia L. var.
Abbreviata Seringe) is a wild variety of bitter melon
(Momordica charantia) [38, 39]. The ethyl acetate (EA)
fraction from WM has been reported to exhibit strong
antioxidant activity, via the scavenging activity of 1, 1-
diphenyl-2-picryl-hydrazyl (DPPH), which can reduce
H,0,-induced DNA damage. Moreover, the EA fraction
effectively inhibited a-amylase activity and suppressed the
production of the proinflammatory mediator nitric oxide
(NO) in LPS-stimulated murine macrophage RAW 264.7
cells [40]. Similar results indicated that the EA extract of
WM suppressed Propionibacterium acnes-induced in-
flammation in THP-1 cells [41]. WM has been demon-
strated to have anticancer activities in various cancers
types, in vitro, including breast cancer [42-44], colon
cancer [45, 46], pancreatic cancer [47], liver cancer
[48, 49], prostate cancer [50, 51], cervical cancer [52], and
others [53]. However, the full impact of WM on human
health has not been thoroughly demonstrated, and sys-
tematic clinical studies remain necessary to establish the
efficacy and safety of WM extract use in patients. Both in
vitro and in vivo studies have demonstrated that bitter
melon may elicit toxic or adverse effects under various
conditions [53].

This study aimed to investigate whether WM extracts
attenuated HSC T6 cell activation induced by LPS treatment.
Our data indicated that WM treatments increased ROS and
lipid ROS accumulation, induced ER stress, and triggered
ferroptosis in LPS-treated HSC T6 cells. We proposed that
WM treatment attenuated the LPS-induced HSC activation
via ER stress and ferroptosis.
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2. Materials and Methods

2.1. Reagents. WM extract (WM) was purchased from
License Biotec, Co., Ltd. (Taipei, Taiwan). The total phenolic
extract (TPE) was obtained as described by Huang et al. [54].

2.2. Antibodies. The following antibodies were used for
immunofluorescence staining and Western blotting: rabbit
polyclonal antibodies against CHOP (#A0854, 1:1000 dilu-
tion, ABclonal, MA, USA), p-JNK (#AP0808, 1 : 1000 dilution,
ABclonal, MA, USA), JNK (#A4867, 1:1000 dilution,
ABclonal, MA, USA), CTGF (#A11456, 1:1000 dilution,
ABclonal, MA, USA), a-SMA (#A1011, 1:1000 dilution,
ABclonal, MA, USA), integrin-f1 (#A11060, 1:1000 dilution,
ABclonal, MA, USA), GPX4 (#A1933, 1:1000 dilution,
ABclonal, MA, USA), SLC7A11 (#A13685, 1:1000 dilution,
ABclonal, MA, USA), and -actin (#AC026, 1:5000 dilution,
ABclonal, MA, USA).

2.3. Cell Culture. HSC-T6, a rat HSC cell line, was purchased
from Millipore (MA, USA). HSC-T6 cells were cultured at
37°C in Dulbecco’s minimum essential medium (DMEM;
Gibco, NY, USA), supplemented with 10% fetal bovine
serum (FBS) and antibiotics (100 U/ml penicillin, 100 yg/ml
streptomycin, and 2.5 ug/ml amphotericin B), in a humid-
ified atmosphere containing 5% CO,. The culture medium
was replaced every other day. Once the cells reached 70-80%
confluency, they were trypsinized and seeded into 6-well or
24-well plastic dishes for further experiments.

2.4. Analysis of Cell Viability. Cell viability was measured
using WST-1 assay. Cells were seeded at a density of 5 x 10*
cells/mL in 24-well plates and cultured in phenol red-free
DMEM, containing 0.5% heat-inactivated FBS, for 24h.
Cells were then incubated with 20 yg/ml of WM or 10 ug/ml
of LPS, as indicated, for 24 h. WST-1 reagent was then added
to the medium and incubated at 37°C for 2 h. The absorbance
was measured at 450 nm using a microplate reader (Thermo
Labsystems, Waltham, MA, USA).

2.5. Western Blotting. Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) was performed using
10% acrylamide gels, with 20 ug of protein loaded into each
lane. After electrophoresis, the proteins were transferred
from the gel to a polyvinylidene fluoride (PVDF) membrane,
at 350 mA for 2 hours, and the membrane was then blocked
with 5% nonfat milk for 1 hour. The membranes were in-
cubated with primary antibodies, diluted 1:1,000 in 5%
nonfat milk, overnight at 4°C. Membranes were washed in
TBST buffer (20 mM Tris-HCI, pH 7.4, 137 mM NaCl, and
0.1% Tween-20) 3 times, for 10 minutes each time, incubated
with secondary antibodies conjugated to horseradish per-
oxidase (HRP), at 1:10,000 dilution, for 1 hour at room
temperature, washed again, and stained with a Western HRP
substrate. Protein bands were visualized on X-ray film using
an enhanced chemiluminescence system (Kodak).
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2.6. Lipid ROS Detection. Cells were incubated with 2 uM
C11-BODIPY 581/591 (Thermo Fisher Scientific), in culture
medium for 1h and then washed with phosphate-buffered
saline. After trypsinization, cells were collected and used for
flow cytometry (BD Biosciences, San Jose, CA, USA), using
an excitation wavelength of 488nm and an emission
wavelength of 517-527 nm.

2.7. Statistical Analysis. Continuous data were expressed as
the mean + standard error of the mean. Statistical differences
among means from different groups were determined by
one-way or a two-way analysis of variance, followed by a
Bonferroni post hoc test for continuous variables. P values
<0.05 were considered significant differences.

3. Results

3.1. WM Treatment Caused ROS Accumulation and Cell
Death. The acceleration ROS accumulation has been shown
to disrupt redox homeostasis and cause severe damage in
cancer cells, resulting in cancer cell death via the activation
of apoptosis, autophagic cell death, and necroptosis [55]. The
induction of apoptosis on HSCs via the stimulation of ROS
accumulation represents a potential strategy for addressing
liver fibrosis [56]. Our results showed that WM treatment
induced ROS overproduction in HSCs relative to untreated
cells (Figures 1(a) and 1(b)). Decreased HSC viability was
detected after treatment with 20 yg/ml WM for 24h com-
pared with untreated cells (Figure 1(c)). These results in-
dicated that WM treatment induced ROS accumulation and
cell death.

3.2. WM Treatment Resulted in Lipid ROS Accumulation and
Cell Death in LPS-Activated HSCs. LPS is a well-known
activator of HSCs and LPS treatment results in the activation
of a proinflammatory, myofibroblast phenotype [57]. ROS-
induced lipid peroxidation and lipid ROS accumulation has
been reported to play critical roles in cell death pathways,
including apoptosis, autophagy, and ferroptosis [58]. As
shown in Figure 2, the results indicated that lipid ROS
accumulation decreased in LPS-activated HSCs compared
with untreated HSCs (Figures 2(a) and 2(b), column 1 vs.
column 2 but increased after the WM treatment of LPS-
activated HSCs (WM treatment in LPS-activated HSCs,
Figures 2(a) and 2(b), column 2 vs. column 4). In contrast,
cell viability significantly decreased after WM treatment in
quiescent HSCs compared with untreated cells (Figure 2(c),
column 1 vs. column 3). Interestingly, WM treatment caused
cell death in LPS-activated HSCs (Figure 2(c), column 2 vs.
column 4). Therefore, we proposed that WM treatment
resulted in lipid ROS accumulation and cell death in LPS-
activated HSCs.

3.3. WM Treatment Enhanced ER Stress, Attenuated In-
flammation, and Triggered Ferroptosis in LPS-Activated HSCs.
CHOP plays a critical role in ER stress-induced apoptosis
[59]. Oyadomari and Mori demonstrated that when severe

ER stress conditions persist, apoptotic signaling pathways
become activated, resulting in the induction of CHOP [60].
Our results showed that CHOP expression levels decreased
in LPS-activated HSCs (Figures 3(a) and 3(b), column 1 vs.
column 2) but increased following the WM treatment of
LPS-activated HSCs (WM treatment in LPS-activated HSCs,
Figures 3(a) and 3(b), column 2 vs. column 4). Additionally,
JNK is a well-known regulator of the inflammatory response
[61]. As shown in Figures 3(a) and 3(b), the expression levels
of p-JNK increased in LPS-activated HSCs, compared with
quiescent HSCs (Figures 3(a) and 3(b), column 1 vs. column
2) and decreased after the WM treatment of LPS-activated
HSCs (WM treatment in LPS-activated HSCs, Figures 3(a)
and 3(b), column 2 vs. column 4).

Ferroptosis is a newly identified cell death pathway, which
occurs in an iron-dependent manner and is characterized by
iron accumulation and lipid peroxidation during the cell
death process [62]. SLC7A1l is a key regulator of the anti-
oxidant system Xc~, which mediates the exchange of cysteine
and glutamate, and is widely distributed in the phospholipid
bilayer [63]. GPX4 (glutathione peroxidase 4) activity de-
creases with increasing system Xc~ activity, resulting in de-
creased antioxidant capacity, lipid ROS accumulation, and
ultimately, oxidative damage and ferroptosis [62]. Friedmann
Angeli et al. reported that knockout of GPX4 caused cell death
via ferroptosis, both in vitro and in vivo [64]. In the present
study, the results showed that the expression levels of GPX4
and SLC7A11 increased in LPS-activated HSCs, compared
with untreated HSCs (Figures 3(c) and 3(d), column 1 vs.
column 2), but decreased after the WM treatment of LPS-
activated HSCs (WM treatment in LPS-activated HSCs,
Figures 3(c) and 3(d), column 2 vs. column 4). Altogether,
these results indicated that WM treatment sensitized LPS-
activated HSCs ER stress, attenuated inflaimmation, and
triggered ferroptosis.

3.4. WM Treatment Has Antifibrotic Effects on LPS-Activated
HSCs. Activated HSCs are well-known as potential thera-
peutic targets in liver fibrosis [65]. We investigated whether
WM treatments have any antifibrotic effects in LPS-activated
HSCs. As shown in Figures 4(a) and 4(b), the expression
levels of CTGF, a-SMA, and integrin-f1 increased in LPS-
activated HSCs, compared with wuntreated HSCs
(Figures 4(a) and 4(b), column 1 vs. column 2), but de-
creased after WM treatment (WM treatment in LPS-acti-
vated HSCs, Figures 4(a) and 4(b), column 2 vs. column 4).
Therefore, we suggested that WM treatment has great po-
tential for use to treat and prevent liver fibrosis through
effects on activated HSCs.

4. Discussion

Activated HSCs play major roles in the pathogenesis of liver
fibrosis [66]. Growing evidence has suggested that the in-
duction of HSC cell death and the inhibition of HSC growth
may represent potential strategies for the treatment and/or
prevention of liver fibrosis [9, 33, 67-70]. Furthermore,
natural fruits may be used as additional therapeutic
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approaches to inhibit hepatic fibrogenesis. To our knowledge,
this study demonstrated, for the first time, that an extract
from the natural fruit WM could attenuate LPS-induced HSC
activation via the regulation of ER stress and ferroptosis.
However, the pharmacological effects of WM treatments in
HSCs remain unclear. Our results indicated that WM
treatment caused ROS accumulation, lipid ROS accumula-
tion, and cell death in LPS-activated HSCs (Figures 1 and 2).
WM treatment also increased ER stress-induced apoptosis
and attenuated inflammation and ferroptosis in LPS-activated
HSCs (Figure 3). We also detected the effects of WM treat-
ment on the expression of the following proteins: a-SMA, a
critical marker of HSC activation [71]; CTGF, a maker of liver
fibrosis [72, 73]; and integrin-f1, a hallmark of hepatic fibrosis
[74]. As shown in Figure 4, WM treatment decreased the
expression levels of these proteins (Figure 4). Therefore, these
data demonstrated that WM treatment may protect against
liver fibrosis via HSC inactivation or death.

Astaxanthin was shown to inhibit liver fibrosis via HSC
inactivation and the decreased formation of ECM in carbon
tetrachloride (CCl,) and bile duct ligation mouse models
[75]. Similar results were also reported for treatments with
curcumin [76], blueberry [77], silymarin [78], 3, 5-diethoxy-
3'-hydroxyresveratrol [79], quercetin [80], epigallocatechin-
3-gallate [81], coffee [82], and vitamins [83]. Additionally,
Kuo et al. suggested that the marine extract from a

gorgonian coral Pinnigorgia sp. (Pin) could induce apoptosis
in HSC-T6 cells via ROS-ERK/JNK-caspase-3 signaling and
may exhibit therapeutic potential for the clearance of HSCs
[84]. Other studies have reported similar results [85-87].
These studies further strengthen the evidence for the use of
bioactive food components and natural products with po-
tential antifibrotic effects in therapeutic approaches
designed to slow or reverse the development of liver fibrosis.

Huang et al. reported that the quantitative high-per-
formance liquid chromatography analysis of WM TPE
revealed gallic, chlorogenic, caffeic, ferulic, and cinnamic
acids, myricetin, quercetin, luteolin, apigenin, and thymol
and that WM TPE displayed an anti-inflammatory response
against Propionibacterium acnes-induced skin inflamma-
tion, in vivo [54]. Chen et al. showed that gallic acids at-
tenuated dimethylnitrosamine-induced fibrosis via the
regulation of Smad phosphorylation [88]. Chlorogenic acids
protect against CCL,-induced liver fibrosis through the
suppression of oxidative stress in the liver and HSCs [89].
Caffeic and ferulic acids have been shown to prevent liver
damage and ameliorate liver fibrosis in CCL4-treated rats
[90, 91]. Wang et al. demonstrated that trans-cinnamic acid
has antiobesity effects in oleic acid- (OA-) induced HepG2
cells and high-fat diet- (HFD-) fed mice [92]; however, the
role played by trans-cinnamic acid in HSCs remains unclear.
Myricetin modulated the polarization of macrophages via



Evidence-Based Complementary and Alternative Medicine

20

LPS (ug/ml) 0
WM (ug/ml) 0
CTGF I&‘Af
Lo
a-SMA

Integrin-f1

B-ACHD | e i s —
Column 1 2 3 4
(a)
*
1
*
3.5 - 1 3 A |—|*
K
2307 1
[=1e) on
g 2.5 4 g
= 2
c 3
< 2.0 | =]
S 154 &3
S 10 3 1
= 2
© 05 - ' &
0.0 - 0 -
LPS (ug/ml) 0 10 0 10 LPS (ug/ml) 0 10 0 10
WM (ug/ml) 0 0 20 20 WM (ug/ml) 0 0 20 20
Column 1 2 3 4 Column 1 2 3 4
*
*
* 1
%
5
4
=%
£5°]
—
P o
R
L 11
0 4
LPS (ug/ml) 0 10 0 10
WM (ug/ml) 0 0 20 20
Column 1 2 3 4

FIGURE 4: WM treatment attenuated fibrosis in LPS-activated HSCs. (a) Changes in the expression levels of CTGF, a-SMA, and integrin-f1.
B-Actin was used as an internal control. (b) Quantitative evaluation of the levels of specific proteins, assessed by Image]. All data are

presented as the mean + SD. n=3, *p <0.05, **p <0.01.

the inhibition of TREM-1-TLR2/4-MyD88 signaling mol-
ecules in macrophages and attenuated liver inflammation
and fibrosis in a choline-deficient, L-amino acid-defined,
high-fat diet-induced nonalcoholic steatohepatitis model
[93]. Quercetin caused decreased oxidative stress and in-
flammation and prevented liver fibrosis via the induction of
HSC apoptosis [94]. Li et al. speculated that luteolin exhibits
antifibrotic effects in HSCs and liver fibrosis by targeting the

AKT/mTOR/p70S6K and TGFf/Smad signaling pathways
in CCly, dimethylnitrosamine, and bile duct ligation induced
animal models of fibrosis and rat HSCs and HSC-T6 cells
[95]. A computational approach indicated that apigenin was
predicted to have antifibrotic activity [96]. Thymol signifi-
cantly ameliorated liver injury due to endotoxicity in gastric
ulcer rat models [97]; however, the role played by thymol in
liver fibrosis remains uncertain.
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5. Conclusions

In summary, the present study demonstrated that the pre-
treatment of HSCs with WM prevented LPS-induced HSC-
T6 cell activation (as demonstrated by CTGF, a-SMA, and
integrin-f1 levels) and inflammation (as indicated by p-JNK
levels). WM treatment caused ROS/lipid ROS overpro-
duction, cell death, ER stress activation (as indicated by
CHOP expression), and ferroptosis (as indicated by GPX4
and SLC7A11 expression) in LPS-activated HSC-T6 cells
(Figure 5). These novel findings deepen our understanding
of the mechanistic actions underlying WM treatments.
Because WM showed potential antifibrotic effects in acti-
vated HSCs, further in vivo studies should be performed to
determine the potential effects of WM treatment on various
liver fibrosis models.
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To investigate the characteristics of the immunoglobulin light-chain repertoires with chronic HBV infection, the high-throughput
sequencing and IMGT/HighV-QUEST were adapted to analyze the x (IgK) and A (IgL) light-chain repertoires from the inactive
HBYV carriers (IHB) and the healthy adults (HH). The comparative analysis revealed high similarity between the « light-chain
repertoires of the HBV carriers and the healthy adults. Nevertheless, the proportion of IGLV genes with >90% identity as the
germline genes was higher in the IgL light-chain repertoire of the IHB library compared with that of HH library (74.6% vs. 69.1%).
Besides, the frequency of amino acid mutations in the CDR1 regions was significantly lower in the IgL light-chain repertoire of the
IHB library than that of the HH library (65.52% vs. 56.0%). These results suggested the lower somatic mutation level in the IgL
repertoire of IHB library, which might indicate the biased selection of IGLV genes in the IgL repertoire with chronic HBV
infection. These findings might lead to a better understanding of the characteristics of the light-chain repertoires of HBV

chronically infected individuals.

1. Introduction

Hepatitis B virus infection is the major global health
problem, despite the existence of hepatitis B vaccination
[1, 2]. Most primary HBV infections are self-limiting with
virus clearance and lifelong protective immunity; however,
an estimated 3% to 5% of adults and up to 95% of children
develop chronic HBV infection [3]. Chronic HBV infection
greatly increases the risk of terminal liver disease, but
current therapies could rarely achieve a cure. An extensive
body of research suggested the neutralizing antibodies can
not only prevent acute HBV infection but also have a
possibility to modulate the development of chronic HBV
infection [4, 5].

Recently, high-throughput sequencing technologies
have been advanced and are improving our understanding
of humoral immune responses [6-8]. Some characteristics of
the antibody repertoire before and after HBV vaccination
have been demonstrated using high-throughput sequencing
[9-11]. B-cell receptors (BCRs) are formed by pairing of

heavy chains and light chains that together specify the ef-
fector functions [12]. Unfortunately, very few studies in-
vestigate the antibody repertoire of individuals with chronic
HBYV infection, and even less attention has been paid to the
light-chain repertoire with HBV infection. Thus, the char-
acteristics of the light-chain repertoires with chronic HBV
infection are less clear.

In this study, we analyzed the light-chain repertoires of «
(IgK) and A (IgL) isotypes with chronic HBV infection. The
characteristics of the IgK repertoires demonstrated no sig-
nificant difference between the healthy and the HBV car-
riers. Conversely, the characteristics of the IgL repertoires
showed some difference between the healthy adults and the
HBYV carriers, although most of the characteristics in the IgL
repertoires showed no significant difference. We found that
the somatic hypermutation level in the IgL repertoire of the
HBV carriers was lower than that of healthy adults.
Moreover, the preferred used variable (V) and joining (J)
genes also showed some difference in the IgL repertoires of
the healthy and the HBV carriers.
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2. Methods and Materials

2.1. Samples. Totally, twenty adults were included in this
study that comprised 10 inactive HBV carriers with serum
HBsAg but without serum virus load increased (IHB) and 10
healthy adults (HH) who underwent a routine health check
with no history of HBV infection or known major diseases.
The included HBV carriers did not have active hepatitis or
received antiviral treatment. The basic characteristics of the
study population are summarized in Table 1.

2.2. Establishment of the Antibody Repertoires for Deep
Sequencing. Peripheral blood mononuclear cells (PBMCs)
were prepared according to the published protocols [13].
Total RNA was extracted and then reverse-transcripted to
the first-strand ¢cDNA that was used as the template to
amplify the antibody sequences. The PCR amplifications
were performed using a set of sense primers highly aligned to
the first seven codons of the V regions and antisense primers
that exhibit specificity for the last eight codons at the 3’ ends
of the constant domains corresponding to the numbering
schemes of the IMGT database. Two rounds of PCR am-
plifications were performed to produce the special isotype
antibody fragments with the proper length for sequencing.
Finally, the PCR amplicons were purified and subjected to
high-throughput sequencing based on the Illumina Hiseq
platform according to the manufacturer’s protocol.

2.3. Sequence Processing. A series of stringent quality control
criteria were applied in the data processing as published in
our previous report [14]. To exclude biologically implausible
sequences, IMGT/HighV-QUEST (version 1.5.1) was used
for sequence annotation to identify insertion and deletion
(indels) errors and classify the sequencing data into pro-
ductive and unproductive sequences [15, 16]. The unpro-
ductive V] rearrangements were eliminated from the dataset.
Then, the productive sequences that contained stop codons,
indel errors, and substitutions or mutations in the conserved
amino acids at specified positions were excluded. Further-
more, the redundant sequences were eliminated to avoid the
accumulation of one single sequence due to PCR amplifi-
cation. Finally, the unique sequences with unique V] genes,
or unique CDR3 amino acid sequences defined as the unique
clones, were selected for further analysis. The number of
sequences after each step of processing is listed in Table 2.

2.4. Statistical Analyses. The clone diversity in each library
was described by the Margalef index (D) that was defined
and given by the function D=(S-1)/In N, with S being
species richness and N being the total number of all spec-
imens in a sample [17]. Student’s t-test, Pearson’s chi-square
test, and logistic regression analysis were used in statistical
analysis. In comparative analyses, the difference significance
was determined by the parameter of the effect sizes: Cohen’s
d value and the odds ratio (OR) were used to measure the
standardized difference between two means and between
two rates, respectively [18, 19]. When p < 0.05 (two sided),
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d>0.20, and OR > 1.50 or <0.60, the difference was con-
sidered to be significant. The data analyses were performed
using the R, Perl, and GraphPad Prism programs. The se-
quencing data have been deposited in the NCBI SRA da-
tabase (PRJNA578033).

2.5. Ethics Statement. The blood samples were provided by
the Second Affiliated Hospital of Fujian Medical University
(Quanzhou, Fujian, China) with the approval of the insti-
tutional research board and the donors’ consent. Procedures
followed in this study were under the ethical standards of
concerned institutional policies.

3. Results

3.1. The Clone Diversity. In this study, we analyzed the
antibody light-chain repertoires of inactive HBV carriers
(IHB) and compared them with that of healthy adults (HH).
Approximately 1.0 x 10" PBMCs from each group were input
to analyses, and totally 28,083,374 raw sequences were
obtained from IgK repertoires and 25,839,997 sequences
obtained from IgL repertoires after the sequencing. After a
series of data cleaning procedures, a total of 385,825 unique
clones were identified in the IgK repertoire of IHB library
and 329,688 unique clones were found in the HH library
(Figure 1(a)). Besides, 129,453 and 182,727 unique clones
were found in the IgL repertoires of the IHB and HH library,
respectively (Figure 1(a)). Interestingly, we found that the
HH and IHB library shared 66,653 IgK clones, accounting
for 17.28% in the IHB and 20.22% in the HH library, re-
spectively (Figure 1(a)); and 18,466 clones shared between
the IgL repertoires of the two libraries, constituting 14.26%
of the IHB and 10.11% of the HH library (Figure 1(a)).
Additionally, the Margalef index was calculated and sug-
gested that the clone diversity demonstrated no significant
difference between the HH and IHB library in both the IgK
and IgL repertoires (Figure 1(b)).

Among the unique clones, 179,734 unique CDR3 se-
quences were found in the IgK repertoire of the IHB and
161,443 sequences were found in the HH library
(Figure 1(c)); as well as 89,434 unique CDR3 sequences were
found in the IgL repertoire of IHB library, and 125,014
sequences were found in the HH library (Figure 1(c)).
Similarly, 40,260 convergent CDR3 sequences were found
between the IgK repertoires of HH and IHB library (22.40%
in THB and 24.94% in HH); and 14,323 convergent CDR3s
were found between IgL repertoires of the two libraries
(16.02% in IHB and 11.46% in HH) (Figure 1(c)). Next, the
V] gene rearranged patterns were analyzed to describe the
diversity of rearrangements. In IgK repertoires, 450 V] gene
rearranged patterns were found in the IHB library and 459
patterns in the HH library. We found 437 shared rearranged
patterns between the two libraries that accounted for more
than 95% in both the two libraries (Figure 1(d)). In IgL
repertoires, 320 V] gene rearranged patterns were found in
the IHB library and 353 patterns in the HH library; and the
two libraries shared 289 rearranged patterns that constituted
90.31% in the IHB and 81.87% in the HH library
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TaBLE 1: The basic characteristics of study population.

a Average c c c c . Average HBV DNA load!
Group Gender (F/M) ageb HBsAg® HBsAb® HBeAg® HBeAb © HBcAb (IU/mL)
Inactive HBV carriers (IHB) 2/8 44.3+9.27 + — — + + <500°
Healthy adults (HH) 0/10 37.0+9.55 — — — — — 0

*(F/M): female/male; © the average age had no significant difference in the three groups (Student’s t-test, p > 0.005); “five serological markers of HBV were
tested by ELISA; “HBV DNA load was tested by the real-time fluorescent quantitative PCR; “the detection limit is 500 TU/mL.

TaBLE 2: The number of input cells and sequencing data.

Healthy human (HH)

Inactive HBV carriers (IHB)

Repertoires IgK IgL IgK IgL
Total input cells 1.0x 107 1.0x107

Raw sequences 13,067,133 14,491,757 15,016,241 11,348,240
Productive sequences* 10,782,027 10,991,517 12,484,862 8,278,375
Productive unique aa sequences 5,164,247 3,686,212 5,756,099 2,869,219
Unique clones 329,688 182,727 385,825 129,453

“segs: sequences.

(Figure 1(d)). Taken together, these results demonstrated the
limited diversity of unique clones in the light-chain reper-
toires. A small portion of unique clones and CDR3 se-
quences shared between the library of healthy adults and the
inactive HBV carriers, but the majority of the V] gene
rearranged patterns were shared between the two libraries.

3.2. The Usage of V] Genes. The IgK repertoire contains 6
IGKV gene families. IGKV1, IGKV2, IGKV3, and IGKV4 were
frequently used in the two libraries, accounting for more than
98% altogether in both libraries, but IGKV5 and IGKV6
families were rarely used with a frequency less than 1.5%
(Figure 2(a)). The IGKV genes usage preference was very
similar between the two libraries: IGKV4-1, IGKV3-20, and
IGKV2-30 were most frequently used (Figures 2(b) and 2(c),
Supplementary Table 1). Besides, five IGK] gene families were
observed, all of which were frequently used. The biased used
IGK] alleles also showed no significant differences between the
two libraries that were IGKJ4x01, IGK]J5%01, and IGKJ1x%01
(Figures 2(b) and 2(c), Supplementary Table 2). For the IgL
repertoire, there are 10 IGLV gene families and 7 IGL] gene
families. The IGLV3 family was extremely biased used in both
libraries accounting for 47.65% in HH and 54.58% in IHB. In
both the libraries, IGLV3-1 and IGLV3-21 were frequently
used. Interestingly, IGLV9-49 and IGLV10-54 were equally
used in the HH library with a rate about 10%; but in the IHB
library, the usage of IGLV9-49 was almost three times more
than IGLV10-54 with a rate of 15.71% and 5.18%, respectively
(Supplementary Table 3). For the IGLJ gene usage, IGLJ2 and
IGLJ3 families were frequently used in both the IHB and HH
libraries, together consisting more than 70% of all IGLJ
families. The most frequently used IGL] allele was IGL]J2x01 in
the HH library at a rate of 41.24%, but it was IGLJ3#01 in the
IHB library with a rate of 37.38% (Supplementary Table 4).
Together, these results might indicate a different selection of
IGLV and IGL] genes in the IgL repertoire of IHB library, but
which were not observed in the IgK repertoire.

3.3. The Somatic Hypermutation in V Regions. The somatic
hypermutations (SHM) in the V gene segments were ana-
lyzed by comparing the sequencing data with the germline
genes from the IMGT database. There were approximately
70% sequences in the IgL repertoires and more than 80%
sequences in the IgK repertoires with >90% V gene identity
as the germline genes (Figure 3(a)). The proportion of se-
quences with high V gene identity as the germline genes did
not show significant difference in the IgK repertoires of HH
and IHB library (HH vs. IHB: 87.6% vs. 86.9%; Figure 3(a),
Supplementary Table 5). However, slight difference was
found between the IgL repertoires of these two libraries (HH
vs. THB: 69.2% vs. 74.6%; p < 2.2E — 16, OR=1.312, 95% CI:
1.291-1.333; Figure 3(a)), suggesting the IGLV genes in the
IHB library carried less mutations.

Then, the frequency of amino acid mutations in CDR1 and
CDR2 were further calculated. In IgL repertoires, it was inter-
estingly to find that the frequency of amino acid mutations in
CDRI1 was lower in IHB than HH (IHB vs. HH: 56.0% vs. 65.5%;
Figure 3(b)); the difference was significant since the OR value
was close to the threshold level (p<2.2E-16, OR=
1.493 = 1.50, 95% CI: 1.472-1.515). The frequency of amino acid
mutations in CDR2 was also lower in the IHB library (IHB vs.
HH: 52.6% vs. 56.8%; Figure 3(b)), although the difference was
not significant (p < 2.2E — 16, OR = 1.183, 95% CI: 1.166-1.20).
In the IgK repertoires, the frequency of amino acid mutations in
CDRI and CDR2 also showed no significant difference between
the two libraries (Figure 3(c), Supplementary Table 5).

3.4. The Characteristics of CDR3 Regions. The characteristics
of the CDR3 regions were analyzed, including the length of
distribution, the amino acid usage, and the occurrence and
mean length of junctional modifications. In our datasets, the
length distribution of CDR3 ranged from 2 to 40 amino acids
in light-chain repertoires. The average length of CDR3 was
approximately 9 amino acids for the IgK repertoires and 11
amino acids for the IgL repertoires in the HH and IHB library
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(Figure 4(a)). For the amino acid usage in CDR3 regions,
glutamine, threonine, and proline were the most frequently
used amino acids in IgK repertoires (Figure 4(b)). But in IgL
repertoires, the top frequently used amino acids were serine,
valine, and aspartic acid (Figure 4(c)). Overall, the average
CDR3 length and the amino acid usage showed little dif-
ference between the two libraries (data not shown). The
junctional modifications are the main mechanisms contrib-
uting to the CDR3 diversity, including additions of the
palindromic nucleotides (P) and the nontemplate random-
ized nucleotides (N), as well as the deletion of nucleotides
caused by exonuclease trimming (T). The occurrences of these
modifications were analyzed, but no significant difference was
found between the two libraries in both IgK and IgL rep-
ertoires (Figures 4(d) and 4(e), Supplementary Table 6).

4, Discussion

In this study, the high-throughput sequencing method was
adapted to analyze the light-chain repertoires of chronic
HBV-infected individuals and healthy adults. Totally,
53,923,371 raw sequences were obtained from 20 individ-
uals. After the analyses, we found that the characteristics in
the IgK repertoires were highly similar between the healthy
adults and the HBV carriers, including the somatic muta-
tions in V regions, the average CDR3 length, and the oc-
currence of junctional modifications. Although most of the
characteristics in the IgL repertoires were similar between
the two groups of investigated population, we still found that
the SHM level in V regions was lower in the IgL repertoire of
inactive HBV carriers compared with that of healthy adults.
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FIGURE 2: (a) The usage of V] gene families in IgK and IgL repertoires of the HH and IHB library. The outsider arcs represent the IGKV (blue
arc), IGK] (pink arc), IGLV (orange arc), and IGL] (cyan arc) gene families, and the histograms inside the circle represent the usage of each
gene family in the IgK and IgL repertoires of HH (gray) and IHB library (dark gray). (b) The top 5 most frequently used V] genes in the IgK
and IgL repertoires of HH library. (c) The top 5 most frequently used VJ genes in the IgK and IgL repertoires of IHB library.

Human immunoglobulin consists of a pair of identical
heavy chains and a pair of identical light chains, « or A
alternatively. The heavy chains are the primary factor in
forming the functional paratopes to realize foreign antigens
[20, 21]. A number of research studies suggested that the
rearrangements of the light chains aimed to silence the self-
reactivity [22, 23]. Thus, the diversity of the light-chain

repertoire was constrained. Despite the lack of clone di-
versity, the high portion of shared clones between indi-
viduals in light-chain repertoires has been reported recently
[23-26]. In this study, we included 1x 10’ PBMC initially
and only obtained 1~3 x 10° unique clones in the light-chain
repertoire from each library. The shared portion of the
unique clones was approximately 10% to 20% in IgK or IgL
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FIGURE 4: The characteristics of CDR3 regions. (a) The average length of CDR3 regions in the IgK and IgL repertoires from the HH and IHB
library. (b) The usage of amino acids in the CDR3 regions of IgK repertoires from the HH and IHB library. (c) The usage of amino acids in
the CDR3 regions of IgL repertoires from the HH and IHB library. (d) The occurrence of junctional modifications in the CDR3 regions of the
IgK repertoires. (e) The occurrence of junctional modifications in the CDR3 regions of the IgL repertoires.

repertoires between the two groups of investigated pop-
ulation. In addition, the diversity of V] rearranged patterns
was extremely limited due to the lack of the diversity (D)
genes. Only hundreds of rearranged patterns were observed
in both IgK and IgL repertoires, and more than 80% of the V]
gene rearrangements shared between the healthy adults and
inactive HBV carriers in both IgK and IgL repertoires.
SHM is a critical mechanism to diversify the BCR
repertoires [27-29]. High levels of SHM were commonly
seen in the antibody repertoires after virus infection and
vaccinations [10, 30-33], although the reduced mutation
level was also observed in the IgG repertoire with acute
dengue virus infection and the IgG repertoire after pandemic
HI1NI1 influenza monovalent inactivated vaccine [34, 35]. In
this study, we found the SHM level was lower in the IgL
repertoire of HBV carriers compared with that of the healthy

adults. However, the lower mutation level did not result in
the decrease of the clone diversity in this study since the
clone diversity showed no significant difference between the
IgL repertoires of healthy adults and inactive HBV carriers.
Thus, it could be inferred that the lower mutation level in the
IgL repertoire of inactive HBV carriers might result from the
biased selection of the germline-like IGLV genes under the
influence of HBV infection.

5. Conclusions

In this study, we analyzed the light-chain repertoires with
chronic HBV infection by the high-throughput sequencing.
The repertoire characteristics were similar between the «
light-chain repertoires of the HBV carriers and healthy
adults. Nevertheless, lower SHM levels in V regions were



observed in the A light-chain repertoire of the individuals
with chronic HBV infection, which might indicate the biased
selection of IGLV genes under the influence of chronic HBV
infection. The findings in this study were relevant for un-
derstanding of the characteristics of the light-chain reper-
toire during chronic HBV infection.
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Alcoholic liver disease (ALD) is a liver disease caused by long-term alcohol consumption. ROS-mediated oxidative stress is the
leading cause of ALD. Pien-Tze-Huang (PZH), a traditional formula, is famous in China. This study was designed to evaluate the
effects and explore the potential mechanisms of PZH in ALD. Forty mice were randomly divided into five groups: control group
(normal diet + vehicle), model group (ethanol diet + vehicle), PZH-L group (ethanol diet + PZH (0.125 g/kg)), PZH-M group
(ethanol diet + PZH (0.25 g/kg)), and PZH-H group (ethanol diet + PZH (0.5 g/kg)). The mice were sacrificed, and their liver and
blood samples were preserved. Liver steatosis, triglyceride (TG), total cholesterol, serum alanine aminotransferase (ALT), and
aspartate aminotransferase (AST) levels were assayed. Malondialdehyde (MDA), glutathione peroxidase (GSH-PX), and total
superoxide dismutase were identified using commercial kits. Oxylipins were profiled, and the data were analyzed. The AMPK/
ACC/CPTIA pathway was identified using real-time polymerase chain reaction and western blotting. The PZH-H intervention
significantly alleviated hepatic steatosis and injury and reduced the levels of liver TG and serum ALT and AST. In addition, MDA
levels were markedly reduced, and GSH-PX activity significantly increased after PZH-H intervention. Finally, PZH-H increased
the levels of 17-HETE, 15-HEPE, 9-HOTYE, 13-HOTYE, and 5,6-dihydroxy-8Z,11Z,14Z,17Z-eicosatetraenoic acid, and reduced
PGE2 levels. PZH-H intervention also promoted the phosphorylation of AMPK and ACC, and the expression of CPT1A. In
conclusion, PZH reduced oxidative stress and alleviated hepatic steatosis and injury. The mechanism was correlated with the
oxylipin metabolitess/ AMPK/ACC/CPTIA axis.

1. Introduction

Alcoholic liver disease (ALD) is a liver disease caused by
long-term alcohol consumption. It is one of the most
common types of chronic liver diseases globally and is
currently one of the major chronic liver diseases in China
[1-3]. Heavy drinkers (ethanol consumption of >40 g/day
for men and >20 g/day for women over 5 years; or ethanol
consumption of >80 g/day and binge drinking within 2
weeks) develop fatty liver, and about 20%-40% of them
develop more severe ALD [1, 4]. According to the In-
ternational Classification of Diseases (ICD-10), ALD is
classified as alcoholic fatty liver, alcoholic hepatitis, al-
coholic liver fibrosis, alcoholic cirrhosis, and alcoholic
liver failure. Studies have found that the prevalence of

ALD in China is 4.5%, which is similar to that in European
and American countries, among which the prevalence of
ALD in people aged 40-49 years is the highest, accounting
for more than 10% [5]. At present, the effective ways to
reduce or terminate alcoholic liver injury are nutritional
support and abstinence from alcohol, but some patients
still need to undergo combined treatment with drug in-
tervention. The guidelines for the prevention and treat-
ment in 2018 included glucocorticoid, metadoxine,
S-adenosylmethionine, polyene phosphatidylcholine,
glycyrrhizic acid preparation, and silymarin. Although
these drugs show some improvement in patients with
ALD, strict and extensive sample data supporting effective
treatment and improvement of ALD are still lacking in
clinical trials.
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Alcohol consumption can induce the generation of re-
active oxygen species (ROS), which cause oxidative stress.
ROS can change the structure and function of the protein by
binding to them and finally generate host antigens that can
induce immune responses [6, 7]. ROS can also lead to lipid
peroxidation and generate lipid peroxidation products, such
as 4-hydroxynonenal (4-HNE) and malondialdehyde
(MDA). Studies have found that these products can bind to
DNA bases and induce apoptosis and autophagy in cells
[8-10]. Therefore, ROS-mediated oxidative stress is the
leading cause of ALD.

Oxylipins are produced by the oxidation of polyunsat-
urated fatty acids (PUFAs), including arachidonic acid (AA),
linoleic acid (LA), eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA). Oxylipins play an important
role in inflammatory response [11, 12], immune defense
[13, 14], and oxidative stress [13, 15]. Studies have found that
AA can inhibit inflammatory responses and oxidative stress
to protect against brain injury [15]. LA attenuates acrolein-
induced oxidative stress [16]. EPA can decrease ROS to
attenuate oxidative stress [17-19]. In addition, DHA protects
photoreceptors from oxidative stress [20]. These studies have
shown that oxylipins can attenuate oxidative stress.

The traditional formula, Pien-Tze-Huang (PZH), is fa-
mous in China and is mainly composed of four traditional
Chinese medicines, namely, Panax notoginseng (85%), Musk
(3%), Calculus bovis (5%), and snake’s gall bladder (7%).
Studies have found that PZH has the functions of clearing
away heat and detoxification, reducing swelling and re-
lieving pain, anti-inflammatory effects, and liver protection
[21-23]. Clinically, it is widely used in various inflammatory
diseases, such as viral hepatitis, alcoholic hepatitis, and fatty
liver [24]. Currently, the mechanism of PZH in ALD re-
mains unclear. Therefore, in this study, we explored the
protective effect of PZH on ALD and its potential
mechanism.

2. Materials and Methods

2.1. Animals. C57BL/6 male mice (22-25g) were obtained
from Beijing Vital River Laboratory Animal Technology Co.
Ltd, China. Mice were maintained under a specific patho-
gen-free environment (23-25°C, relative humidity: 40%-
70%) with a 12-hour light/dark cycle.

2.2. Experimental Design and Administration of PZH.
Mice were randomly divided into five groups: control group
(normal diet+vehicle), model group (ethanol die-
t+ vehicle), PZH-L group (ethanol diet + PZH (0.125 g/kg)),
PZH-M group (ethanol diet + PZH (0.25 g/kg)), and PZH-H
group (ethanol diet + PZH (0.5 g/kg)). Mice fed an ethanol
diet were fed an ethanol Lieber-DeCarli diet (Trophic An-
imal Feed High-tech Co. Ltd, China) containing 5% (v/v)
ethanol for 10 days. Mice with a normal diet were pair-fed
with an equicaloric normal Lieber-DeCarli diet for 10 days.
PZH was exclusively produced and certified by Zhangzhou
Pien Tze Huang Pharmaceutical Co., Ltd., and the finger-
print spectrum was determined by HPLC-MS in a previous
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study [22]. PZH-treated mice were gavaged with PZH
aqueous solution simultaneously as they were fed an ethanol
diet for 10 days. On day 11, mice fed an ethanol diet were
gavaged with a single dose of 31.5% (v/v) ethanol (20 uL/g
body weight), and mice fed a normal diet were gavaged with
equicaloric 45% (w/v) maltose dextrin (20uL/g body
weight). All mice were euthanized after 9 hours, and blood
and liver samples were collected for further study.

2.3. Biochemical Analysis. The blood was centrifuged for
20min at 4000 rpm at 4°C, and serum was collected for
analysis. Liver tissue was homogenized in propanone/eth-
anol (1:1) and incubated overnight at 4°C. Homogenates
were centrifuged for 10 min at 4000 rpm at 4°C, and the
supernatant was collected for testing. Serum alanine ami-
notransferase (ALT) and aspartate aminotransferase (AST)
levels, liver triglyceride (TG), and total cholesterol (TC)
levels were measured using an automatic biochemistry
analyzer (TBA-40FR, Toshiba, Japan).

2.4. Histological Analysis. 'The left lobe of the liver was cut in
half. One half was fixed in 10% buffered formalin, and the
other was frozen in liquid nitrogen. The fixed liver sections
were dehydrated, embedded, and sectioned into 4 ym sec-
tions for staining with hematoxylin and eosin (H&E). The
frozen liver sections were embedded and sectioned into
10pm thick sections using a frozen microtome (Leica,
Germany) for staining with Oil Red O, according to previous
studies [25, 26].

2.5. Measurement of MDA, GSH-PX, and T-SOD Levels in the
Liver. Liver tissue was homogenized and centrifuged for
10 min at 4000 rpm at 4°C, and the supernatant was col-
lected. The levels of MDA, glutathione peroxidase (GSH-
PX), and total superoxide dismutase (T-SOD) in liver tissue
were measured using commercial kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

2.6. Sample Preparation and the Detection of Oxylipins Profile.
Tissue (20 mg) was weighed and homogenized with 200 L of
oxylipin extract (BB24, Next Advance, Inc., Averill Park, NY,
USA) for 3 min. The mixture was centrifuged for 10 min at
5000 rpm at 4°C. The supernatant was concentrated, dried,
and then redissolved in 100 L methanol/water (1:1, v/v).
Seventy-one oxylipin metabolites were determined at the
Metabo-Profile R & D Laboratory (Shanghai, China). Ultra-
performance liquid chromatography-tandem mass spec-
trometry (UPLC-MS/MS) (ExionLC™ AD, QTRAP® 6500+)
was used to detect them according to manufacturer’s
instructions.

2.7. Oxylipins Data Analysis. The raw data generated by
UPLC-MS/MS were extracted, integrated, identified, and
quantitatively analyzed for each metabolite using AB Sciex’s
Analyst software (V1.6.3, AB Sciex, Boston, MA, USA).
Principal component analysis (PCA), partial least squares
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discriminant analysis (PLS-DA), and variable importance of
projection (VIP) were performed to analyze the data. The
formula used for calculating the Z-score was Z-scores =
(x-mean)/SD. The Euclidean distance of Z-scores was
clustered with the method in the heatmap. Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways were
enriched using Metaboanalyst 4.0.

2.8. Real-Time Polymerase Chain Reaction (RT-PCR).
Total RNA was isolated from liver tissue using RNAiso
Reagent (Takara, Japan) and reverse-transcribed using
PrimeScript™ RT Master Mix (Takara, Japan). RT-PCR was
performed using TB Green® Premix Ex Taq™ according to
the manufacturer’s instructions. Target gene expression was
analyzed using the 2**“' method by normalization to
B-actin. The primers used are listed in Table 1.

2.9. Western Blot Analysis. Liver tissue was lysed and
centrifuged for 10 min at 4000 rpm at 4°C, and the super-
natant was collected and denatured. Denatured proteins
were separated by SDS-PAGE and transferred to poly-
vinylidene fluoride membranes (Millipore, USA). The
membranes were blocked using 5% skim milk and then
incubated at 4°C overnight with the primary antibodies,
including AMP-activated protein kinase alpha (AMPKa)
(CST, USA), phospho-AMPKa (CST, USA), acetyl-CoA
carboxylase (ACC) (CST, USA), phospho-ACC (CST, USA),
carnitine palmitoyltransferase 1A (CPT1A) (Gene Tex),
peroxisome proliferator-activated receptor alpha (PPAR«)
(ABclonal, China), sterol regulatory element-binding tran-
scription factor 1 (SREBP1) (Santa Cruz, USA), and HRP-
conjugated f-actin (HUABIO, China). After the overnight
incubation, the membranes were incubated with HRP-
conjugated secondary antibody (Jackson Immuno). Blots
were visualized with ECL luminescence reagent (Meilunbio,
China) and quantified using Image] software.

2.10. Statistical Analysis. Data are presented as mean-
+standard deviation (x *s). Statistical significance was
analyzed using one-way ANOVA in SPSS 24.0. Qualitative
data among the three groups were assessed using one-way
ANOVA, the Kruskal-Wallis test, or the chi-square test
based on data distribution. Differences between the two
groups were analyzed using Student’s ¢-test. The values were
considered statistically significant at P <0.05.

3. Results

3.1. PZH-H Alleviated Hepatic Steatosis in ALD-Mice.
Hepatic steatosis was significantly higher in the model group
than in the control group, and the PZH-M and PZH-H
interventions significantly improved hepatic steatosis
(Figures 1(a) and 1(b)). In addition, liver TG and TC levels
were markedly increased in the model group compared with
those in the control group. The PZH-H intervention sig-
nificantly reduced liver TG levels, but liver TC was increased
in the PZH-H group compared with that in the model group

(Figures 1(c) and 1(d)). Furthermore, serum ALT and AST
levels were markedly increased in the model group com-
pared with those in the control group. The PZH-H inter-
vention markedly reduced ALT and AST levels, and the
PZH-M intervention also markedly reduced ALT levels
(Figures 1(e) and 1(f)). These results indicated that PZH-M
and PZH-H alleviated hepatic steatosis and injury in ALD
mice, and the effect of PZH-H was better than that of PZH-
M.

3.2. Effect of PZH on MDA, GSH-PX, and SOD. Oxidative
stress is one of the main pathogeneses of ALD; MDA, GSH-
PX, and T-SOD are the primary biomarkers of oxidative
stress. Thus, we tested the levels of MDA, GSH-PX, and
T-SOD in the livers of ALD-mice. Compared with the
control group, the level of MDA in the model group was
significantly increased, while the activities of GSH-PX and
T-SOD were significantly decreased. Compared with the
model group, the level of MDA in the three PZH groups was
significantly decreased (Figure 2(a)), and the activity of
GSH-PX in the PZH-H group was significantly increased
(Figure 2(b)). Although T-SOD activity in the PZH-H group
was not different, its activity was significantly increased in
the PZH-M group (Figure 2(c)). These results indicate that
PZH-H could improve oxidative stress.

3.3. Analysis of Oxylipin Metabolites among Three Groups.
Our results showed that PZH could alleviate hepatic stea-
tosis, liver injury, and oxidative stress, and the effect of PZH-
H was better than that of the PZH-L and PZH-M groups.
Thus, we chose the PZH-H group to explore the mechanism
of oxidative stress improvement. Previous studies have
proved that oxylipins play an important role in oxidative
stress [13, 15]. Therefore, the profiling of oxylipins was
performed and analyzed. The results indicated that the
proportion of DHA was the highest, followed by that of LA
(Figure 3(a)). DHA, LA, and EPA levels were significantly
different among the three groups (Figure 3(b)). Fifty-eight
oxylipin metabolites were detected in the liver tissue of the
mice (Figure 3(c), Supplementary file 1). The PCA and PLS-
DA analyses yielded clear distinctions among the three
groups (Figures 3(d) and 3(e)).

3.4. Effect of PZH on Different Oxylipin Metabolites. First,
using values of P <0.05, the sets of 24 and 16 different
oxylipin metabolites were obtained in the model group
compared with the control group, and the PZH-H group
compared with the model group (Figures 4(a) and 4(c)),
respectively. Furthermore, combined with the value of VIP
>1, only 22 and 16 different oxylipin metabolites were
obtained in the model group compared with the control
group, and the PZH-H group compared with the model
group (Figures 4(b) and 4(d), Supplementary file 2), re-
spectively. KEGG pathway analysis revealed that the main
pathways included carnitine O-acetyltransferase, carnitine-
acetylcarnitine carrier, fatty acyl-CoA desaturase, linoleic
acid (n-Cl18:2) transport via diffusion, carnitine
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TaBLE 1: The sequence of primers in the study.

Primer name Forward primer sequence (5'—3') Reverse primer sequence (5'—3')
B-Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
ACC1 GATGAACCATCTCCGTTGGC GACCCAATTATGAATCGGGAGTG
ACC2 CCTTTGGCAACAAGCAAGGTA AGTCGTACACATAGGTGGTCC
CPT1A CTCCGCCTGAGCCATGAAG CACCAGTGATGATGCCATTCT
PPAR« AGAGCCCCATCTGTCCTCTC ACTGGTAGTCTGCAAAACCAAA
SREBP-1 GCAGCCACCATCTAGCCTG CAGCAGTGAGTCTGCCTTGAT

Control Model
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FiGure 1: PZH-H alleviated hepatic steatosis in ALD-mice. (a) HE staining in liver sections was presented. (b) Oil Red O in liver sections was
presented. (c) Liver TG and (d) TC were analyzed (n=38); (e) Serum ALT and (f) AST were analyzed (n=8). Data were presented as

means + SD. # P <0.05, ## P < 0.01, and ¥# P < 0.01 in the model group vs the control group; *P < 0.05 and **P < 0.01 in the PZH groups vs
the model group.

O-palmitoyltransferase, and beta-oxidation of fatty acids  diagram (Figure 5(a)), including two EPAs (17-HETE and
(Figures 4(e) and 4(f)). We further identified six overlapping 15-HEPE), three LAs (9-HOTrE, 13-HOTYE, 5,6-dihydroxy-
oxylipin metabolites among the three groups using a Venn  8Z, 11Z, 14Z, 17Z-eicosatetraenoic acid), and one DGLA
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FiGure 2: Effect of PZH on MDA, GSH-PX, and T-SOD. (a) The content of MDA, (b) the activity of GSH-PX, and (c) T-SOD was measured
using kits (n = 8). Data were presented as means + SD. #P<0.05 and

***P <0.001 in the PZH groups vs the model group.

(PGE2). The levels of 17-HETE, 15-HEPE, 5,6-dihydroxy-
8Z, 11Z, 147, 17Z-eicosatetraenoic acid, 9-HOTrE, and 13-
HOTYE were markedly increased, and PGE2 levels were
significantly reduced in the model group compared with the
control group. PZH-H intervention further increased the
levels of 17-HETE, 15-HEPE, 9-HOTYE, 13-HOTYE, and 5,6-
dihydroxy-8Z, 11Z, 14Z, 17Z-eicosatetraenoic acid, and
reduced PGE2 levels (Figures 5(b)-5(g), Table 2).

3.5. Oxylipin Metabolites Were Negatively Correlated with
MDA. PZH-H reduced MDA levels and promoted the ac-
tivity of GSH-PX (Figure 2). Profiling of oxylipins indicated
that PZH-H could also increase the levels of 17-HETE, 15-
HEPE, 5,6-dihydroxy-8Z, 11Z, 14Z, 17Z-eicosatetraenoic
acid, 9-HOTYE, 13-HOTrE, and reduced PGE2 levels (Fig-
ure 4). Therefore, Spearman correlation analysis was per-
formed to evaluate the correlation of oxylipin metabolites,
MDA, and GSH-PX. The results showed that 15-HEPE, 5,6-
dihydroxy-8Z, 117, 14Z, 17Z-eicosatetraenoic acid, 9-
HOTE, and 13-HOTrE were negatively correlated with
MDA, and there was no correlation among the other indices
(Figure 6).

3.6. Effect of PZH on AMPK-ACC-CPTIA Pathway.
Previous studies have indicated that oxylipin metabolites can
regulate the AMPK signaling pathway [27-30]. The results
showed that although the phosphorylation of AMPK was not
significantly different in the model group compared with the
control group, PZH-H intervention markedly promoted the
phosphorylation of AMPK (Figure 7(a)). In addition,
compared with the control group, the phosphorylation of
ACC was significantly reduced in the model group, and
PZH-H intervention markedly promoted the phosphory-
lation of ACC. However, the mRNA levels of ACCI and
ACC2 in the model group were significantly increased, the
mRNA levels of ACC1 were significantly decreased, and

##P <0.001 in the model group vs the control group; *P < 0.05 and

ACC2 levels were significantly increased after PZH-H in-
tervention (Figures 7(a)-7(c)). Compared with the control
group, the mRNA and protein levels of CPT1A were sig-
nificantly decreased in the model group, and PZH-H in-
tervention significantly promoted CPT1A expression
(Figures 7(a) and 7(d)). Although the phosphorylation of
PPARa« was not significantly different in the model group
compared with the control group, the PZH-H intervention
markedly promoted the phosphorylation of PPARa.
Moreover, the expression of SREBP1 was not significantly
different among the three groups (Figures 7(e)-7(g)).

4., Discussion

In the present study, we showed that PZH could improve
hepatic steatosis and injury in ALD mice, consistent with
previous studies. In addition, PZH reduced the level of MDA
and increased the activity of GSH-PX, ultimately amelio-
rating oxidative stress, which is consistent with a previous
study [31]. Through the analysis of oxylipin profiling, we
found that PZH promoted the levels of 17-HETE, 15-HEPE,
5,6-dihydroxy-8Z, 11Z, 14Z, 17Z-eicosatetraenoic acid, 9-
HOTYE, and 13-HOTYE, and reduced PGE2 levels, further
activating the AMPK pathway. Previous studies have also
shown that PZH can reduce tumor necrosis factor-alpha and
interleukin-1p secretion to ameliorate hepatic inflammation
[31] and can ameliorate hepatic injury by inhibiting the
PERK/elF2a pathway [22]. In addition, PZH could also
ameliorate hepatic fibrosis by suppressing the NF-kappa B
pathway [21]. Panax notoginseng saponins and polysac-
charides have hepatoprotective effects against alcoholic liver
damage [32, 33], but the mechanism is not precise. Our
study is the first to demonstrate that PZH regulates the
oxylipin-metabolitess/ AMPK pathway to reduce oxidative
stress and improve hepatic steatosis and injury in ALD-mice.
This study fully confirmed the mechanism of action of PZH
on ALD through the quantitative profiling of oxylipin.
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FIGURE 3: Analysis of oxylipin metabolites among three groups. (a) The proportion of identified metabolite classes in all groups was shown.
(b) The relative abundance of each metabolite class in different groups was shown. (c) Fifty-eight oxylipin metabolites were detected in the
liver tissue of mice. (d) PCA and (e) PLS-DA were analyzed and shown. High: PZH-H group.

Oxidative stress is one of the main pathogeneses of ALD.
As a primary biomarker of oxidative stress, MDA was
markedly increased in ALD and promoted the generation of
etheno-DNA adducts to induce damage to the liver [9, 10].
In the present study, MDA levels were also markedly in-
creased in the ALD mice, and PZH intervention significantly
reduced MDA levels. In addition, the activity of GSH-PX, an
antioxidant enzyme, was significantly reduced in ALD-mice,
consistent with a previous study [34], and PZH increased the
activity. These results indicated that PZH could attenuate
oxidative stress.

Oxylipins play an essential role in oxidative stress
[13, 15]. Studies have shown that EPA, as an oxylipin, can

decrease oxidative stress and placental lipid deposition in a
sirtuin-1-independent manner [17]. The EPA could also
decrease oxidative stress and attenuate cardiomyoblast ap-
optosis by activating autophagy [35]. EPA supplementation
attenuates HFD-induced oxidative stress and steatosis [36].
In this study, PZH promoted the levels of EPA (17-HETE,
15-HEPE). Furthermore, LA is also an oxylipin, and studies
have shown that LA can attenuate acrolein-induced oxi-
dative stress [16]. Clinical trials have confirmed that LA can
improve oxidative stress in obese patients with non-alco-
holic fatty liver disease [37]. In our study, PZH increased LA
levels, including 9-HOTrE, 13-HOTYE, and 5,6-dihydroxy-
8Z, 11Z, 14Z, 17Z-eicosatetraenoic acid. Studies have also
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FiGure 4: Effect of PZH on different oxylipin metabolites. (a) At P <0.05, 24 different oxylipin-metabolites were obtained in the model
group compared with the control group. (b) Combined with the value of VIP >1, 22 different oxylipin metabolites were obtained in the
model group compared with the control group. (c) At P<0.05, 16 different oxylipin-metabolites were obtained in the PZH-H group
compared with the model group. (d) Combined with the value of VIP >1, 16 different oxylipin metabolites were obtained in the PZH-H
group compared with the model group. The KEGG pathway was shown in (e) the model group compared with the control group and (f) the
PZH-H group compared with the model group. High: PZH-H group.
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F1Gure 5: Effect of PZH on 6 overlapping oxylipin metabolites. (a) 6 overlapping oxylipin metabolites were showed among three groups.
(b) 17-HETE, (c) 15-HEPE, (d) 5,6-dihydroxy-8Z,11Z,14Z,17Z-eicosatetraenoic acid, (e) 9-HOTIE, (f) 13-HOTIE, and (g) PGE2 levels were
shown. #P < 0.05 and ###P < 0.001 in the model group vs the control group; *P <0.05 and **P < 0.01 in the PZH group vs the model group.
High: PZH-H group.

TaBLE 2: Six overlapping oxylipin metabolites among three groups.

) Model vs. control PZH-H vs. model
Class Metabolite
Fold change P value VIP Fold change P value VIP

EPA 17-HETE 1.735887097 0.037917638 1.059880581  1.574488  0.030620 1.438892
EPA 15-HEPE 2479289941 0.0001554 1.470827013  1.431981  0.020668 1.013007
pa  >0-Dihydroxy-87, 112;:;112, 17Z-cicosatetraenoic ) gch044506 00003108 1.678973419  2.665644  0.002953 1.914047
LA 9-HOTrE 2.685344828 0.0001554 1.810016764 1.625732  0.012600 1.562081
LA 13-HOTrE 2.027124774 0.0001554 1770831487 1554011  0.006302 1.812153
DGLA PGE2 0.220679012 0.022819743 113067223  0.181818  0.032474 1.211364

shown that high DGLA levels could be a biomarker for
hepatic steatosis [38]. PGE2 can promote hepatic fibrosis
and lead to insulin resistance [39]. Green tea extract at-
tenuated PGE2 accumulation and protected against liver
injury in an HFD-feeding NASH model [40], and meloxicam
reduced PGE2 level and modulated oxidative stress to
protect against liver injury [41]. Moreover, Panax noto-
ginseng saponins attenuated gastric injury by modulating the 04
metabolism of PGE2 [42]. In the present study, we found

that PZH reduced PGE2 levels. In addition, our results I02
further proved that 15-HEPE, 9-HOTrE, 13-HOTYE, and
5,6-dihydroxy-8Z, 11Z, 14Z, 17Z-eicosatetraenoic acid were

GSH-PX

negatively correlated with MDA. Further analysis showed 02
that the upregulated metabolites (15-HEPE, 5,6-dihydroxy- MDA 0.4
8Z, 11Z, 14Z, 17Z-eicosatetraenoic acid, 9-HOTrE, and o6

13-HOTrE) were negative correlated with T-SOD, and
downregulated PGE2 were positively correlated with T-SOD
(Supplementary Figure 1), indicating that PZH could reduce
oxidative stress through non-SOD dependent approach.
Finally, the results showed that PZH may improve oxidative
stress by oxylipin metabolites, including EPA, LA, and
PGE2. On the basis of a previous study [42], we speculated
that Panax notoginseng of PZH may mainly enhance oxy-
lipin metabolites.

The. AMPK'ACC}'CPTIA pathway is involved in.the FIGURE 6: The correlation of oxylipin-metabolites, MDA, and GSH-
regulation of oxidative stress and ALD [43-47]. Previous  PX was analyzed by the Spearman correlation analysis.
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FiGure 7: Effect of PZH on AMPK-ACC-CPTIA pathway. (a) The levels of p-AMPK, AMPK, p-ACC, ACC, and CPT-1A were shown
(n=28). The mRNA expression of (b) ACCI, (c) ACC2, and (d) CPT-1A was detected by RT-PCR (n=8). (e) The protein expression of
SREBP-1 and PPAR« was shown (= 8). (f) SREBP-1 mRNA expression and (g) PPARa mRNA expression were detected (n = 8). Data were
presented as means + SD. #p< 0.05, #p< 0.01, and ###Pp <0.001 in the model group vs the control group; *P <0.05, **P <0.01, and

***P<0.001 in the PZH-H group vs the model group.
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FiGure 8: Summary of the study. Traditional Chinese formulae PZH increased the levels of oxylipin metabolites, activated AMPK-ACC-
CPTI1A pathway, and finally alleviated oxidative stress and hepatic steatosis.

studies have proved that EPA could improve palmitate-
induced endothelial dysfunction and lipotoxicity by acti-
vating AMPK pathway [28, 48]. In addition, LA can reduce
hepatic lipid metabolism [29, 30], insulin resistance, and
adiposity [49, 50] via the AMPK pathway. PGE2 can neg-
atively regulate the AMPK pathway [51, 52]. In this study, we
found that PZH increased the levels of EPA and LA and
reduced PGE2 levels. In addition, PZH can activate AMPK
and promote the phosphorylation of ACC, which reduces
the ACC activity [53] and finally promotes the expression of
CPTI1A. Although studies have shown that PPAR«a and
SREBP-1 could improve oxidative stress [54-56], PZH did
not regulate their expression in our study, indicating that
PZH did not play a regulatory role in ALD through PPAR«

and SREBP-1. However, in this study, we found that the
levels of 9-HOTYE, 13-HOTYE, 5,6-dihydroxy-8Z, 11Z, 14Z,
17Z-eicosatetraenoic acid, 17-HETE, and 15-HEPE were
increased in the liver of ALD-mice, and PZH further in-
creased their levels. PGE2 levels were decreased in the liver
of ALD-mice, and PZH further decreased this level. We
speculated that oxylipin metabolites may need to reach
certain concentrations in vivo and activate the AMPK/ACC/
CPT1A pathway to protect against hepatic injury. However,
further studies are required to elucidate the underlying
mechanism. Although our results showed that PZH could
regulate oxylipin metabolites and speculated that Panax
notoginseng may mainly enhance oxylipin metabolites,
further studies are also needed.
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5. Conclusions

In summary, PZH reduced oxidative stress and alleviated
hepatic steatosis and injury. The mechanism was correlated
with the oxylipin metabolites/ AMPK/ACC/CPT1A pathway
(Figure 8).
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Background. Jian-Gan-Xiao-Zhi decoction (JGXZ), composed of Salvia miltiorrhiza Bunge, Panax notoginseng, Curcuma
zedoaria, and other 9 types of herbs, has demonstrated beneficial effects on nonalcoholic fatty liver disease (NAFLD). However,
the mechanisms behind JGXZ’s impact on NAFLD remain unknown. Methods. In this study, a NAFLD rat model induced by a
high-fat diet (HFD) received oral treatment of JGXZ (8 or 16 g crude herb/kg) for 12 weeks. The therapeutic effects of JGXZ on
NAFLD model rats were investigated through blood lipid levels and pathological liver changes. 16S rRNA analysis was used to
study the changes in gut microbiota after JGXZ treatment. The expressions of occludin and tight junction protein 1 (ZO-1) in the
colon were investigated using immunostaining to study the effects of JGXZ on gut permeability. The anti-inflammatory effects of
JGXZ were also studied through measuring the levels of IL-1f, IL-6, and TNF-« in the serum and liver. Results. JGXZ treatment
could decrease body weight and ameliorate dyslipidemia in NAFLD model rats. H&E and Oil Red O staining indicated that JGXZ
reduced steatosis and infiltration of inflammatory cells in the liver. 16S rRNA analysis showed that JGXZ impacted the diversity of
gut microbiota, decreasing the Firmicutes—to-Bacteroidetes ratio, and increasing the relative abundance of probiotics, such as
Alloprevotella, Lactobacillus, and Turicibacter. Gut permeability evaluation found that the expressions of ZO-1 and occludin in the
colon were increased after JGXZ treatment. Moreover, JGXZ treatment could decrease the levels of IL-13, IL-6, and TNF-« in the
serum and liver. Conclusions. Our study illustrated that JGXZ could ameliorate NAFLD through modulating gut microbiota,
decreasing gut permeability, and alleviating inflammatory response.

1. Background

Nonalcoholic fatty liver disease (NAFLD) is a chronic dis-
ease characterized by hepatic steatosis and dyslipidemia that
can lead to type 2 diabetes, atherosclerosis, hepatic fibrosis,
and even hepatic carcinoma [1]. With lifestyles and diets
changing for the worse in recent years, the morbidity of
NAFLD is on the rise [2]. Currently, few therapeutic

approaches have demonstrated a definite effect on NAFLD
[3]. As such, there is a critical need to develop novel
therapies to treat NAFLD.

Traditional Chinese medicine has been widely used in
the treatment of NAFLD, with accumulating numbers of
studies highlighting its lipid-lowering effects [4]. For in-
stance, researchers were able to utilize Jiang-Zhi-Ning to
ameliorate high-fat-diet (HFD)-induced dyslipidemia
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through modulating the synthesis and translation of cho-
lesterol and inhibiting oxidative stress [5]. Additionally,
Zhixiong capsules have shown lipid-lowering effects on
atherosclerosis model rats [6]; and Da-Huang-Ze-Xie de-
coction can improve dyslipidemia and hepatic steatosis in
NAFLD rats through modulating gut microbiota and
inhibiting the inflammatory response in the liver [7].

Jian-Gan-Xiao-Zhi decoction (JGXZ), composed of
Salvia miltiorrhiza Bunge, Panax notoginseng, Curcuma
zedoaria, hawthorn, Astragalus membranaceus, Vatica
mangachapoi Blanco, Radix Paeoniae Rubra, Curcuma
longa, Rhizoma Alismatis, Dendranthema morifolium, lotus
leaf, and Glycyrrhiza uralensis Fisch., has been used for the
treatment of NAFLD in clinics. Furthermore, our previous
study demonstrated that JGXZ could improve dyslipidemia
and insulin resistance in a NAFLD rat model [8]. However,
the mechanisms behind JGXZ’s beneficial impact on
NAFLD remain elusive.

Part of the difficulty is that the mechanisms of patho-
genesis for NAFLD itself remain unclear. An imbalance
between energy consumption and intake, inflammatory re-
sponses in the liver, and hereditary factors have all been
implicated in NAFLD [9]. Recent studies have also indicated a
critical role for gut microbiota in the progression of NAFLD,
with the diversity of gut microbiota altered significantly in
NAFLD patients [10, 11]. Studies have also demonstrated that
the dysfunction of the gut microbiota could impair the tight
junction of intestinal epithelial cells and cause an increase in
gut permeability [12]; whereupon metabolites derived from
gut microbiota, such as lipopolysaccharide (LPS), could enter
circulation through the impaired intestinal mucosal barrier
and trigger inflammatory responses in the liver [13]. Mod-
ulating gut microbiota to improve gut permeability and re-
duce inflammatory response has been proposed as a potential
method to alleviate NAFLD [14].

Based on the dysfunction in gut microbiota and the
inflammatory response in the liver about the potential
pathogenesis of NAFLD, as well as our previous results
regarding the improvement in dyslipidemia and insulin
resistance of JGXZ, our present study was aimed to illustrate
the regulatory effects of JGXZ on inflammatory response and
gut permeability and correlated gut microbiota in a rat
model. An NAFLD rat model was induced via HFD and
orally treated with JGXZ (8 or 16 g crude herb/kg) for 12
weeks. The therapeutic effects of JGXZ on NAFLD model
rats were investigated through blood lipid levels and
pathological liver changes. 16S rRNA analysis was used to
study the changes in gut microbiota after JGXZ treatment.
Gut permeability was investigated via occludin and tight
junction protein 1 (ZO-1) colon immunostaining. Lastly, the
anti-inflammatory effects of JGXZ were examined by
quantification of IL-1B, IL-6, and TNF-« in rat serum and
livers.

2. Material and Methods

2.1. Reagents. HFD (17.7% sucrose, 17.7% fructose, 19.4%
protein, and 40% fat) was purchased from Beijing Huafu-
kang Bioscience Co., Ltd. (Beijing, China). Total DNA and
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RNA extraction kits (cat. no. DP419), first-stand cDNA
reverse transcription kits (cat. no. KR106-02), polymerase
chain reaction (PCR) kits (cat. no. FP205-02), and primers
were obtained from Tiangen Biotechnology Co., Ltd. (Bei-
jing, China). Rat IL-6 (cat. no. E0210006), IL-18 (cat. no.
E0210010), and TNF-« (cat. no. E02T0008) ELISA kits were
obtained from Shanghai BlueGene Biotech CO., Ltd.
(Shanghai, China). Aspartate aminotransferase (AST; cat.
no. C010-2-1), alanine aminotransferase (ALT; cat. no.
C009-2-1), triglyceride (TG; cat. no. A110-1-1), and total
cholesterol (TC; cat. no. A111-1-1) test kits were purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). The Oil Red O staining kit (cat. no. G1261) was
obtained from Solarbio Biotechnology Co., Ltd. (Beijing,
China). Primary antibodies of ZO-1 (cat. no. 61-7300) and
occludin (cat. no. 71-1500) were purchased from Invitrogen
(USA).

2.2. Animals. Male Sprague-Dawley rats (180-220g) were
purchased from Beijing Huafukang Bioscience Co., Ltd. All
animals were handled using experimental protocols outlined
by the National Institutes of Health regulations and ap-
proved by the Ethics Committee and Use Committee of the
Yunnan University of Traditional Chinese Medicine (ap-
proval no. 2020-0016). Throughout the acclimatization and
study periods, all animals had access to food and water ad
libitum and were maintained on a 12-h light/dark cycle
(21 £2°C with a relative humidity of 45+ 10%).

2.3. Preparation of JGXZ. JGXZ contained 15g of Salvia
miltiorrhiza Bunge, 6 g of Panax notoginseng, 15g of Cur-
cuma zedoaria, 20 g of hawthorn, 20 g of Astragalus mem-
branaceus, 10 g of Vatica mangachapoi Blanco, 20 g of Radix
Paeoniae Rubra, 12 g of Curcuma longa, 15g of Rhizoma
Alismatis, 15 g of Dendranthema morifolium, 15g of lotus
leaf, and 6 g of Glycyrrhiza uralensis Fisch. All herbs were
purchased from the Department of Pharmacy of Yunnan
Provincial Hospital of Traditional Chinese Medicine. The
above herbs were soaked in 300 mL of water for 30 min and
decocted for 30 min to obtain a JGXZ extract. The water
extract of JGXZ was then filtered and concentrated to a
density of 4 g crude herb/mL.

2.4. Animal Grouping. After acclimatization to laboratory
conditions for 1 week, 40 rats were weight-matched and
randomized into four groups (n=10 per group): control,
model, JGXZ low-dose, and JGXZ high-dose groups. Rats in
the control group received standard chow containing 59.4%
total carbohydrate, 20% protein, and 4.8% fat. Rats in the
model, JGXZ low-dose, and JGXZ high-dose groups re-
ceived HFD for 12 weeks to induce NAFLD [15]. Rats in the
JGXZ low-dose and JGXZ high-dose groups received an oral
gavage of JGXZ (8 or 16g crude herb/kg rat weight, re-
spectively) [8], whereas rats in the control and model groups
received an oral treatment of 2 mL saline once per day for 12
weeks. Rats in each group were weighed every two weeks.
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At the end of 12 weeks of JGXZ treatment, rat livers were
removed and weighed under anesthesia. The liver index was
calculated using the following formula: liver index (%)=
liver weight (g)/body weight (g) x100. The timeline for
experimental design is shown in Figure 1.

2.5. Serum Biochemical Markers Assay. After 12 weeks of
JGXZ treatment, serum samples were collected for the
biochemical assays. Briefly, rats were anaesthetized and
blood was harvested by syringe from the aorta abdominalis.
Then, blood was centrifuged at 3,000 rpm for 15min to
obtain the serum. The levels of TG, TC, ALT, and AST in the
serum were assayed according to the manufacturer’s in-
structions provided by Nanjing Jiancheng Biological Engi-
neering Institute (Nanjing, China), and the absorbance value
was detected using a microplate reader (Varioskan Flash;
Thermo Fisher, Massachusetts, USA).

2.6. Histology. After 12 weeks of JGXZ treatment, rat livers
were removed, fixed in parafhin, and cut into 5 ym sections.
Hematoxylin and eosin (H&E) staining was performed using
standard protocols. Briefly, after dewaxing, rehydration,
staining, dehydration, transparency, and sealing, the path-
ological changes were visualized under a light microscope
(BX50; Olympus America, Melville, NY, USA).

2.7. Oil Red O Staining. Oil Red O staining on liver were
based on Cui et al. 2020 [16]. Briefly, rat livers were em-
bedded in Tissue-Tek OCT compound (Sakura Finetek) for
frozen block preparation. Frozen tissue sections were stained
with Oil Red O for lipid detection following the manufac-
turer’s instructions. The staining of lipid drops by Oil Red O
was quantified using Image J to obtain the integrated optical
density (IOD). The mean optical density (MOD) was cal-
culated based on the ratio of IOD to the sum area.

2.8. Fecal 16S rRNA Sequencing. After 12 weeks of JGXZ
treatment, feces from the control, model, JGXZ low-dose, and
JGXZ high-dose groups were simultaneously obtained under
sterile conditions in a laminar flow hood. 16S rRNA se-
quencing was conducted as described previously [17]. Briefly,
total DNAs were extracted from fecal samples using the
CTAB/SDS method. DNA purity and quantity were evaluated
on 1% agarose gels and subsequently diluted to 1 ng/uL with
sterile water. The PCR was carried out with diluted template
DNA  using specific  barcoded  primers  (515F:
GTGCCAGCMGCCGCGGTAA 806R: GGACTACHVGG
GTWTCTAAT). The PCR products were visualized after
electrophoresis and purified with the GeneJET™ Gel Ex-
traction Kit (Qiagen, Germany). Sequencing libraries were
generated using TruSeq® DNA PCR-Free Sample Preparation
Kit (Illumina, United States). After library detection, the
MuminaHiSeq2500 platform was used for sequencing. Then,
paired-end reads were generated from 16S rRNA sequencing
and assigned to samples, truncated using trimming the
barcode and primer sequence, and merged based on FLASH
V1.2.7 analysis tool (a) to derive raw tags, which were

subsequently rarified to obtain the clean tags according to the
QIIME V1.9.1 quality controlled process (b). The effective tags
were obtained through detecting and removing the chimera
sequences in clean tags using the UCHIME algorithm (c). The
sequences of effective tags with >97% similarity were assigned
to the same OTUs via Uparse V7.0.1001 software (d). Then
representative sequences for each OTU were selected for
turther annotation using the SILVA database (e). The relative
abundances of OTUs were normalized using a standard of
sequence number corresponding to the sample with the least
sequences. Ultimately, the normalized data were applied for
alpha diversity and beta diversity analysis.

(a) http://ccb.jhu.edu/software/FLASH/
(b) http://qiime.org/scripts/split_libraries_fastq.html

(c) http://www.drive5.com/usearch/manual/
uchime_algo.html

(d) http://drive5.com/uparse/
(e) http://www.arb-silva.de/

2.9. Cytokine Quantification by Enzyme-Linked Immunoassay
(ELISA). The levels of IL-6, IL-1f3, and TNF-« in the serum
were measured by ELISA according to the manufacturer’s
instructions (Shanghai BlueGene Biotech Co., Ltd. China).

2.10. RNA Isolation and Real-Time Reverse Transcription
Quantitative Polymerase Chain Reaction (qPCR). We fol-
lowed the methods of Wang et al. 2020 [18]. Total RNAs
were isolated from livers using the RNA extraction kit, and
first-strand ¢cDNAs were synthesized from 1ug of total
RNAs according to the manufacturer’s instructions. gPCR
was used to detect the expression of 116, I11b, and Tnfa in the
livers. All samples were run in triplicate and detected using a
BIORAA iQ5 detection system. Actb was used as the loading
control. Quantification was done using the 2~ <" method
[19]. The sequences of all primers are listed in Table 1.

2.11. Immunostaining. We followed the methods of Wang
et al. 2020 [18]. Briefly, rat colons were removed and fixed in
paraffin, and the expression of occludin and tight junction
protein-1 (ZO-1) in the colon was accessed via immuno-
staining. The ratio of positive expressed area to sum area was
analyzed and quantified using Image J based on the IOD.

2.12. Statistics. All data are reported as the mean + standard
deviation (mean +SD) for independent experiments. Sta-
tistical differences between the experimental groups were
examined by analysis of variance (ANOVA) using SPSS,
version 20.0. A P value < 0.05 was considered statistically
significant. Curve fitting was carried out using the graphical
package GraphPad Prism5.

3. Results

3.1. Effects of JGXZ on Body Weight Gain, Dyslipidemia, and
Liver Pathology in NAFLD Model Rats. During the 12weeks
of HFD treatment, the body weight in the model group


http://ccb.jhu.edu/software/FLASH/
http://qiime.org/scripts/split_libraries_fastq.html
http://www.drive5.com/usearch/manual/uchime_algo.html
http://www.drive5.com/usearch/manual/uchime_algo.html
http://drive5.com/uparse/
http://www.arb-silva.de/
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Oral treatment of 2 mL saline per day
Control group
Standard chow (59.4(%) total carbohydrate, 20(%) protein, and 4.8(%) fat)
Oral treatment of 2 mL saline per day
Model group
High-fat diet (17.7(%) sucrose, 17.7(%) fructose, 19.4(%) protein, and 40(%) fat)
Oral treatment of JGXZ per day (8 g crude herb/kg)
JGXZ low-dose group
High-fat diet (17.7(%) sucrose, 17.7(%) fructose, 19.4(%) protein, and 40(%) fat)
Oral treatment of JGXZ per day (16 g crude herb/kg)
JGXZ high-dose group
High-fat diet (17.7(%) sucrose, 17.7(%) fructose, 19.4(%) protein, and 40(%) fat)
i i i i i i i
Week 0 2 4 6 8 10 12
Weighed Weighed Weighed Weighed Weighed Weighed Weighed
euthanasia
sample collection
[ [ | |
Serum Liver Feces Colon
Biochemical markers assay H&E staining
(TG, TC, ALT, and AST) Oil red O staining 16S rRNA Immunostaining
ELISA qPCR sequencing (ZO-1, occluding)
(IL-6, IL-1, and TNF-a) (Il6, 111b, and Tnfa)
F1GURE 1: The timeline for experimental design.
TaBLE 1: Primer sequences used for the target rat genes. 3.2. Effects of JGXZ on Gut Dysbiosis in NAFLD Model Rats.
: Y, We next examined whether JGXZ could improve the dys-
Genes Primer sequence (5'-3") biosis of eut microbiot ; 168 rRNA . Th
10S1S O ut microbiota usin r sequencing. €
Actb Forward: TCTTCCAGCCTTCCTTCCTG Shannon gindex was calculatecgi to determineqthe al igla di-
Reverse: CACACAGAGTACTTGCGCTC . . . . P .
versity of gut microbiota in each group. The Shannon index
16 Forward; CTCATTCTGTCTCGAGCCCA was higher in the model group compared with the control
Reverse: TGAAGTAGGGAAGGCAGTGG 8 group “omp:
(P<0.01) and was lower in JGXZ high-dose group com-
Forward: GGGATGATGACGACCTGCTA . .
Il1b pared with the model group (P < 0.05, Figure 3(a)). Venn
Reverse: TGTCGTTGCTTGTCTCTCCT . ...
. 1§ GAGCACGGAAAGCATGATCC diagram analysis indicated that there were 442 OTUs
Tnfa orward: overlapped among the groups: 544 OTUs present in the

Reverse: TAGACAGAAGAGCGTGGTGG

increased significantly compared with the control group
(P <0.01). Both low-dose and high-dose JGXZ treatment
inhibited the body weight gain in HFD-treated rats (P < 0.05
and P <0.01, respectively; Figure 2(a)). After JGXZ treat-
ment for 12 weeks, the liver index was significantly higher in
the model group than the control group (P <0.05), whereas
the liver index was significantly decreased in the JGXZ high-
dose group compared with the model group (P <0.05,
Figure 2(b)). Compared with the control group, the serum
levels of ALT, AST, TG, and TC were significantly increased
in the model group (P <0.01). Low-dose JGXZ-treated rats
exhibited significantly lower serum ALT and TG compared
with rats in the model group (P <0.05). Accordingly, the
serum levels of ALT, AST, TG, and TC were significantly
lower in the JGXZ high-dose group compared with the
model group (P<0.01, P<0.01, P<0.01, and P <0.05, re-
spectively; Table 2). HeE staining indicated extensive
steatosis of hepatocytes in the model group, whereas JGXZ
treatment alleviated hepatocyte steatosis in NAFLD model
rats (Figure 2(c)). Likewise, Oil Red O staining showed
increased lipid contents in the model group compared with
the control group (P < 0.01, Figures 2(d), 2(e)), JGXZ (8 and
16 g crude herb/kg) treatment decreased the lipid contents in
the liver (P <0.01; Figure 2(d), 2(e)).

control and model groups; 685 in the model and JGXZ low-
dose groups; 695 in the model and JGXZ high-dose groups;
and 651 in JGXZ low-dose and JGXZ high-dose groups
(Figure 3(b)). The beta diversity of gut microbiota was also
studied using principle coordinate analysis (PCoA) and
system clustering tree. PCoA and system clustering tree
indicated a significant variance of beta diversity between the
control and model groups. Both low-dose and high-dose
JGXZ treatment changed the beta diversity in NAFLD model
rats, with the distances between JGXZ-treated groups (both
8 and 16 g crude herb/kg) and the model group in PCA
shorter than that between the model and control groups.
Additionally, the distances between the high-dose JGXZ-
treated rats and the control group showed more similar beta
diversities than that between the control group and low-dose
JGXZ-treated rats (Figures 3(c), 3(d)).

We then investigated the changes in abundances of gut
microbiota in each group. At the phylum level, Firmicutes
and Bacteroidetes were the most abundant phyla in all
samples (Figure 4(a)). The Firmicutes-to-Bacteroidetes (F-to-
B) ratio was higher in the model group than that in the
control group (P <0.01), whereas the F-to-B ratio was lower
in the JGXZ-treated groups (8 and 16 g crude herb/kg) than
that in the model group (P <0.05 and P < 0.01, respectively;
Figure 4(b)). At the genus level, the abundances of Lacto-
bacillus (P < 0.01) and Blautia (P < 0.05) were decreased and
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F1GURE 2: JGXZ treatment reduced body weight gain and improved liver steatosis in NAFLD model rats. (a) Body weight gain was reduced
in NAFLD model rats after treatment with JGXZ. (b) JGXZ treatment decreased the liver index in NAFLD model rats. (c) H&E staining
indicated that JGXZ treatment ameliorated liver steatosis in NAFLD model rats (200 x and 400 x). (d, e) The liver lipid contents were
decreased in NAFLD model rats after JGXZ treatment (100 x). Control, model, JGXZ low-dose, and JGXZ high-dose groups (n =10 per
group). Data are presented as the mean + SD. *P < 0.05 compared to the control group; ##P <0.01 compared to the control group; *P <0.05
compared to the experimental model group; and **P <0.01 compared to the experimental model group.

TaBLE 2: Changes in serum ALT, AST, TG, and TC levels in NAFLD model rats.

Group ALT (U/L) AST (U/L) TG (mmol/L) TC (mmol/L)
Control 36.87 +8.61 81.33 + 16.15 2.06 +0.49 4.46+1.26
Model 77.02 + 18.807% 166.82 41.02%# 10.67 +2.077% 6.82 +1.51%%
JGXZ low-dose 53.12+21.33* 145.19+38.16 7.25+2.60* 6.05 +2.08
JGXZ high-dose 45.80+9.97** 129.81 +17.02** 6.37 + 1.57* 4.69 +1.49*

Control, model, JGXZ low-dose, and JGXZ high-dose groups (n =10 per group). Data are presented as the mean + SD.*#P < 0.01 compared to the control
group.*P < 0.05 compared to the experimental model group.**P < 0.01 compared to the experimental model group.
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FIGURE 3: JGXZ treatment improved the diversity of gut microbiota in NAFLD model rats. (a) The Shannon index was decreased in NAFLD
model rats after JGXZ treatment. (b) The different numbers of OTUs were visualized via a Venn diagram. (c), (d) PCoA and system
clustering tree showed more similar beta diversity between the JGXZ high-dose and control groups than that between the model and control
groups. Control, model, JGXZ low-dose, and JGXZ high-dose groups (n=6 per group). ** P <0.01 compared to the control group and

*P <0.05 compared to the experimental model group.

the abundances of Turicibacter (P<0.01), Collinsella
(P<0.01), Faecalibaculum (P<0.05), and Roseburia
(P <0.01) were increased in the model group compared with
the control group (Figure 4(c)). Low-dose JGXZ treatment
increased the abundance of Lactobacillus (P <0.05) and
decreased the abundances of Collinsella (P <0.05) and
Roseburia (P <0.05). High-dose JGXZ treatment increased
the abundances of Lactobacillus (P<0.01) and Blautia
(P<0.01) and decreased the abundances of Turicibacter
(P<0.05), Collinsella (P<0.01), and Roseburia (P <0.05,
Figure 4(c)).

3.3. Effects of JGXZ on Gut Permeability and Inflammatory
Response in NAFLD Model Rats. Immunostaining indicated
that ZO-1 and occludin were expressed in all colonic epi-
thelial cells. The expressions of ZO-1 and occludin were
decreased in the model group compared with the control
(P <0.01; Figures 5(a)-5(d)). JGXZ treatment (8 and 16¢
crude herb/kg) increased the expressions of ZO-1 (P < 0.05
and P<0.01, respectively; Figures 5(a) and 5(c)) and
occludin (P < 0.01; Figures 5(b), 5(d)). The serum levels of
IL-6, IL-1f3, and TNF-a were increased in NAFLD model
rats compared with rats receiving standard chow (P <0.01;
Figure 5(e)). The serum levels of IL-18 and TNF-a were
lower in the JGXZ low-dose group than those in the model
group (P < 0.05 and P <0.01, respectively; Figure 5(e)).
High-dose JGXZ treatment decreased the serum levels of IL-
6, IL-15, and TNF-a in NAFLD model rats (P<0.01;

Figure 5(e)). Likewise, the gene expressions of 116, I/1b, and
Tnfa in the liver were upregulated in the model group
compared with the control group (P <0.01), whereas JGXZ
treatment (8 and 16g crude herb/kg) downregulated the
gene expressions of 1l6 (P < 0.05 and P < 0.01, respectively),
Il1b (P <0.01), and Thfa (P <0.01; Figure 5(f)).

4. Discussion

In this study, we established a NAFLD rat model using HED.
Our results showed that the body weights and liver indices
were increased in rats received HFD. Moreover, NAFLD
model rats exhibited significant body weight gain, dyslipi-
demia, and hepatic steatosis, which are consistent with the
pathological changes of NAFLD. In agreement with our
previous study, JGXZ treatment (8 and 16 g crude herb/kg)
showed remarkable therapeutic effects on NAFLD, mani-
festing as an improvement of body weight gain, liver index,
dyslipidemia, and pathological changes in liver.

In addition, we investigated changes in gut microbio-
logical composition using high-throughput sequencing.
HFD has been shown previously to cause an increase in the
alpha diversity of gut microbiota [20]. Likewise, our results
showed a higher Shannon index in HFD-treated rats
compared with the control group. JGXZ (16 g crude herb/kg)
treatment reduced the alpha diversity of gut microbiota in
NAFLD rats. PCoA analysis revealed significant distances
between control and NAFLD model rats, indicating that the
beta diversity of gut microbiota differed in HFD rats from
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FIGURE 4: JGXZ treatment altered the abundances of gut microbiota in NAFLD model rats. (a, b) At the phylum level, JGXZ treatment
decreased the F-to-B ratio in NAFLD model rats. (c) JGXZ treatment increased the abundances of Lactobacillus and Blautia and decreased
the abundances of Turicibacter, Collinsella, and Roseburia in the gut. Control, model, JGXZ low-dose, and JGXZ high-dose groups (n =6 per
group). “P < 0.05 compared to the control group; *"P < 0.01 compared to the control group; * P < 0.05 compared to the experimental model
group; and **P <0.01 as compared to the experimental model group.

rats received standard chow. According to the system
clustering tree, the beta diversity of the gut microbiota
between JGXZ (16 g crude herb/kg)-treated rats and control
rats were more similar than that between the NAFLD model
rats and control rats. Accumulating numbers of studies show

that the Firmicutes-to-Bacteroidetes ratio (F-to-B ratio) is
closely related to many metabolic diseases, including obesity,
type 2 diabetes, and NAFLD [21-23]. Compared with the
healthy subjects, NAFLD patients show a significant increase
in the relative abundance of Firmicutes and a remarkable
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FIGURE 5: JGXZ treatment increased gut integrity and inhibited the inflammatory response in NAFLD model rats. (a-d) Immunostaining
showed that the expression of ZO-1 (a, ¢) and occludin (b, d) in the colon was increased after JGXZ treatment. (e) The levels of IL-6, IL-1f,
and TNF-« in the serum were decreased after JGXZ treatment. (f) The gene expressions of 116, Il1b, and Tnfa in the liver were decreased after
JGXZ treatment. Control, model, JGXZ low-dose, and JGXZ high-dose groups (n =10 per group). *P<0.05 as compared to the control
group; ##P <0.01 as compared to the control group; “P < 0.05 as compared to the experimental model group; ** P < 0.01 as compared to the

experimental model group.

decrease in Bacteroidetes, resulting in an increase in the F-to-
B ratio [24, 25]. Decreasing F-to-B ratios in the gut
microbiota demonstrated a superior clinical outcome in
NAFLD patients [26]. Animal studies also showed the in-
crease in F-to-B ratios in the NAFLD model; Lonicera
caerulea L. berry polyphenols could decrease the F-to-B ratio
in NAFLD mice [27]. In agreement to these prior studies,
our results indicated a remarkable increase in the F-to-B
ratio in the model group, with JGXZ treatment decreasing
this increased F-to-B ratio.

At the genus level, the abundances of Lactobacillus and
Blautia were increased in JGXZ-treated rats. Previous
studies have demonstrated that Lactobacillus and Blautia
were decreased in NAFLD patients [28, 29]. Mulberry leaf
fiber and polyphenols mixture have been used to induce
weight loss in obese rats through increasing the abundance
of Lactobacillus [30]. Similarly, Xie-Xin-Tang has been
shown to increase the abundance of Blautia and improve the
hyperglycemia, dyslipidemia, and inflammation in type 2
diabetes rats [31]. The relative abundances of Turicibacter,

Collinsella, Faecalibaculum, and Roseburia were all increased
in rats fed with HFD; JGXZ treatment decreased the gut
abundances of Turicibacter, Collinsella, and Roseburia.
Studies have shown that Turicibacter is positively correlated
with metabolic phenotypes induced by HFD [32]. Ethanol
extracts from marine microalga Chlorella pyrenoidosa have
been shown to alleviate lipid metabolic disorders in HFD
rats through decreasing the abundance of Turicibacter [33].
In addition, clinical studies have demonstrated that the
abundance of Collinsella was significantly increased in
atherosclerotic and nonalcoholic steatohepatitis (NASH)
patients [34]. Additional correlation analysis indicated that
Collinsella was positively related to the dysfunction of lipid
metabolism in NASH patients [35]. Collinsella was also
decreased in type 2 diabetic patients after they received a
structured weight loss program [36]. Decreasing the
abundances of Turicibacter and Collinsella might be the
mechanism of JGXZ on dyslipidemia. Changes in dietary
habits could be responsible for changes in Faecalibaculum
abundance. For example, one study found that the
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abundance of Faecalibaculum was increased in mice re-
ceived whole-egg powder [37]. As for the changes in
Roseburia, the abundance of Roseburia has been shown to
increase in aged mice. However, few studies have demon-
strated the role of Faecalibaculum or Roseburia in NAFLD,
and further study is required before conclusions on their
importance can be drawn. Furthermore, accumulated
studies have demonstrated that compounds and herbs such
as curcumin [38], Astragalus membranaceus polysaccharide
[39], nuciferine [40], and Radix Paeoniae Rubra [41] in
JGXZ could regulate gut microbiota. Further studies could
be carried out to identify the critical compounds of JGXZ
with regulatory effects on gut microbiota.

As the dysfunction in gut microbiota can disrupt the
tight junction of intestinal epithelial cells, triggering an
increase in gut permeability and contributing to inflam-
matory response [42], we studied whether JGXZ could
enhance the integrity of the intestinal mucosa barrier and
ameliorate inflammatory response in NAFLD model rats.
Z0-1 and occludin were examined as indicators as they are
tight junction proteins expressed in the intestinal epithelial
cells [43]. Occludin can influence the tight junction of in-
testinal epithelial cells through regulating macromolecule
flux [44]. ZO-1, also called tight junction protein 1, is a
cytoplasmic plaque protein that connects the transmem-
brane proteins to cytoskeleton [45, 46]. Decreases in ZO-1
and occludin expression in the gut indicate a reduction of
intestinal epithelial cell integrity [47]. Accordingly, reduced
levels of ZO-1 and occludin were observed in HFD-treated
rats compared with control rats, whereas JGXZ treatment
increased the protein expressions of both ZO-1 and
occludin. Moreover, JGXZ treatment attenuated the in-
flammatory response in NAFLD model rats, manifesting as
mild lobular liver inflammation and reduced expression of
proinflammatory cytokines (IL-6, IL-1f, and TNF-«) in the
serum and liver. Infiltration of inflammatory cells into the
liver can induce excessive proinflammatory cytokine pro-
duction, including IL-6, IL-18, and TNF-a, and induce
hepatocyte injury, contributing to NASH [48]. These
proinflammatory cytokines can also disrupt lipid meta-
bolism and cause dyslipidemia [49]. Previous studies have
demonstrated that the colonization of Lactobacillus rham-
nosus GG can prevent liver injury by improving the gut
integrity and ameliorating liver inflammation in an alcoholic
liver disease model [50]. Lactobacillus rhamnosus GG was
also shown to improve intestinal barrier dysfunction in
patients with irritable bowel syndrome [51]. Blautia has been
reported to reduce the inflammatory response in obesity-
related complications. In vitro studies have shown that
Blautia can inhibit the production of proinflammatory
cytokines in the LPS-induced activation of peripheral blood
mononuclear cells [52]. Based on these previous research
studies, we postulate that the effects of JGXZ on gut per-
meability and liver inflammation occur via affecting the
abundances of Lactobacillus and Blautia. In addition, several
studies have shown that the dysbiosis of gut microbiota
could cause intestinal inflammation and further contribute
to the inflammatory response in the liver [53]. Modulating
the gut microbiota to alleviate intestinal inflammation could
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reduce liver inflammation in HFD-induced metabolic
syndrome animal models [54]. The alternation of intestine-
related inflammatory factors introduced by JGXZ treatment
could be investigated in our future studies to demonstrate
whether JGXZ has the potential to improve inflammatory
response in the liver through modulating gut microbiota and
alleviating intestinal inflammation.

5. Conclusion

In conclusion, our current study demonstrated that JGXZ
could ameliorate NAFLD through modulating gut micro-
biota, decreasing gut permeability, and alleviating inflam-
matory response (sFigurel). Rats received high-dose JGXZ
treatment exhibited superior therapeutic outcomes—more
significant improvement in gut microbiota dysbiosis, lower
grade of inflammation, and higher gut per-
meability—compared with low-dose JGXZ-treated rats,
highlighting JGXZ’s mechanisms and therapeutic potential
against NAFLD in a dose-dependent manner.
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Astragali Radix (AR), the dried root of Astragali Radix membranaceus (Fisch.) Bge. or Astragali Radix membranaceus (Fisch.) Bge.
var. mongholicus (Bge) Hsiao, is a commonly used traditional Chinese medicine for the treatment of liver diseases. This study
aimed to comprehensively evaluate the pharmacological action and explore the potential mechanism of AR on liver fibrosis. Rats
were administered with carbon tetrachloride for eight weeks, followed by oral treatment with AR for six weeks. The efficacy was
confirmed by measuring liver function and liver fibrosis levels. The underlying mechanisms were explored by detecting the
expression of related proteins. AR significantly decreased the serum levels of alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), collagen IV (COL-IV), hyaluronic acid (HA), laminin (LN), and precollagen type III (PCIII). In addition, AR
inhibited the deposition of collagen and the activation of hepatic stellate cells. Those data strongly demonstrated that AR alleviated
liver fibrosis by CCly. In order to illustrate the potential inflammatory, the mRNA levels of IL-6, TNF-a, and IL-1f were detected.
Subsequently, immunohistochemistry analysis was performed to further verify the expression of type I collagen. Finally, the
expression of key proteins in the inflammatory signaling pathway was detected. AR significantly reduced the expression of high-
mobility group box 1 (HMGB1), TLR4, Myd88, RAGE, and NF-« B p65 genes and proteins. In addition, western blotting showed
AR decreased the protein expression of RAGE, p-MEK1/2, p-ERK1/2, and p-c-Jun. Taken together, our data reveal that AR
significantly inhibits liver fibrosis by intervening in the HMGBI-mediated inflammatory signaling pathway and secretion
signaling pathway. This study will provide valuable references for the in-depth research and development of Astragali Radix
against liver fibrosis.

1. Introduction

Liver fibrosis is a complex pathological process and an in-
termediate link between various liver diseases including
cirrhosis and liver cancer [1, 2]. And prevention of malig-
nant liver diseases by inhibiting the occurrence and devel-
opment of liver fibrosis has attracted worldwide attention
[3]. Numerous studies have revealed the pathogenesis of
liver fibrosis, such as inflammatory response, activation of
hepatic stellate cells, and excessive deposition of extracellular

matrix, but it has not yet been transformed into an effective
and powerful treatment [4, 5]. There is still a lack of safe and
effective means of treating liver fibrosis [6, 7].

It is necessary to develop new drugs for treating liver
fibrosis [7]. Traditional Chinese medicine has potential
advantages in the treatment of chronic diseases, so we tried
to find effective drugs for the treatment of liver fibrosis.
Astragali Radix (AR), the dried root of Astragali Radix
membranaceus (Fisch.) Bge. or Astragali Radix mem-
branaceus (Fisch.) Bge. var. mongholicus (Bge) Hsiao, is a
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commonly used traditional Chinese medicine for the
treatment of liver diseases [8]. And it has been proved that
AR possesses hepatoprotective and anti-inflammatory
properties and has been shown to exhibit immunomodu-
lating and antioxidant activity, among others [9]. In tradi-
tional Chinese formula, AR is often used for the treatment of
liver fibrosis [10]. Although the protective effects of AR on
liver injury and related mechanisms have been reported
[9, 11], the studies on the effect and mechanism of AR on
liver fibrosis are still lacking. More importantly, toxico-
logical study has confirmed the high safety of AR. No sig-
nificant toxicity or side effects were observed when the dose
administered to rats was set to 39.9 g/kg [12].

Experimental and clinical studies have found that the
high-mobility group box-1 (HMGBI), recently discovered
damage-associated molecular patterns (DAMPs), is sub-
stantially enriched in patients with hepatic fibrosis [13, 14].
HMGBI is a late inflammatory mediator that plays an
important role in the pathogenesis of many chronic in-
flammations, which is the main cause of liver fibrosis [15].
There is evidence that HMGBI can directly stimulate hepatic
stellate cells (HSCs) activation to accelerate the development
of liver fibrosis [16]. More importantly, toll-like receptor 4
(TLR4) and the receptor of advanced glycation end products
(RAGE) are the main receptors of HMGBI1 [15]. It is re-
ported that the binding of extracellular HMGBI1 to TLR4
could activate NF-«B signaling to induce inflammation and
aggravate liver fibrosis. Studies have shown that extracellular
HMGBI1 binding to RAGE could phosphorylate c-Jun to
induce a significant increase in type I collagen secretion
[16, 17], which directly accelerates the development of liver
fibrosis (c-Jun is a component of the heterodimeric AP1 and
is a potent transactivating factor for the collagenlal and
collagenla2 genes [17, 18]).

Based on previous studies, this study aims to provide
answers to the following questions: Does AR have thera-
peutic effect on carbon tetrachloride- (CCly-) induced liver
fibrosis in rats? What is the underlying mechanism? Is the
mechanism related to downregulation of HMGB1?

2. Materials and Methods

2.1. Reagents. In this study, colchicine was purchased from
Xishuangbanna Banna Pharmaceutical Co. Ltd. (Yunnan,
China). CCl; was supplied by Tianjin Guangfu Chemical
Research Institute (Tianjin, China). Alanine amino trans-
ferase (ALT, Cat. No.: 20180627), aspartate amino transferase
(AST, Cat. No.: 20180607), collagen IV (COL-IV, Cat. No.:
201809), hyaluronic acid (HA, Cat. No.: 201808), laminin
(LN, Cat. No.: 201809), and precollagen type III (PC I1I, Cat.
No.: 201809) detection kits were provided by Nanjing Jian-
cheng Bioengineering Institute (Nanjing, China). The anti-
bodies of phospho-c-Jun, phospho-MEK1/2, HMGBI,
a-SMA, phospho-ERK1/2, and ERK1/2 were bought from
Cell Signaling Technology (United States). The antibodies of
MEK1/2 and COL-I were purchased from Abcam (United
States) and the antibodies of RAGE and GAPDH were bought
from ABclonal (China).
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2.2. Plant Material. AR (the dried root of AR mem-
branaceus (Fisch.) Bge.) was supplied by Beijing Lvye
Pharmaceutical Co. Ltd. (Beijing, China). Ten times of
water was used for the first extraction of AR for 2 h. Then,
eight times of water was used to extract for 1.5 hours. The
extract of Astragalus membranaceus was dried into
powder by freeze vacuum drying oven. The final yield was
about 40.08%. The Q-TOF LC/MS analysis showed that
the main components of AR extract included 3,4-dihy-
droxybenzyl aldehyde (6.17%), calycosin-7-glucoside
(0.69%), armillaripin (10.31%), rhodomollein III (7.05%),
phthalic anhydride (1.76%), clavatine (6.46%), pterosin B
(7.46%), D-cathinone (2.65%), formononetin (15.4%),
Andrographolide (2.57%), and anemarrhenasaponin-I
(4.55%) [19].

2.3. Animals and Administration. A total of 36 male Sprague
Dawley rats weighting 180-200 g were obtained from the
China Food and Drug Certification Research Institute
(Permission No. SCXK (Jing)-2014-0013). Those rats were
housed in the Central Animal Laboratory of the Fifth
Medical Center of Chinese PLA General Hospital. The
animals were maintained under controlled conditions of
temperature 25°C + 2°C, humidity 55% + 5%, and with light
and dark cycles.

All the animals were randomly divided into six groups
with six rats in each group. Olive oil diluted CCl, in a ratio of
1:1. The model group, AR (2.7, 5.4, 10.8 g/kg/d) groups, and
colchicine (as a positive control group) groups were given CCly
diluent (2 mL/kg) twice a week for 8 weeks [19]. At the same
time, the control group was intraperitoneally injected with the
same dose of olive oil. Eight weeks later, the AR (2.7, 5.4, and
10.8 g/kg/d) groups and colchicine group (0.2 mg/kg/d) were
given the corresponding concentration of drugs [20]. The
control group and model group were given equal volume of
distilled water. All rats were treated by intragastric adminis-
tration once a day for 6 weeks. All rats were deprived of food
for 24 h before the last treatment but allowed free access to
water. The animals were sacrificed 2 h after the last treatment
and their liver and serum were harvested for the further
studies. The blood samples were centrifuged at 3500 rpm for
15 min. The liver tissue was divided into 3 pieces and placed in
the sample bottle. Serum and liver tissue were stored at —80°C.
All animal experiments were approved by the Ethical Com-
mittee of the Fifth Medical Center of Chinese PLA General
Hospital in China.

2.4. Biochemical Assay. The serum levels of ALT, AST, COL-
IV, HA, LN, and PCIII were measured. In brief, according to
the manufacturer’s protocols, the samples, 2,4-dini-
trophenylhydrazine solution, and sodium hydroxide solu-
tion were added in turn. The final color was read at 510 nm,
and the serum ALT and AST levels were determined
according to the OD value. Similarly, according to the
manufacturer’s instructions, add the reagents in the kit in
turn, read the final color at 450 nm, and obtain the serum
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levels of COL-IV, HA, LN, and PC III according to the OD
value.

2.5. Histological Examination. Liver tissue was fixed in 10%
neutral buffered formalin for more than 48 h. All the livers
were eluted with gradient ethanol solution and fixed and
embedded in paraffin. Tissue sections about 4-5um in
thickness were cut and stained with hematoxylin eosin
(H&E) and Masson. The pathological changes in the liver
tissues were observed under a Nikon microscope (Nikon
Instruments Inc., Japan).

2.6. Quantitative Reverse Transcription Polymerase Chain
Reaction (RT-PCR) Analyses. Quantitative RT-PCR was
used to detect the mRNA expression of IL-6, TNF-a, IL-1f,
HMGBI1, TLR4, Myd88, and RAGE in liver tissues. Total
RNA was extracted from 90 mg frozen liver tissue by Trizol
reagent (Life Technologies, CA, USA). The absorbance of the
extracted mRNA was detected by spectrophotometer at
260nm and 280 nm, respectively. The mRNA with purity
(A260/A280) between 1.8 and 2.2 was selected as the
qualified product for the follow-up study. RNA (2 ug) was
transcribed into ¢cDNA by PrimerScript RT regent kit
(Thermo Fisher Scientific, MA, USA). The cDNA was
subsequently subjected to PCR amplification by ABI 7500
Real-Time PCR machine (Applied Biosystems Inc, Carlsbad,
CA, USA). Data analysis was performed by the 2744¢T
method. The primers are listed in Table 1.

2.7. Western Blotting. The mixture of ice-cold radio immu-
noprecipitation assay (RIPA) lysis buffer, phenyl-
methylsulfonyl fluoride (PMSF), and protein phosphatase
inhibitor was used for protein extraction. Liver tissue (80 mg)
was homogenized and lysed in the mixture, and then
centrifuged at 12000 x g and 4°C for 10 min. The supernatant
was collected and BCA Protein Assay kit (Beijing Solarbio
Science & Technology Co., Ltd. Beijing, China) was used to
detect the total protein concentration. All protein samples
were levelled to the same concentration. Then, reducing
Laemmli SDS sample buffer was added and mixed well, and
boiled in boiling water for 5 minutes. The prepared samples
were western blotted with 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and the blot
was transferred to the polyvinylidene fluoride (PVDEF)
membrane. The PVDF membrane was sealed in 5% skimmed
milk at room temperature for 2 hours and then placed in a
mixture of 5% skimmed milk, Tris-buffered saline (TBS), and
0.05% Tween 20 with the corresponding primary antibody,
and incubated overnight at 4°C. Antibodies, including rabbit
Anti-NF-«B p65 (Cell Signaling Technology, dilution: 1:
1000), RAGE (ABclonal technology, dilution: 1:1000),
phospho-MEK1/2 (Cell Signaling Technology, dilution: 1:
2000), MEK1/2 (Abcam, dilution: 1:10000), phospho-ERK1/
2 (Cell Signaling Technology, dilution: 1:1000), ERK1/2 (Cell
Signaling Technology, dilution: 1:10000), phospho-c-Jun
(Abcam, dilution: 1: 500), and GAPDH (ABclonal technology,
dilution: 1:10000), were used at this step. GAPDH was used as

control for total protein extract. After incubation with ap-
propriate secondary antibody for 2 hours at room tempera-
ture, the membrane was washed 3 times in TBS with 0.05%
Tween 20 for 5 minutes each. Finally, the chemiluminescence
system was used to measure immunoreactive proteins. All the
western blotting was repeated 3 times.

2.8. Immunohistochemistry Analysis. To evaluate the effects
of AR on the expression of a-SMA, HMGB], and collagen I in
liver tissue of fibrosis rats, immunohistochemical analysis was
performed as described previously [21]. Paraffin sections of
liver tissues were put in xylene and gradient ethanol for
deparaffinization and dehydration, and then the sections were
put into citric acid antigen retrieval solution for antigen re-
trieval. The sections were treated with 3% hydrogen peroxide
solution to block endogenous peroxidase. The sections were
then blocked with 1% BSA for 30 minutes at room temper-
ature. Subsequently, the sections were incubated with a-SMA
(Cell Signaling Technology, dilution: 1:100), Rabbit Anti-
HMGBI1 (Cell Signaling Technology, dilution: 1:200), and
collagen type I (Abcam, dilution: 1:200) in a PBS solution at
4°C overnight. After incubating the sections with appropriate
secondary antibodies for 1 hour at room temperature, they
were stained with DAB staining solution and hematoxylin,
and finally the slides were dehydrated and mounted. Nikon
microscope (Nikon Instruments Inc., Japan) and NIS-Ele-
ments (F 4.0 version, Japan) software were used to observe the
sections. Finally, Image-Pro Plus (version 6.0, Media Cybe-
metics, INC., Rockville, MD, USA) software was used to
calculate and analyze the average integrated optical density
(IOD) of the positive area of the immunohistochemical re-
action image.

2.9. Statistical Analysis. Results were expressed as mean-
+ standard deviation (SD). Data were evaluated by one-way
ANOVA and Duncan’s multirange test with the SPSS
computer program (version 20.0, SPSS Inc., Chicago, IL,
USA). P <0.05 was considered statistically significant and
P <0.01 was considered highly significant.

3. Results

3.1. AR Has Therapeutic Effect on CCly-Induced Liver Injury.
As shown in Figures 1(a) and 1(b), the levels of ALT and AST
in rats in the model group were significantly increased
(P <0.01) compared with those in the control group. And
serum ALT and AST concentrations were significantly re-
duced after oral administration of AR 5.4 g/kg and 10.8 g/kg
(P <0.01). Subsequently, the serum levels of COL-IV, HA,
LN, and PC I which could reflect the degree of hepatic
fibrosis were examined [22]. As shown in Figures 1(c)-1(f),
the serum levels of COL-IV, HA, LN, and PC III in the model
group were significantly higher than those in the control
group (P <0.01). The inhibitory effect of AR on the levels of
COL-IV, HA, LN, and PCIII is dose-dependent. In particular,
the serum levels of COL-IV, HA, LN, and PC III were sig-
nificantly decreased in the 10.8 g/lkg AR group (P <0.01).
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TaBLE 1: Primers sequences for RT-PCR.
Gene Sense primer (5'-3) Antisense primer (5'-3")
IL-6 AGGAGTGGCTAAGGACCAAGACC TGCCGAGTAGACCTCATAGTGACC
TNF-« GCATGATCCGAGATGTGGAACTGG CGCCACGAGCAGGAATGAGAAG
IL-18 ATCTCACAGCAGCATCTCGACAAG CACACTAGCAGGTCGTCATCATCC
HMGB1 ACAACACTGCTGCGGATGACAAG CCTCCTCGTCGTCTTCCTCTTCC
TLR4 GCTGCCAACATCATCCAGGAAGG TGATGCCAGAGCGGCTACTCAG
Mydss CGACGCCTTCATCTGCTACTGC CCACCACCATGCGACGACAC
RAGE CTGCCTCTGAACTCACAGCCAATG GTGCCTCCTGGTCTCCTCCTTC
GAPDH GTCCATGCCATCACTGCCACTC GATGACCTTGCCCACAGCCTTG
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Figure 1: Effect of AR on CCly-induced liver fibrosis in rats in different groups. (a) Serum level of ALT, (b) serum level of AST, (c) serum
level of COL-IV, (d) serum level of HA, (e) serum level of LN, and (f) serum level of PC-IIL. Values are expressed as mean + SD (n=6).
#P<0.05 and ¥ P <0.01 when compared with the control group. *P <0.05 and **P <0.01 when compared with the model group.

3.2. The Effect of AR on Liver Histopathological Changes and
Liver Fibrosis. Then, hematoxylin-eosin (HE) staining and
Masson staining were used to observe the pathological
changes of liver tissue [21, 23]. The results of HE showed that
the liver tissue structure of the control group was normal
without morphological changes. The long-term CCl,-treated
rats showed partial necrotic in their liver accompanied by
severe steatosis and inflammatory cell infiltration around the
central vein of hepatic lobules. In contrast, the degree of liver
damage, steatosis, and inflammatory infiltration in the AR
treatment groups were reduced to varied degrees in a dose-
dependent manner (Figure 2(a)). In the liver section of
Masson staining, the blue area represented the deposited
collagen. The results show that a large amount of collagen
was deposited around the hepatic sinus of the model group.
AR can effectively reduce collagen deposition and improve

liver fibrosis (Figure 2(b)). The above results confirmed that
the CCl,-induced rat liver fibrosis model was successful, and
AR could effectively ameliorate liver fibrosis in rats.

3.3. Inflammatory Response in Rats Induced by CCl,
Clinical data suggest that inflammation is a key factor in the
progression of liver fibrosis [24]. IL-6, as a classic proin-
flammatory cytokine biomarker, is used for clinical diagnosis
of chronic liver fibrosis [25]. TNF-a can promote the survival
of activated HSCs and promote the development of liver
fibrosis [26]. It is reported that the serum IL-1f in patients
with liver fibrosis caused by schistosomiasis is significantly
increased [24]. Therefore, we detected the expression of IL-6,
TNF-a, and IL-1f in rats by quantitative RT-PCR. The mRNA
levels of IL-6, TNF-a, and IL-1/3 were increased remarkably in
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FI1GURE 2: Histopathological observation of AR on improvement of liver fibrosis in rats. (a) Hematoxylin and eosin- (HE-) stained liver
section in six groups (original magnification, x200, x400). (b) Histological examination of liver section with Masson stain (original
magnification, X200, x400). Blue areas show collagen fibers and damaged liver tissue.

the CCly-induced group compared with the control group
(P <0.01, Figure 3). After treatment with AR, the expression
of related genes decreased in a dose-dependent manner
(P<0.05, P<0.01). The results showed that AR had thera-
peutic effect on CCly-induced liver inflammation in rats.

3.4. AR Downregulates CCly-Induced Liver Inflammation.
Literature research found that HMGBI, a cytokine abun-
dantly enriched in patients with liver fibrosis, mediated
TLR4//NF-xB signaling pathway is one of the important
pathways for liver aseptic inflammation. Therefore, we
tested the expression levels of HMGB1, TLR4, Myd88, and
NF-xB p65, which are the key targets of this signaling
pathway in liver fibrosis rats. Quantitative RT-PCR and
immunohistochemistry (IHC) methods were used to detect
the expression and subcellular localization of HMGBI1. As
shown in Figures 4(a)-4(e), in the control group, HMGBL1
was mainly located in the nucleus of hepatocytes and rarely

in the cytoplasm or sinusoids. In the model group, the
greater HMGB1 immunoreactivity was observed in the
periportal and bridge fibrosis areas in the liver. In addition,
computer-assisted semiquantitative analysis showed that
AR treatment alleviated the expression of HMGBI com-
pared with the model group (Figure 4(f), P<0.05,
P<0.01).

Furthermore, the mRNA expression of HMGB1 was also
quantified by using the RT-PCR method. The results showed
that high dose of AR could significantly reduce the mRNA
expression of HMGBI1, which is consistent with the result of
the ITHC method. Those results proved that AR could reduce
the expression of HMGB1 (Figure 4(g)). Subsequently,
quantitative RT-PCR was used to detect the TLR4, Myd88,
and RAGE mRNA levels in the model group, which were
significantly higher than those in the control group
(Figures 4(h)-4(j), P <0.01). After treatment with AR, the
expression of related genes decreased in a dose-dependent
manner (P<0.05, P<0.01). Western blotting was used to
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F1GURE 4: Effect of AR on HMGB1/TLR4/NEF-«B signaling pathway in liver fibrosis induced by CCl,. (a—e) Immunohistochemistry analysis
for the effect of AR on HMGBI localization (original magnification, x400; n = 3; (a) control group; (b) model group; (c) 2.7 g/lkg AR group;
(d) 5.4 g/kg AR group; (e) 10.8 g/kg AR group). (f) The mean integrated optical density of HMGBI1. (g) HMGB1 mRNA level. (h) TLR4
mRNA level. (i) Myd88 mRNA level. (j) RAGE mRNA level. (k) Western blot images of NF-«B p65. (1) NF-«B p65 protein level. Values are
expressed as mean + SD (n=6). #P <0.05and ## P < 0.01 when compared with the control group. *P < 0.05 and ** P < 0.01 when compared

with the model group.

detect the expression level of NF-«B p65 in the liver of rats  significantly thicker than that of the control group, and the
with liver fibrosis. As shown in Figures 4(k)-4(1), the im- statistical results showed significant differences (P <0.01).
munoblotting band of NF-«B p65 in the model group was  After AR treatment, the expression of NF-«B p65 decreased in
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a dose-dependent manner, especially in the 5.4 g/kg AR group
and 10.8 g/lkg AR group (P < 0.01). These results suggest that
AR may improve liver inflammation by downregulating
HMGBI1/TLR4//NF-«B signaling pathway.

3.5. AR Inhibits the Activation of HSCs. HSCs are the core
cells of liver fibrosis. It is reported that HMGBI can directly
activate HSCs [16]. Therefore, we speculate that AR can play a
protective role in liver fibrosis by reducing the activation of
HSCs. a-smooth muscle actin (a-SMA) is a special marker of
activated HSCs [27]. Here, the ratio of activated HSCs was
measured by using IHC method through detecting a-SMA in
the liver tissues (Figure 5). In the control group, only a small
amount of a-SMA-positive cells was found in the portal area,
which might be the hepatic arteries. More a-SMA-positive
cells were observed in the CCl,-induced group compared with
control group, and the a-SMA-positive cells were significantly
reduced after AR treatment. By computer-assisted semi-
quantitative analysis, the mean integrated optical density
(IOD) of the a-SMA-positive area of the AR treatment group
was confirmed to be significantly reduced in a dose-depen-
dent manner compared to model group (Figure 5, P <0.01).
Those results revealed that AR could reduce the activation of
HSCs, a key cell of liver fibrosis.

3.6. AR Has an Effect on the Type 1 Collagen Secretion Signaling
Pathway Mediated by HMGBI. Next, IHC method was used
to detect the expression of collagen type I. In Figures 6(a)-
6(e), type I collagen deposition around the hepatic lobular
portal vein in rats treated with CCl, alone was significantly
increased. After treatment with AR, the expression and
deposition of type I collagen in the liver were significantly
inhibited, especially in the group with the dose of 10.8 g/kg.
The semiquantitative analysis of type I collagen immuno-
positive region further confirmed the above results
(Figure 6(f)). The mean IOD of type I collagen in the AR
administered group was significantly reduced in a dose-
dependent manner compared to the model group (P < 0.01).
It was previously reported that HMGBI interacted with the
receptor of RAGE to regulate the expression of type I col-
lagen [17]. Therefore, we explored the effects of AR on the
expression of downstream targets of HMGBI, such as
RAGE, p-MEK1/2, p-ERK1/2, p-cJun, and type I collagen.
Western blot method was used to detect the expression of
RAGE, p-MEK1/2, p-ERK1/2, and p-cJun protein after
administration of AR (Figures 6(g)-6(k)). The proteins of
RAGE, p-MEK1/2, p-ERK1/2, and p-cJun were increased
remarkably only in the CCl,-induced group compared with
the control group (P <0.05, P<0.01). Compared with the
model group, the high-dose administration group of AR
significantly reduced the expression of RAGE, p-MEK1/2,
p-ERK1/2, and p-cJun (Figures 6(h)-6(k), P <0.05,
P<0.01).

4. Discussion

In this study, the aqueous extract of AR was used, which is
consistent with the clinical use of traditional Chinese

medicine. And the research results are more valuable. To
determine whether AR has a protective effect on liver fi-
brosis, CCly-induced liver fibrosis model was performed in
rats. Consistent with clinical observations, AR could im-
prove liver function to some extent to alleviate liver injury
[28, 29]. In this study, the results demonstrated that AR
could reduce serum markers of liver fibrosis, including COL-
IV, HA, LN, and PC-III. The examination of serum levels
and liver histopathology exhibited that AR showed obvious
anti-liver fibrosis effect and the anti-liver fibrosis effect of AR
at the dose of 10.8 g/kg is comparable to that of colchicine. In
order to apply AR more scientifically, the potential mech-
anism of AR on alleviating liver fibrosis was further
explored.

Previous reports and the results of this study confirmed
that AR has definite hepatoprotective effect and can effec-
tively improve liver fibrosis [19, 30, 31]. However, how to
exert the therapeutic effect is still unclear. Previous studies
have reported that AR has strong anti-inflammatory activity
and can effectively reduce the expression of inflammatory
factors such as iNOS, cyclooxygenase-2 (COX-2), IL-6,
TNF-a, and IL-1f [32, 33]. Long-term inflammatory re-
sponse is the key to the occurrence of liver fibrosis [34].
Therefore, we detected the effect of AR on the expression of
inflammatory factors in liver fibrosis rats. The results showed
that AR could significantly downregulate the expression of
IL-1, TNF-a, and IL-6. It suggested that AR might improve
liver fibrosis by inhibiting the inflammatory response in rats.

Pathogen-free inflammatory liver disease is considered
“sterile” [35]. Studies have reported that DAMP is the key to
aseptic inflammation after liver injury, and HMGBI is the
key point [36]. Extracellular HMGBI1 is a multifunctional
cytokine, which induces inflammation by binding with
specific cell surface receptor TLR4 [37]. Thus, we detected
the expression of HMGBI in rats to explore whether AR had
effect on regulating HMGBI expression via improving the
inflammatory response. The results showed that the ex-
pression of HMGBI1 decreased in the AR treatment group
compared with the model group. The TLR4 signaling
pathway is the most studied pathway. TLR4, as a pattern
recognition receptor, recruits Myd88 under the action of the
endogenous activator HMGBI, which causes the activation
of the NF-«B inflammatory pathway and promotes the
transcription of inflammatory cytokines IL-1f, TNF-«, and
IL-6 [38, 39]. Therefore, we detected the expression of TLR4,
Myd88, and NF-«B p65. The results showed that the ex-
pression levels of TLR4, Myd88, and NF-«B p65 in AR
treatment group were significantly lower than those in the
model group. The above results suggest that AR might re-
duce CCl,-induced liver inflammatory by downregulating
the expression of HMGB1/TLR4/NF-«B signaling pathway.

In experimental and human liver injury, activated HSCs
(myofibroblasts) are recognized as the driving factors of liver
fibrosis [40]. It has been reported that HSCs activated by
inflammatory factors are the main source of myofibroblasts
in the liver [34]. And HMGBI could directly stimulate the
activation of HSCs [16]. The pharmacodynamic results show
that AR can effectively improve the liver fibrosis in rats
induced by CCl,. The study also found that AR can not only
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Ficurk 6: Effect of RA on type 1 collagen level and HMGB1/RAGE/c-Jun pathway in liver fibrosis induced by CCl,. (a—e) Immuno-
histochemistry analysis for the effect of AR on type 1 collagen expression (original magnification, x200; #n = 3; (a): control group; (b): model
group; (c): 2.7 g/kg AR group; (d) 5.4 g/kg AR group; (e) 10.8 g/kg AR group.) (f) The mean integrated optical density of COL-I. (g) Western
blot images of RAGE, MEK1/2, p-MEK1/2, ERK1/2, p-ERK1/2, and p-cJun. (h) RAGE protein level. (i) p-MEK1/2 protein level. (j) p-ERK1/

2 protein level. (k) p-cJun protein level.
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FIGURE 7: Schematic diagram of signal pathway which mediates CCl,-induced liver fibrosis and the ameliorative effects of AR on rat.

downregulate the expression of HMGBI, but also reduce the
transcription of inflammatory cytokine IL-18, TNF-a, and
IL-6 by regulating HMGB1/TLR4/NF-xB signaling pathway.
Therefore, we speculate that AR can inhibit the activation of
rat HSCs. The detection of a-SMA, a marker protein of HSCs
activation, further confirmed our hypothesis: AR can sig-
nificantly inhibit the activation of rat HSCs induced by CCl,
(Figure 7).

Liver fibrosis or scar deposition caused by chronic injury
is similar in all forms of liver disease [41]. In the sub-
endothelial space between hepatocytes and endothelial cells,
fibrillar or type I collagen aggregates to replace the low-
density basement membrane-like matrix containing type IV
collagen. The conversion of the subendothelial matrix to
fibril-rich collagen is a key event, which mediates the loss of
differentiation function characteristic of progressive liver
disease [42]. Myofibroblasts are the main source of type I
collagen accumulated during tissue fibrosis [43]. It was
found that the activation of HSCs was decreased in AR-
treated group, and we speculated that the expression of type I

collagen in the liver of rats would also be reduced accord-
ingly. In addition, the latest research reports that HMGB1
activates the paracrine system and upregulates the secretion
of type 1 collagen by binding to the receptor RAGE on the
surface of fibroblasts, thereby triggering and/or maintaining
scar formation [17]. Therefore, we detected the expression of
type I collagen in the liver of rats, as well as the expression of
RAGE, p-MEK1/2, p-ERK1/2, and p-c-Jun in liver tissues.
The results showed that AR can significantly reduce the
expression of type 1 collagen in rats, which may be related to
the decrease of HSCs activation and the downregulation of
collagen secretion mediated by HMGB1-RAGE-c-Jun.

5. Conclusion

In conclusion, biochemical tests and histological assess-
ments were used to reveal the function of AR. The study also
demonstrated that AR was potent for downregulating the
expression of HMGB1/RAGE/cJun pathway and HMGB1/
TLR4/NF-«B pathway, thus protecting rats against CCl,-
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induced liver fibrosis. Therefore, this study will provide
scientific evidence and theoretical basis for the development
of AR as a potential drug candidate for liver fibrosis.
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There is a close relationship between the liver and heart based on “zang-xiang theory,” “five-element theory,” and “five-zang/five-
viscus/five-organ correlation theory” in the theoretical system of Traditional Chinese Medicine (TCM). Moreover, with the
development of molecular biology, genetics, immunology, and others, the Modern Medicine indicates the existence of the
essential interorgan communication between the liver and heart (the heart and liver). Anatomically and physiologically, the liver
and heart are connected with each other primarily via “blood circulation.” Pathologically, liver diseases can affect the heart; for
example, patients with end-stage liver disease (liver failure/cirrhosis) may develop into “cirrhotic cardiomyopathy,” and
nonalcoholic fatty liver disease (NAFLD) may promote the development of cardiovascular diseases via multiple molecular
mechanisms. In contrast, heart diseases can affect the liver, heart failure may lead to cardiogenic hypoxic hepatitis and cardiac
cirrhosis, and atrial fibrillation (AF) markedly alters the hepatic gene expression profile and induces AF-related hypercoagulation.
The heart can also influence liver metabolism via certain nonsecretory cardiac gene-mediated multiple signals. Moreover,
organokines are essential mediators of organ crosstalk, e.g., cardiomyokines link the heart to the liver, while hepatokines link the
liver to the heart. Therefore, both TCM and Western Medicine, and both the basic research studies and the clinical practices, all
indicate that there exist essential “heart-liver axes” and “liver-heart axes.” To investigate the organ interactions between the liver
and heart (the heart and liver) will help us broaden and deepen our understanding of the pathogenesis of both liver and heart
diseases, thus improving the strategies of prevention and treatment in the future.

1. Introduction

In the theoretical system of Traditional Chinese Medicine
(TCM), there are close relationships/interactions between
the liver and heart (the heart and liver) according to the first
records in the original literature Huang-Di-Nei-Jing (The
Yellow Emperor’s Canon of Medicine), the earliest existing
TCM classics, which summarized the medical achievements
and treatment experience before China Spring and Autumn,

Warring State Period (770B.C.-221B.C.). Huang-Di-Nei-
Jing established the unique theoretical system of TCM and
became the basis of TCM. Moreover, the “five-zang (also
known as five-viscus or five-organ) correlation theory, T
FHXF1H/E1L” established by the National Chinese
Medical Science Master (Guo-Yi Master) Deng Tietao (XB%k
) in the 1960s also contains the “liver-heart correlation
theory (or heart-liver correlation theory)” [1-4]. These in-
teractions between the liver and heart (the heart and liver)
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have been extensively used by doctors of TCM to guide the
clinical diagnosis, prevention, and treatment of both hepatic
and cardiovascular diseases (CVDs) for more than 2200
years in China.

In Modern Medicine (Western Medicine), most notably
from Claude Bernard in the 19th century, it is first suggested
that a system involving chemical messengers ensures the
communication between the different organs of the body [5].
Since the discovery of cardiac natriuretic peptides (NPs) by
de Bold in 1981, it is well known that the heart has an
endocrine function [6, 7]. Now, the biological and medical
scientists found that the heart can secrete other proteins
besides NPs, they are termed as “cardiomyokines” [8, 9], and
the liver is also an endocrine organ that secretes “hep-
atokines” [10-12]. These “organokines” are essential medi-
ators of organ interaction between the liver and heart (the
heart and liver) [8, 10, 11, 13-16].

In modern anatomy and physiology, the heart is central to
hemodynamics of many organs both in the form of dis-
tributing the oxygenated blood and delivering deoxygenated
blood in order to send it to the lungs [17]. The liver, which has
high metabolic activities, receives up to 25% of cardiac output,
coming by two systems of blood vessels: the hepatic artery and
the portal vein [18]. The venous drainage occurs by hepatic
veins and the inferior vena cava, which have no valves,
resulting in direct transmission of the rise of right heart filling
pressures to the liver [18]. Moreover, accumulating basic and
clinical evidences indicate that acute as well as chronic heart
disease can directly contribute to an acute or chronic
worsening of liver function and vice versa [19].

Therefore, there exist the essential interorgan crosstalk
between the heart and liver (the liver and heart). The aim of
this review is to comprehensively summarize and discuss the
hepatocardiac or the cardiohepatic interaction from the
perspective of TCM and Western/Modern Medicine. These
will broaden and deepen our understanding of the hepatic
and cardiovascular physiology, and the pathogenesis of liver
diseases and heart diseases, thus helping us improve the
prevention and treatment strategies in the future.

2. Hepatocardiac or Cardiohepatic
Interaction in Traditional Chinese Medicine

2.1. The Physiological Relationship between the Liver and Heart
Based on “Zang-Xiang Theory”. The words “zang-xiang” were
firstly recorded in the TCM literature Su wen-Liu jie zang
xiang lun, which is a section of Huang-Di-Nei-Jing. The word
“zang” refers to the internal organs hidden in the body, while
“xiang” refers to the physiological and pathological phe-
nomena that appear outside. The “zang-xiang theory” in-
vestigates the physiological functions and pathological
changes of “zang-fu” and their relationship. Based on the
physiological function of “zang-fu,” they are divided into
“five-zang” (liver, heart, spleen, lung, and kidney), “six-fu”
(gallbladder, small intestine, stomach, large intestine, bladder,
and san-jiao), and “qi-heng-zhi-fu” (brain, marrow, bone,
vessels (mai), gallbladder, and nv-zi-bao (also known as the
uterus)). Among these, the heart is considered as the “official
of monarch” according to the TCM literature Su wen-Ling lan
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mi dian lun. Heart governs the blood and vessels (mai, also
known as “xin zhu xue-mai”) and controls “shen-zhi,” also
known as heart controlling “shen-ming” or heart storing
“shen.” Generally, “shen” refers to the external performance
of the life activities of the whole human body. Narrowly,
“shen” refers to spirit, consciousness, and thinking activities.
The liver is considered as the “organ of general” according to
the TCM literature Su wen-Ling lan mi dian lun, physio-
logically, the liver governs “shu-xie,” also known as “liver-
governing free flow of Qi” or “liver-controlling dispersion,”
and the liver is also capable of storing blood and regulating the
distribution of blood volume in all parts of the human body
and capable of storing soul based on “liver storing blood and
blood housing soul.” Therefore, there is a functional rela-
tionship between the heart and liver (the liver and heart)
mediated by “blood movement” and “qing-zhi regulation.”

2.2. The Relationship between the Liver and Heart Based on
“Five-Element Theory”. The “five-element theory” in TCM
refers to the “zang-fu,” “five-guan,” “five-ti,” “five-ye,” “five-
zhi,” and “jing-luo (meridians and collaterals),” and others of
the human body into the five elements: wood, fire, soil/earth
(known as “Tu” in Chinese), gold (known as “Jin” in Chinese),
and water. The application of “five-element theory” in TCM is
mainly to analyze and study the five-element attribute of
“zang-fu,” “jing-luo,” and others according to the charac-
teristics of five elements, to investigate the relationships in
“zang-fu,” in “jing-luo” and in others, and in their physio-
logical functions based on the “generation-inhibition” of five
elements, to explain the mutual influence of the diseases
according to the “cheng-wu” (“cheng,” domineer over the
weak by being strong; “wu,” reverse restriction in five ele-
ments) of five elements. Therefore, the “five-element theory”
in TCM is not only used as a theoretical exposition but also
has the significance in clinical practices.

In this theory, the liver belongs to wood as the mother of
heart, and the heart belongs to fire as the son of liver;
therefore, the “wood inducing fire” is equaled to the “liver
inducing heart.” The “mother-child relationship of the liver
and heart” is a physiological description of mutual pro-
motion and mutual restriction relationship in the liver and
heart according to “five-element theory” in TCM [20]. If the
“mother-child relationship of the liver and heart” was
destroyed, the pathological phenomena of “mother-organ
disorder involving its child-organ” (which indicates that
liver disease may induce heart disease) and “illness of the
child-organ involving its mother-organ” (which indicates
that heart disease may induce liver disease) would occur [20]
(Figure 1). Thus, the liver and heart influence each other
under normal or pathophysiological conditions.

2.3. Liver and Heart in “Five-Zang Correlation Theory”.
The five visceral systems are interrelated, which is one of the
basic characteristics of TCM academic ideologies since the
ancient times in China, for example, “five-zang xiang-tong”
recorded in Su wen-Yu ji zhen zang lun, “five-zang diseases
theory” by Zhang Zhongjing (China Han Dynasty), “five-
yun zhu-bing/diseases” by Liu Wansu (China Jin Dynasty),
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Mother-organ

Child-organ

F1GURE 1: The disturbance of liver-heart homeostasis in TCM. In TCM, the liver is the mother-organ and the heart is the child-organ. The
mother-child relationship of the liver and heart is essential for modulating both organs’ homeostasis. The “mother-organ disorder involving
its child-organ” refers to the transformation of the disease from the mother viscera to the child viscera; therefore, liver diseases may trigger
heart diseases. The “illness of the child-organ involving its mother-organ” indicates that the diseases can be transformed from the child
viscera to the mother viscera; therefore, heart diseases may induce liver diseases. For example, the insufficiency of heart blood involves the
liver and induces blood deficiency of the liver, thus forming “heart-liver blood deficiency.” The effulgent heart fire conversely involves the
liver and triggers liver fire, thus inducing “hyperactivity of heart fire and liver fire.”

“five-element hu-han” recorded in Fu-xing-jue (Dun-
huang Legacy), “five-zang pang-tong” by Sun Simiao
(China Tang Dynasty), “five-zang chuan-zao” by Li Ting
(China Ming Dynasty), “five-element hu-cang” by Zhang
Jiebin (China Ming Dynasty), “five-zang mutually guan-
she” by He Mengyao (China Qing Dynasty), and others
[21]. Based on the classic “five-element theory,” the
theories mentioned above, and the long-term clinical
practice, Deng Tietao established the “five-zang correla-
tion theory” in 1961 [3]. The theory refers to that in the
large system of the human body, the “five-zang” and their
corresponding “six-fu,” limbs, skin, hair, tendons (jin),
vessels (mai), meat, five-guan, nine orifices, etc. constitute
the five visceral systems, and there are horizontal, vertical,
and cross multidimensional connections within the vis-
ceral system, between the visceral system and the visceral
system, between the visceral system and the human body
system, between the visceral system and the nature and
society [1, 2]. They promote and restrict each other in
order to play different functions and coordinate the
normal activities of the body [1]. Moreover, the five

visceral systems interact with each other under the
pathological conditions [1]. In short, the “five-zang” or-
gans are related [1], which highlight the importance of
“five-zang” system communication in modulating body
homeostasis; for example, the coronary heart disease is
related to “Qi deficiency of five-zang” [22] and can be
treated by “Yi-Qi-Chu-Tan-Fang” [23].

Based on zang-xiang, yin-yang, five-element, qi-blood,
jing-luo, and qing-zhi (seven emotions) theory according
to Huang-Di-Nei-Jing and based on “five-zang correlation
theory” by Deng Tietao, there are close physiological and
pathological relationships/interactions between the liver
and heart (the heart and liver) in TCM theories [1-4].
Clinically, these TCM theories have been extensively used
to treat both the heart diseases and liver diseases. For
example, the methods of “Shu-Liver, BifF” and “Rou-Liver,
ZF " based on “treating the heart disease from the liver”
have been extensively used for treating coronary heart
disease [24-26], and the methods of “Xing-Qi-Huo-Xue, 1T
RJEM” and “Bu-Xue, #Mi” have been used for treating
nonalcoholic fatty liver disease (NAFLD) [27-30]. These



connections between the liver and heart (the heart and
liver) have also been confirmed by the Western Medicine.

3. Organ Interaction in Western Medicine

Organ interaction, also known as organ crosstalk or inter-
organ communication, can be defined as the complex and
mutual biological communication between different tissues/
organs of multicellular organisms via multiple signals [5, 31].
Normally, the maintenance of systemic homeostasis and the
adaption to external conditions, such as nutritional and
environmental challenges, require a finely tuned system of
interorgan communication; however, sudden or chronic
dysfunction in any organ causes dysregulation in another
organ [5, 31-33]. Interorgan communication has been
shown to play essential roles in orchestrating metabolic
health [5, 33]. Mechanistically, bioactive peptides and
proteins (e.g., hormones and cytokines), extracellular vesi-
cles (EVs, e.g., exosome and migrasome), and certain
nonsecretory genes are the key messengers in modulating
the interorgan communication [5, 34-43]. Moreover,
organokines are the novel players mediating the interorgan
communication, they are proteins exclusively or predomi-
nantly produced by and secreted from a specific tissue (e.g.,
the functional proteins released from adipose tissue are
termed as “adipokines” and skeletal muscle-derived proteins
are known as “myokines”), but they are not simply markers
of the function of their source tissue, and all organokines
have the paracrine or endocrine actions, or both [13]. Similar
to that in TCM, the interorgan communication of Western
Medicine also supports the organ interaction between the
liver and heart (the heart and liver), and there exist the liver-
heart axis and the heart-liver axis (Figure 2).

3.1. The Liver-Heart Axis in Modern Medicine

3.1.1. Liver Diseases Affecting the Heart. The close interac-
tion and connection between the cardiac and hepatic
functions are well known, for example, “hepatic/cirrhotic
cardiomyopathy” is an important clinical entity which best
describes the mutual pathogenical influence between these
two organs [44]. Patients with end-stage liver disease (liver
failure/cirrhosis) displayed hyperdynamic circulation
characterized by low systemic vascular resistance and high
cardiac output state [45, 46]. However, the cardiac response
to physiological, pathophysiological, or pharmacological
stimuli (such as exercise, hemorrhage, infection, and sur-
gery) is abnormal with systolic and diastolic dysfunction, as
well as electromechanical abnormalities in the absence of
other known causes of cardiac disease, a condition termed
“cirrhotic cardiomyopathy” [45, 47-53]. Moreover, in pa-
tients with liver cirrhosis, the elevated parameters of
myocardial edema and fibrosis were observed at magnetic
resonance imaging (MRI), these were more abnormal with
greater severity of liver disease [54].

Bile duct ligation (BDL)-induced advanced liver fi-
brosis is a suitable mouse model to investigate the path-
ophysiology of hepatic/cirrhotic cardiomyopathy at a
preclinical level, as it resembles the characteristics of the
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clinical syndrome seen in patients [55]. One of the main
contributors to the BDL-induced liver fibrosis is tissue
inflammation, which contributes, as liver failure develops,
to the production and excretion of several inflammatory
cytokines, such as tumor necrosis factor-alpha (TNF-«),
into the blood, culminating in a general inflammatory
response and subsequent oxidative stress, and the heart is
one of the major organs involved [55, 56]. Cannabinoid-2
receptor (CB,-R), a negative regulator of ischemia/reper-
fusion (I/R)-induced liver injury and carbon tetrachloride-
induced hepatic fibrosis, is upregulated in the liver and
heart of BDL mice [55, 57-59]. Treatment BDL mice with a
selective CB,-R agonist HU910 alleviated hepatic inflam-
mation and fibrosis, restored the hepatic microcirculation,
reduced serum levels of TNF-a, and improved cardiac
dysfunction, myocardial inflammation, and oxidative stress
[55]. These beneficial effects of HU910 indicated that
controlling the liver and/or myocardial inflammation may
delay or prevent the development of cardiomyopathy in
severe liver disease [55]. Thus, the liver-heart inflammatory
axis has a pivotal pathophysiological role in the patho-
genesis of hepatic cardiomyopathy [55].

The liver is a central hub for lipid metabolism and
endogenous glucose production; therefore, the liver is
crucial for systemic glucose and lipid homeostasis [60].
Fatty liver disease (FLD), which primarily includes al-
coholic liver disease (ALD) and NAFLD, encompasses a
broad spectrum of pathological changes of the liver,
ranging from simple steatosis to steatohepatitis, and liver
fibrosis, with eventual progression to cirrhosis and he-
patocellular carcinoma (HCC) [61-64]. Moreover, FLD is
also associated with extrahepatic manifestations, such as
fatal and nonfatal CVDs, leading to an increased mor-
bidity and mortality [65-69]. Although debate continues
over the causal relationship between NAFLD and CVDs,
many mechanistic and longitudinal studies have indicated
that NAFLD is one of the major driving forces for CVDs,
and NAFLD should be recognized as an independent risk
factor for CVDs apart from other metabolic disorders
[66-68, 70-72]. Mechanistically, dysfunction of the glu-
cose and lipid metabolism, activation of low-grade sys-
temic inflammation and oxidative stress, disturbance of
immunologic and neuroendocrine homeostasis, activa-
tion of the prothrombotic system, intestinal dysbiosis, and
some genetic and epigenetic factors for liver diseases, such
as NAFLD, may contribute to CVDs [65, 66]. Therefore,
the contribution of FLD to CVDs also establishes the liver-
heart axis.

3.1.2. Hepatokines Link the Liver to Heart. Besides the
mentioned mechanisms above, changes in protein secretions
from the fatty liver also contribute to the pathogenesis of
CVDs [16, 65, 67, 73-76]. The liver has recently been rec-
ognized as an endocrine organ that secretes hepatokines,
which are proteins secreted by hepatocytes that can influ-
ence metabolic processes through autocrine, paracrine, and
endocrine signaling [10-12]. The hepatocyte protein secre-
tome undergoes marked changes in response to liver
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Hepatokines (adropin, fetuin-B, SeP, A1M, FGF-21, upd3)

The imbalance of glucose and lipid metabolism homeostasis and others

F1GURE 2: The modern molecular biological basis of liver-heart axis and heart-liver axis. The liver is sensitive to hemodynamic changes, the
liver and heart are connected via blood circulation, pathologically, certain liver disease may cause heart diseases and vice versa. In molecular
biology, cardiomyokines secreted from cardiomyocytes, such as natriuretic peptides (NPs), secreted phospholipase A2 (sPLA2), and growth
differentiation factor 15 (GDF15), link the heart to liver. Besides the heart, blood vessels, and liver, several cardiomyokines also target other
remote organs, for example, kidneys, bone, skeletal muscles, and adipose tissues. The nonsecretory cardiac genes, such as familial hy-
pertrophic cardiomyopathy-(HCM-) causing mutation in myosin (R403Q) and Mediator complex subunit 13 (MED13), may also influence
liver metabolism. Conversely, the hepatokines, for example, adropin, fetuin-B, selenoprotein P (SeP), a1-microglobulin (A1M), fibroblast
growth factor-21 (FGF-21), and unpaired 3 (upd3), act as novel linkers connecting the liver to heart. Additionally, some hepatokines also
link the liver to adipose tissue, skeletal muscle, blood vessels, pancreas, and others. Moreover, the imbalance of hepatic glycolipid
metabolism homeostasis, as well as other factors involved in liver diseases, may also contribute to cardiovascular diseases (CVDs).

steatosis, for example, Meex et al. have identified 168
hepatokines, of which 32 were differentially secreted in
steatotic versus nonsteatotic hepatocytes, thus promoting
insulin resistance and other metabolic complications
[11, 77]. Increased intrahepatic levels of triglyceride (TG)
induce the changes in hepatokine transcription and endo-
plasmic reticulum processing, leading to decrease the se-
cretion of some hepatokines (such as sex hormone-binding
globulin (SHBG), angiopoietin-like protein 4 (ANGPTL4),
and adropin) during steatosis and increase the secretion of
other hepatokines (such as fetuin-A, fetuin-B, hepassocin,
leukocyte cell-derived chemotaxin 2 (LECT2), retinol-
binding protein 4 (RBP4), and selenoprotein P (SeP)) [11].
Key hepatokines can induce either negative (fetuin-A,
fetuin-B, hepassocin, LECT2, RBP4, and SeP) or positive
(SHBG, fibroblast growth factor-21 (FGF-21), ANGPTL4,
and adropin) metabolic effects [11, 78]. In addition to sig-
naling to hepatocytes, most importantly, hepatokines
function systemically through transporting to and com-
municating with distant target tissues, including the skeletal
muscle, adipose tissue, pancreas, blood vessels, and heart
[10, 11, 13, 16, 79] (Figure 2, right).

Adropin is a nutritionally regulated peptide hormone,
secreted primarily by the liver and brain, and it is central to
the control of cardiac fuel metabolism [80, 81]. Its expression
was declined in the liver with genetically induced obesity or
high-fat diet (HFD)-induced obesity, transgenic over-
expression or systemic adropin treatment protects against

hepatic steatosis, and hyperinsulinemia associated with
obesity; therefore, adropin acts as a positive factor governing
glucose and lipid homeostasis [80, 81]. Altamimi et al.
showed that adropin has an important role in regulating
cardiac energy substrate preference through enhancing in-
sulin signaling, stimulating glucose oxidation and inhibiting
fatty acid oxidation in the heart of C57Bl/6 mice [82]. They
proposed signaling pathways that are modulated by adropin:
adropin, possibly via a plasma membrane receptor, such as
G-protein coupled receptor 19 (GPR19) or some other
mediators, reduces pyruvate dehydrogenase kinase 4
(PDK4) protein levels and stimulates ERK1/2 MAPK, which
is also known to regulate PDK4 expression, resulting in a
decrease in the inhibitory phosphorylation of pyruvate
dehydrogenase (PDH), the rate limiting glucose oxidation
enzyme, leading to its activation and enhancement of glu-
cose oxidation [82]. On the other hand, adropin treatment
appears to reduce JNK phosphorylation, which otherwise
inhibits insulin receptor substrate 1 (IRS-1) signaling, thus
resulting in an overall stimulation of insulin signaling in-
cluding phosphorylation of Akt (protein kinase B), FOXO1
(forkhead box O1, further reduces PDK4 expression), and
AS160 (Akt substrate of 160 kDa, increases glucose trans-
porter 4 (GLUT4) plasmalemmal translocation and glucose
uptake), and inhibitory phosphorylation of GSK3p (glyco-
gen synthase kinase 3 beta, enhances glycogen synthesis)
[82]. All these above lead to a net enhancement of insulin
sensitivity and glucose metabolism and utilization [82]. The



beneficial effect of adropin exposure on the impaired cardiac
glucose oxidation was also confirmed in prediabetic obese
mice under HFD conditions [83]. In detail, adropin reduces
the expression of mitochondrial acetyltransferase enzyme
general control of amino acid synthesis 5 like 1 (GCN5L1),
which results in decreasing the fuel metabolism enzyme
PDH lysine acetylation, thus increasing the activity of PDH
to favor cardiac glucose utilization in HFD-induced pre-
diabetic obese mice [83]. In addition, adropin has the
antiatherosclerotic effects by suppressing monocyte-endo-
thelial cell adhesion and smooth muscle cell proliferation
[84]. These studies all used the exogenous adropin to
evaluate its role in the heart; however, the physiological and
pathological roles of endogenous adropin in heart homeo-
stasis still need further investigation.

al-Microglobulin (A1M) is a 26 kDa plasma and tissue
protein, which is mainly synthesized in the liver, but also in
smaller amounts in peripheral organs [85-87]. A cross-
sectional study showed a significant association between
urinary AlM-creatinine ratio and NAFLD [88]. Hakuno
etal. have identified A1M as an Akt-activating hepatokine by
screening the effects of conditioned media on doxorubicin-
or hypoxia-induced cardiomyocytes stress in vitro, and the
in vivo study also confirmed that A1M is produced by the
liver rather than the heart [89]. A1M is secreted into the
blood stream, from the liver, and found in blood as com-
plexes with IgA, albumin, and prothrombin (1 uM) and in its
free form (1 uM) [86, 90, 91]. After secretion from the liver,
AIM is transiently distributed in the infarct and border
zones via infiltrated macrophages (MQs) and cardiac fi-
broblasts during the acute phase of mouse myocardial in-
farction (MI) [89]. Functionally, AIM enhances MQs
migration as well as the proinflammatory response in car-
diac fibroblasts and MQs in vitro, intramyocardial admin-
istration of recombinant murine AIM augment MQs
infiltration, inflammation, and matrix metalloproteinase-9
(MMP-9) mRNA expression in the infarct and border zones,
disturbs fibrotic repair, and drives cardiac rupture during
the acute phase of MI in vivo [89]. These actions of AIM
were partly mediated by its binding to phosphatidic acid
(PA) [89]. Therefore, short-term, systemic delivery of CU-3,
a selective inhibitor of diacylglycerol kinase alpha (DGKa«)
mediated PA biosynthesis, reduced MQs infiltration, in-
flammation, and MMP activity during the acute phase, and
further mitigated left ventricular remodeling during the
chronic phase in mouse MI [89]. This study indicates that
targeting hepatic A1IM expression and the MQs AIM sig-
naling could be the promising options to mitigate adverse
left ventricular remodeling in MI.

SeP (encoded by SELENOP in humans) contains ten
selenocysteine residues and functions as a selenium supply
protein, and it is primarily produced and secreted by liver
[92-95]. SeP causes insulin resistance, at least partly, by
dephosphorylating adenosine monophosphate-activated
protein kinase (AMPK) [92]. A recent study using SeP
knockout (KO) mice and hepatic overexpression of SeP in
SeP KO mice indicated that the endogenous SeP mediates
the deleterious effect of myocardial I/R injury [96]. SeP gene
deletion reduces I/R-induced myocardial apoptosis by
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increasing the phosphorylation of insulin-like growth factor
1 (IGF1) receptor, Akt, ERK, and S6K, which were reversed
by overexpressing SeP in the liver of SeP KO mice [96]. Thus,
SeP serves as a hepatokine that contributes to myocardial I/R
injury.

Fetuin-B, also a secreted hepatocyte factor, was
upregulated in humans with liver steatosis and patients
with type 2 diabetes, and it impairs insulin action in
myotubes and hepatocytes and causes glucose intolerance
in mice, while silencing of fetuin-B in obese mice im-
proves glucose tolerance [77]. The increased expression of
fetuin-B in diabetic liver exacerbates myocardial I/R in-
jury and cardiac dysfunction, while suppression of fetuin-
B exerts cardiac protective effects [16]. Mechanistically,
fetuin-B interacts with insulin receptor- subunit, impairs
cardiac insulin signaling, and consequently causes myo-
cardial I/R injury [16]. Therefore, this study confirmed
that fetuin-B is a novel linker from the liver to heart I/R
injury.

In contrast to the disturbed effects of hepatic A1M, SeP,
and fetuin-B for heart repair after myocardial I/R injury,
FGF-21 is beneficial for cardiac repair after MI [97]. In 2000,
murine and human FGF-21 were identified by Nishimura
et al, and they found that FGF-21 mRNA was most
abundantly expressed in the liver and also expressed in the
thymus at lower levels [98]. Studies in the past few years
indicated that FGF-21 is also synthesized in several other
tissues, such as pancreas, skeletal muscle, and adipose tissue
[99-103]. The pharmacological effects of FGF-21 are me-
diated by both its central and peripheral actions and by its
fine-tuning of interorgan metabolic crosstalk [78]. Recently,
during investigating the cardiac effect and mechanism of
interleukin (IL)-22 after MI, Tang et al. found that IL-22
promoted hepatocyte-derived FGF-21 production depend-
ing on hepatic signal transducer and activator of tran-
scription-3 (STAT-3) activation [97]. Subsequently, FGF-12
arrived at the heart and bound its functional receptor fi-
broblast growth factor receptor 1 (FGFR-1) in car-
diomyocytes, thus modulating the expression of genes that
are involved in cholesterol homeostasis, DNA repair, per-
oxisome, oxidative phosphorylation, glycolysis, apoptosis,
and steroid responses, all of which contributed to the sur-
vival of cardiomyocytes [97]. Therefore, hepatic STAT3-
FGF-21 axis modulated by IL-22 contributes to liver-heart
crosstalk and is an essential mechanism for injury repair
after MI [97].

Recently, Huang et al. demonstrated an IL-6-like
proinflammatory cytokine unpaired 3 (upd3) expressed in
Drosophila oenocytes (a hepatocyte-like tissue) mediated
interorgan communication between the liver and heart
[104]. They found that the impaired peroxisomal import in
aged Drosophila oenocytes promotes ROS production and
JNK activation and then induces upd3 as a peroxikine in
aged oenocytes, this peroxikine signals to the heart and
nonautonomously activates the JAK-STAT pathway in
cardiomyocytes, and thus, it causes arrhythmia [104]. This
study indicates that peroxisome is a central regulator of
inflammaging and liver-heart communication via mediating
hepatic peroxikine (also can be termed as “hepatokine”)
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production. However, the roles of hepatic peroxisomes in
age-related heart diseases in human and other mammalian
animals are not clear.

Therefore, hepatokines act as essential linkers from the
liver to heart in the pathological conditions not limited to
NAFLD-related CVDs, but also in myocardial I/R injury and
in ageing-related heart diseases, thus establishing a set of
liver-heart axes.

3.2. The Heart-Liver Axis in Modern Medicine

3.2.1. Heart Diseases Affecting the Liver. Heart failure leads
to a chronic inability to meet metabolic requirements of the
end organs or skeletal muscle; therefore, the syndrome of
heart failure is characterized by organ crosstalks, for ex-
ample, the well-established “cardiorenal syndrome”
[17, 105]. The liver is an organ sensitive to hemodynamic
changes, and hepatic involvement in the form of car-
diohepatic interaction has been described in patients with
acute and chronic heart failure [17, 18, 52, 53]. The
mechanisms underlying the cardiac hepatopathy are re-
duced arterial perfusion, whose deleterious effects are am-
plified by concomitant hypoxia, and passive congestion
secondary to increased systemic venous pressure [53]. The
arterial hypoperfusion predominates in acute heart failure
leading to hypoxic hepatitis, while chronic passive con-
gestion prevails in congestive hepatopathy secondary to
chronic heart failure, and the chronic passive congestion
leads to sinusoidal hypertension, centrilobular fibrosis, and
ultimately, cirrhosis (“cardiac cirrhosis”) and HCC after
several decades of ongoing injury [53, 106]. These forward
and backward factors often coexist and potentiate each other
[53].

Atrial fibrillation (AF) is the most common among the
severe cardiac arrhythmias, which is associated with a
high risk of thromboembolism and stroke [107]. AF ac-
tivates the coagulation system, leading to prothrombotic
or hypercoagulable state [107, 108]. The liver is an es-
sential organ synthesizing many coagulation factors and
other prothrombic molecules [108]. Using rapid atrial
pacing (RAP) rat model, Yaegashi et al. found that short-
term RAP mimicking paroxysmal AF markedly altered
the hepatic gene expression profile, and hepatic mRNA
levels of prothrombic molecules, including fibrinogen
chains, prothrombin, coagulation factor X, and anti-
thrombin III, were augmented by short-term RAP [108].
The activation of the IL-6/STAT3 signaling pathway is
responsible for the augmented fibrinogen and coagulation
factor X production by RAP [108]. Therefore, IL-6 neu-
tralizing antibody pretreatment inhibited RAP-mediated
hepatic STAT3 phosphorylation and fibrinogen and co-
agulation factor X expression [108]. This indicated that
the cardiohepatic interactions are also involved in AF-
related hypercoagulation.

3.2.2. Cardiomyokines Link the Heart to Liver. The break-
through discovery of cardiac NPs by de Bold provided the
first direct evidence that the heart has an endocrine function

[6, 7]. They found that the extracts derived from atrial
muscle (atrial natriuretic peptide, ANP) caused a rapid,
more than 30-fold increase of sodium and chloride excre-
tions, while urine volume rose 10-fold, and potassium ex-
cretion doubled [7]. They concluded that the atrial extract
contained an extremely powerful inhibitor of renal tubular
NaCl reabsorption [7]. In 1988, Sudoh et al. discovered a
new natriuretic peptide of 26 amino-acid residues in porcine
brain, eliciting possesses diuretic-natriuretic (e.g., increase
in urine output, Na*, K¥, and Cl” excretion) and hypotensive
(decrease in mean blood pressure) responses similar to that
of ANP, and they have designated the peptide “brain na-
triuretic peptide” (BNP) [6, 109], which is also localized in
the secretory granules of human atrium that contain ANP
[110]. Therefore, cardiac ANP- and BNP-mediated com-
munications between the heart and kidney are essential for
maintaining sodium and volume homeostasis in health and
disease [6, 7, 111].

An emerging concept is that the heart not only regulates
blood pressure homeostasis and water-salt balance but also
acts as a regulator of whole body metabolism [14, 112-115].
The cardiac NPs are modulators of metabolism, and they
induce human fat cell lipolysis and the “browning” of white
adipocytes, favor blood glucose control and insulin sensi-
tivity by increasing glucose uptake in human adipocytes, and
enhance mitochondrial oxidative metabolism and fat oxi-
dation in human skeletal muscle [14, 116-119]. Moreover,
ANP was shown to increase hepatic gluconeogenesis and
inhibit glycolysis, in part by inhibiting pyruvate kinase ac-
tivity, and the effects of ANP are mediated via activation of
guanylyl cyclase-linked ANF receptors which elevate cGMP
production [15]. It is clear that ANP can protect against
hepatic I/R injuries [120, 121]. On the molecular mechanism,
ANP activates cGMP-dependent heat shock protein 70
(HSP70) expression and correlates with enhanced binding of
HSP70 to inhibitory factor kappa B (IxB) [122], thus at-
tenuating the activation of the proinflammatory transcrip-
tion factor nuclear factor kappa B (NF-«B) and the
expression of TNF-« [123, 124]; ANP also attenuates ne-
crotic (mainly in hepatocytes and endothelial cells) and
apoptotic (mainly in hepatocytes) cell death [125-127]; ANP
increases the phosphorylation of p38 MAPK during liver I/R
[128-130]. However, a p38 MAPK inhibitor fails to abolish
ANP-mediated antiapoptotic action in the cold I/R liver
[126]; the antiapoptotic effect of ANP is primarily mediated
via protein kinase A (PKA) and PI-3-kinase (PI3K)-Akt
pathways [125-127]. In addition, ANP prevents dimethyl-
nitrosamine (DMN)-induced hepatic fibrosis in rats [131]
and antagonizes endothelin-1 (ET-1)-induced calcium in-
crease and cell contraction in cultured human hepatic
stellate cells (HSCs) [132]. Therefore, NPs act as an endo-
crine linker between the heart and liver.

Besides NPs, cardiomyocytes also secrete other peptide
hormones through secretory granules, and these proteins are
referred as “cardiomyokines” [8, 9]. Most of such car-
diomyokines function as autocrine or paracrine factors, and
several cardiomyokines target remote organs as endocrine
factors, which act on not only blood vessels and kidneys, but
also skeletal muscles, bone, adipose tissues, and liver



[8, 14, 15, 133] (Figure 2, left). These cardiomyokines are
essential cardiometabolic hormones, for example, the car-
diac-specific FGF-21 overexpression mice display upregu-
lation of plasma FGF-21 levels and show a reduction in body
weight and lean body mass, whereas increasing fat mass
[134]; the osteocrin secreted from the heart contributes to
bone formation in zebrafish [133]. Therefore, the heart is a
central regulator of metabolism and energy homeostasis in
noncardiac tissues, including the liver, and this further
highlights the important roles of the crosstalk between the
heart and liver [117, 135].

Carlos Fernandez-Patron group has identified a unique
heart secreted phospholipase A2 (sPLA2), and MMP-2 is a
negative regulator of sPLA2 activity [136, 137]. Under
physiological conditions, MMP-2 activity maintains low
levels of certain chemokines, such as monocyte chemo-
attractant protein-3 (MCP-3, encoded by Ccl7, an agonist of
cardiac sPLA2), by cleavage of MCP-3 at a glycine/isoleucine
bond [136]. Cleaved MCP-3 binds to CC-chemokine re-
ceptors-1, -2, and -3, but no longer induces calcium fluxes or
promotes chemotaxis, and instead acts as a general che-
mokine antagonist that dampens inflammation [136, 138].
MMP-2 deficiency (functional blockade or genetic deletion)
or MCP-3 may trigger cardiac sSPLA2 release from the heart,
which leads to cardiac inflammation and disturb cardiac
metabolic homeostasis [136, 137]. Moreover, MMP-2 defi-
ciency causes excess SPLA2 activity, which, in turn, elevates
hepatic PGE2 [137]. PGE2 is a kind of vasodilatory pros-
tanoids, treatment with either varespladib (sPLA2 inhibitor)
or indomethacin inhibited PGE2-triggered acute hyper-
tension selectively in MMP-27"", but not in wild-type mice
[137]. The cardiac sSPLA2 circulates in the plasma, reaching
distant target organs (e.g., the liver), contributes to the
hepatic inflammatory and lipid metabolic phenotype in the
liver of MMP-2 deficiency, for example, increasing liver TG
and plasma very low-density lipoprotein (VLDL) TG levels
[136]. Therefore, MMP-2/cardiac sPLA2 system may serve
multiple purposes including signaling to the liver to mod-
ulate hepatic inflammation and lipid metabolism, and
maintaining systemic blood pressure homeostasis [136].

It is known that growth hormone (GH)-IGF1 signaling
is a dominant mechanism regulating postnatal mammalian
growth [139-144]. GH secreted from the pituitary signals to
the liver to stimulate the production of IGF1, IGF binding
protein 3 (IGFBP3), and IGFBP acid-labile subunit
(IGFALS) via the JAK2-STAT5 pathway [139, 145]. Cir-
culating IGF1 forms a ternary complex with IGFBP3 and
IGFALS and is a major mediator of GH’s effect on
mammalian postnatal body growth [139, 140, 142, 146].
Recently, Wang et al. have revealed that the levels of growth
differentiation factor 15 (GDF15) in the heart and plasma
are elevated in a mice model of primary pediatric car-
diomyopathy with secondary failure to thrive (FTT), and
the plasma GDF15 levels are elevated in children with
concomitant heart disease and FT'T [139]. They showed that
pediatric heart disease induces GDF15 synthesis and se-
cretion by cardiomyocytes, circulating GDF15 in turn acts
on the liver to inhibit GH signaling, and specifically
knockdown GDF15 in Cre® cardiomyocytes by AAV9-
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Sico-mouse Gdfl5 shRNA normalizes the circulating
GDF15 levels and restores liver GH signaling, establishing
GDF15 as a bona fide heart-derived hormone that nega-
tively regulates pediatric body growth via heart-liver axis
mediated to suppress hepatic GH signaling [139]. In ad-
dition, hepatic and serum GDF15 levels are increased in the
nonalcoholic steatohepatitis (NASH) mouse model and in
patients with NASH or advanced fibrosis [147, 148]. Using
GDF15-knockout mice and liver-specific GDF15-trans-
genic mice, Kim et al. revealed that induction of endoge-
nous GDF15 is a compensatory mechanism to protect
against the progression of NASH [147]. However, the in-
fluence of cardiac GDF15 on NAFLD/NASH is not clear.

3.2.3. 'The Nonsecretory Cardiac Genes Influence Liver
Metabolism. There is a clear link between liver dysfunction,
specifically NAFLD, and cardiac dysfunction, but new evi-
dence suggests that the reverse is also true, such as those
discussed in Section 3.2.1 [66, 135, 149]. Magida and
Leinwand had demonstrated that decreased left ventricular
contractile function in male, but not in female, familial
hypertrophic cardiomyopathy (HCM) mice (contained two
mutations, a point mutation, R403Q, and a deletion of 59
amino acids in the actin-binding site bridged by the addition
of nine nonmyosin amino acids), is associated with reduced
capacity for ventricular fatty acid release and uptake, thus
diminishing myocardial lipid (TG and fatty acid) and ATP
content [150]. However, the basis for the phenotypic gender
differences in HCM mice is unclear, and whether this is
related to the protective effects of estrogen (E,) on cardiac
energetics as well as liver metabolism still needs further
investigation [135]. Since the heart is a principal lipolytic
organ, the proposed defects in lipid clearance by the HCM
heart result in elevated the levels of oleic acid and TG in
circulating VLDLs and the liver [150]. Mechanistically, the
reduced expression of cardiac fatty acid translocase (CD36),
lipoprotein lipase, and VLDL receptor, and the decreased
activities of CD36 and its regulator AMPK in the heart are
responsible for these metabolic defects in HCM mice [150].
Moreover, as the activator of CD36 expression and fatty acid
uptake, the expression of myocardial transcription factor
FOXO1 was also reduced in the male HCM mice [150].
HCM-induced oleic acid accumulation and PKCa-mediated
p38 MAPK activation in the liver facilitated the phos-
phorylation and stabilization of hepatic peroxisome pro-
liferator-activated receptor-y coactivator-la  (PGC-1la)
[150-152]. PGC-1a drove hepatocyte nuclear factor-4 and
phosphoenolpyruvate carboxykinase (PEPCK) expression in
the liver and subsequently induced PEPCK-mediated glu-
coneogenesis and increased blood glucose levels [150, 152].
Importantly, features of ventricular architecture and con-
tractile dysfunction in HCM mice can be rescued either by
restoring the energetic deficit at the level of the car-
diomyocyte via AMPK agonist, or by blocking the delete-
rious elevation in hepatic glucose output using the PEPCK
inhibitor 3-mercaptopicolinic acid (3-MPA) [135, 150].
Certainly, the relationship between the heart and liver is not
monogamous, and other tissues, such as skeletal muscle,



Evidence-Based Complementary and Alternative Medicine

adipose, and pancreas, are likely to be directly affected by the
elevated circulating oleic acid and VLDL TG levels [135].
Therefore, these findings raise the interesting concept that
the lack of use of a specific metabolic substrate by one tissue
directly affects another, perhaps revealing an intertissue
homeostatic feedback mechanism [135].

The subunits of Mediator (MED) are key molecules
maintaining metabolic homeostasis [40, 153]. Mediator is a
multiprotein complex that acts as a bridge between DNA-
bound transcription factors and RNA polymerase II
(RNAPII) [153]. Mediator contains 25 (yeast) or 30 (human)
subunits organized into four modules: head, middle, tail, and
kinase [154, 155]. The head module together with the middle
module plays an essential role during the preinitiation
complex assembly, contacting the RNAPII and stabilizing its
interaction with the general transcription factors, while the
tail interacts with sequence-specific transcription factors
[153-156]. The kinase module associates reversibly with
Mediator and has negative and positive regulatory roles in
transcription [154, 155]. MED1 is required for peroxisome
proliferator-activated receptor (PPAR) a-regulated gene
(including those involved in fatty acid oxidation) expression
in the liver [157], and for PPAR y-mediated differentiation
of mouse embryonic fibroblasts to adipocytes [158];
moreover, it plays important roles in regulating glucose and
energy metabolism in skeletal muscle [159]. MED15 is a key
effector of sterol regulatory element binding protein
(SREBP)-dependent gene regulation and lipid homeostasis
in metazoans [160]. Grueter et al. had revealed that heart
regulates systemic energy homeostasis via MED13; MED13,
in turn, is negatively regulated by a heart-specific micro-
RNA, miR-208a [153]. They also find that MED13-depen-
dent signaling from the heart confers leanness by enhancing
metabolism in the adipose tissue and liver [40]. The inter-
organ communication in transgenic mice with enhanced
cardiac MED13 expression (MED13cTg mice) is controlled
by circulating factors that enhance white adipose tissue and
liver metabolism [40]. However, the circulating factors re-
sponsible for this phenotype still need further investigation.

4. Perspective

In Modern Medicine, the liver and heart are anatomically
and physiologically connected with each other primarily via
“blood circulation.” Moreover, organokines are essential
mediators of organ crosstalk between the liver and heart (the
heart and liver) (Figure 2). The pathophysiological inter-
actions between the liver and heart (the heart and liver) can
be classified into three groups in Modern Medicine
[17, 18, 52, 53, 106, 108]: (1) liver disease resulting from the
heart disease; (2) heart disease resulting from the liver
disease; (3) conditions, e.g., systemic amyloidosis, affecting
the heart and the liver at the same time. In TCM, the liver
and heart are physiologically connected with each other
primarily via “blood movement” and “qing-zhi regulation.”
Heart can modulate the pathophysiology of the liver based
on the TCM theory of “illness of the child-organ involving
the mother-organ,” and liver can influence the pathophys-
iology of the heart based on the TCM theory of “mother-

organ disorder involving its child-organ,” respectively
(Figure 1). Thus, the coronary heart disease can be treated
from the liver based on the TCM theory of “treating the heart
disease from the liver” [24-26], and NAFLD can be treated
by the methods of “Xing-Qi-Huo-Xue” and “Bu-Xue” in the
clinical practice of TCM [27-30]. Therefore, the evidences
from TCM to Modern Medicine, and from basic research
studies to clinical investigations, show that there exists in-
terorgan crosstalk between the liver and heart (the heart and
liver).

The interorgan communication between the liver and
heart (the heart and liver) improves our understandings on
the physiological or pathophysiological phenomena of these
two organs. However, human body is a complex living
organism. In addition to monogenic inherited disease, most
liver and heart diseases are regulated by the complex internal
environment of the body and the external environment.
Therefore, both identified and unidentified cardiomyokines
and hepatokines might have the interactive network during
modulating liver and heart homeostasis. Besides these
organokines, EVs (e.g., exosome and migrasome) are the key
messengers in interorgan communication, and certain
nonsecretory gene-mediated multiple signals are also im-
portant in mediating interorgan communication [5, 34-42].
However, the network and detail roles of these mediators in
modulating hepatocardiac or cardiohepatic interaction still
need further investigation.

TCM emphasizes steady-state balance (homeostasis) and
systematization/integrity, and its treatment principle tends
to individualized medicine. The basic characteristics of the
theoretical system of TCM are holistic concept and treat-
ment based on the differentiation of syndrome. How to use
the philosophical thinking of TCM to promote the progress
of Western Medicine is worth pondering. Moreover, it is also
interesting to investigate whether the relationships between
the liver and heart (the heart and liver) in TCM can be
explained by Modern Medicine. Therefore, we hope that the
integrated Traditional Chinese and Western Medicine will
contribute to the research of the liver-heart (the heart-liver)
interaction network and promote the future medical
progress.
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Background. Qingdu Decoction (QDD) is a traditional Chinese medicine formula for treating chronic liver injury (CLI).
Materials and methods. A network pharmacology combining experimental validation was used to investigate potential
mechanisms of QDD against CLI. We firstly screened the bioactive compounds with pharmacology analysis platform of the
Chinese medicine system (TCMSP) and gathered the targets of QDD and CLI. Then, we constructed a compound-target
network and a protein-protein interaction (PPI) network and enriched core targets in Kyoto Encyclopedia of Genes and
Genomes (KEGG) signaling pathways. At last, we used a CLI rat model to confirm the effect and mechanism of QDD against
CLI. Enzyme-linked immunosorbent assay (ELISA), western blot (WB), and real-time quantitative polymerase chain reaction
(RT-qPCR) were used. Results. 48 bioactive compounds of QDD passed the virtual screening criteria, and 53 overlapping
targets were identified as core targets of QDD against CLI. A compound-CLI related target network containing 94 nodes and
263 edges was constructed. KEGG enrichment of core targets contained some pathways related to CLI, such as hepatitis B,
tumor necrosis factor (TNF) signaling pathway, apoptosis, hepatitis C, interleukin-17 (IL-17) signaling pathway, and hypoxia-
inducible factor (HIF)-1 signaling pathway. Three PPI clusters were identified and enriched in hepatitis B and tumor necrosis
factor (TNF) signaling pathway, apoptosis and hepatitis B pathway, and peroxisome pathway, respectively. Animal experiment
indicated that QDD decreased serum concentrations of alanine aminotransferase (ALT), aspartate aminotransferase (AST),
endotoxin (ET), and IL-17 and increased prothrombin time activity (PTA) level. WB and RT-qPCR analyses indicated that,
compared with the model group, the expression of cysteinyl aspartate specific proteinase-9 (caspase-9) protein, caspase-3
protein, B-cell lymphoma-2 associated X protein (Bax) mRNA, and cytochrome ¢ (Cyt ¢c) mRNA was inhibited and the
expression of B-cell lymphoma-2 (Bcl-2) mRNA was enhanced in the QDD group. Conclusions. QDD has protective effect
against CLI, which may be related to the regulation of hepatocyte apoptosis. This study provides novel insights into exploring
potential biological basis and mechanisms of clinically effective formula systematically.

1. Introduction year worldwide [1]. Current treatments for CLD mainly lie

in combined medications and artificial liver support, and
Chronic liver disease (CLD) usually results from iterative liver transplant is the only recommended treatment to
liver injury, such as excessive alcohol consumption, viral  patients diagnosed with liver failure. Chronic liver injury
hepatitis, nonalcoholic fatty liver disease, autoimmune  (CLI), that leads to apoptosis, inflammation, matrix depo-
hepatitis, primary biliary cholangitis, and primary sclerosing sition, hyper-bilirubinemia, angiogenesis, and progressive
cholangitis, and causes approximately 2 million deaths per fibrosis, is the hallmark of all types of CLDs, and targeting
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molecular pathways in chronic liver injury would help the
development of clinical therapies to prevent or improve the
prognosis of CLDs.

Traditional Chinese medicine has been around for
thousands of years. There is increasing evidence that certain
Chinese medicine prescriptions have beneficial effects on
experimental liver injury [2]. Qingdu Decoction (QDD), a
traditional Chinese medicine preparation containing Rheum
palmatum L., Citrus aurantium L., Magnolia officinalis
Rehder and E.H. Wilson, Rehmannia glutinosa (Gaertn.)
DC., and Rubia cordifolia L., has notable effects on patients
with CLI. Our previous clinical studies have confirmed that
the prescription has a good effect on improving clinical
symptoms, protecting liver function, and reducing endo-
toxin absorption in CLI patients [3, 4]. And our previous
experiments have shown that, in TAA-induced model rats,
QDD can reduce the level of inflammatory factors and
eliminate endotoxin to improve the state of liver damage [5].
We even made some efforts on the mechanisms of QDD
against CLI, and a holistic understanding of its molecular
mechanisms needs to be further explored.

In the present study, network pharmacology was
employed to establish a compound-target network to un-
derstand the potential mechanisms of QDD against CLI. The
flowchart of the whole study design is illustrated in Figure 1.
Firstly, we screened bioactive compounds of QDD and
mined their targets using available online databases, and
then, targets related to CLI were also obtained. After
intersecting these two parts of targets, targets related to both
QDD and CLI were obtained and were used for further gene
ontology enrichment analysis. Finally, animal experiments
were used to confirm the mechanisms predicted through this
in silico approach.

2. Materials and Methods

2.1. Reagent Supplies. Thioacetamide (TAA) was purchased
from Keao Co., Ltd (Beijing, China). Rat ET Enzyme-linked
immunoassay (ELISA) kit was from Jiancheng Inst. Bio-
technology (Nanjing, China). Rat IL-17 ELISA kit was from
eBioscience (Santiago, CA, USA). Primary antibodies used
were rabbit caspase-9 and caspase-3 antibody (Santa cruz,
Dallas, TX, USA) and mouse -actin antibody (Zhongshan
Jingiao, Beijing, China). Secondary antibodies used were
horseradish peroxidase-conjugated goat anti-rabbit IgG and
anti-mouse IgG (Jackson, Lancaster, PA, USA). Total RNA
kit was purchased from Tian Gen Biotech (Beijing, China).

2.2. Preparation of QDD. QDD is composed of five Chinese
herbs. All the medicinal plants were provided by Beijing
Tongrentang Chinese Medicine Co. Ltd. (Beijing, China).
Samples were authenticated by a Prof. Zhang Qiuyun from
Capital Medical University, China. Every dose of QDD
contains Rheum palmatum L. (10g), Citrus aurantium
L. (10 g), Magnolia officinalis Rehder and E.H. Wilson (10 g),
Rehmannia glutinosa (Gaertn.) DC. (12g), and Rubia cor-
difolia L. (9 g). The mixture of herbal materials (51 g) was
decocted with distilled water (2x1h, 1:10 for the first
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extraction and 1 : 8 for the second extraction, w/v). The water
extract was filtered and concentrated under reduced pres-
sure to give the aqueous extract of QDD (34mL). One
milliliter of the extract corresponds to 1.5g of crude drug.
The decoction was stored at —20°C and heated in a 37°C
water bath before gavage.

2.3. Animal Model and Treatment. Specific pathogen-free
(SPF) grade male Wistar rats (190-210 g) were provided by
Charles River Experimental Animals Technology Co. Ltd
(Beijing, China). Laboratory animal use and experimental
protocols have been reviewed and approved by the Ethics
Committee of Capital Medical University (ethics number:
AEEI-2017-109). The rats were maintained on a 12h light/
dark cycle at constant room temperature (22-25°C) and
humidity (50-70%), and they have free access to standard
rodent food and water.

After 7 days of adaptive feeding, 72 rats were randomly
divided into six groups and each group had 12 rats: normal
group, model group, lactulose (LA) group, and QDD in a
low, moderate, or high dosage (QDDL, QDDM, and
QDDH). The normal group was given physiological saline by
gavage. The other groups were pretreated with TAA at a dose
of 12 mg/k%for 8 weeks and at an increased dose of 36 mg/kg
from the 9™ to the 12™ week [6]. In addition, the LA group
was fed lactulose solution once a day as a positive control at a
dose of 3.5mL/kg. Each QDD group was given QDD
concentrate (QDDL, QDDM, and QDDH: 5.08, 10.17, and
20.33 g/kg) daily. The whole experiment lasted 12 weeks.
After intraperitoneal injection of 3% sodium pentobarbital
anesthetic (30 mg/kg), all rats were sacrificed by abdominal
aorta extraction.

2.4. Serum Biochemical Assay and Plasma Coagulation
Analysis. The content of alanine transaminase (ALT) and
aspartate transaminase (AST) were measured by automatic
biochemical analyzer (Hitachi, Tokyo, Japan). The pro-
thrombin time activity (PTA) was determined with coag-
ulation by an automatic coagulation analyzer (Beckman,
LAX, CA, USA).

2.5. Enzyme-Linked Immunoassay (ELISA) Analysis. The
content of endotoxin (ET) and IL-17 in serum was measured
by multiscan spectrum (Thermo, Waltham, MA, USA) using
ETand IL-17 ELISA kits according to the kit’s specifications.

2.6. Western Blot Analysis. Total protein was extracted from
the liver tissues using cell lysis buffer and analyzed with
bicinchoninic acid protein assay kit. Protein samples were
separated on sodium dodecyl sulfate (SDS)-polyacrylamide
gels and transferred onto a polyvinylidene fluoride mem-
brane. After blocked with 5% nonfat dry milk in Tris-
buffered saline containing 0.05% Tween-20 (TBST) bufter,
membranes were incubated with primary antibody followed
by the corresponding horseradish peroxidase-conjugated
secondary antibodies. Antibodies and dilutions included the
following: rabbit caspase-9 antibody (1:500), mouse
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FIGURE 1: The flowchart of the whole study design.



caspase-3 antibody (1:500), mouse f-actin antibody (1:
1,000), horseradish peroxidase-conjugated goat anti-rabbit
IgG (1:10,000), and horseradish peroxidase-conjugated goat
anti-mouse IgG (1:10,000).

2.7. Real-Time Quantitative PCR Analysis. Total RNA was
extracted from liver tissues using RNA isolation kit
according to the manufacturer’s specification. Each sample
was reverse transcribed into complementary DNA (cDNA)
using the HiFi-MMLYV cDNA first chain synthesis kit. Gene
expression was quantified by means of the comparative Ct

method (AACt), and the relative expressions were calculated
by the 27#4°" method.

2.8. Screening of Active Compounds. All compounds con-
tained in QDD were searched for in the Traditional Chinese
Medicine Systems Pharmacology Database and Analysis
Platform (TCMSP; http://Isp.nwu.edu.cn/tcmsp.php), con-
taining detailed pharmacological properties of each com-
pound. In the present study, oral bioavailability (OB) > 30%,
CACO-2 permeability > -0.4, and drug likeness (DL) > 0.18
were used for bioactive compounds screening for further
analyses.

2.9. Identification of Targets Associated with QDD and CLI.
To predict the target proteins of identified bioactive com-
pounds in QDD, we used an approach integrated with two
Chinese medicine databases, including integrative database
of traditional Chinese medicine enhanced by symptom
mapping (SymMap) and TCMSP [7, 8]. Comparative
Toxicogenomics Database (CTD) was used for genes asso-
ciated with CLI identification [9]. Only genes with Inference
Score > 20 were chosen for further analysis. All these targets
were transformed into gene symbols using the UniProt
knowledge database (http://www.uniprot.org) with the se-
lected species as Homo sapiens. Subsequently, the inter-
section of QDD targets and CLI targets was identified as core
targets using Draw Venn Diagram online (http://bioinfogp.
cnb.csic.es/tools/venny/index.html). Cytoscape 3.7.1 soft-
ware was used for construction of compound-CLI related
target network.

2.10. Construction of PPI Network of Core Targets. The
protein-protein interaction (PPI) data of core targets were
obtained from STRING database (https://string-db.org/).
K-means algorithm was used for PPI cluster identification
with default parameters supplied in STRING database. Also,
PPI clusters were constructed using Cytoscape 3.7.1 software
(National Resource for Network Biology, USA).

2.11. Pathway Enrichment Analysis of Core Targets. To
identify the potential biological pathways regulated by QDD
against CLI, the ClusterProfiler package of R 3.5.0 was adopted
to conduct Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis of core targets [10].
Adjust P value < 0.05 was thought to be significant. The top 20
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significantly results were further processed to produce a high-
level bubble map and an enrichment map of pathways. KEGG
Mapper (https://www.kegg.jp/kegg/mapper.html) was used for
pathway visualization.

2.12. Statistical Analysis. All data were presented as
means + standard error. One-way analysis of variance
(ANOVA) was performed using SPSS 19.0 (IBM Corp.
Released 2010. IBM SPSS Statistics for Windows, Version
19.0. Armonk, NY, USA) to test the differences between
groups. The least-significant difference (LSD) test was used
for homogeneity of variance and Tamhane’s T2 test for
heterogeneity of variance. A value of P <0.05 was consid-
ered statistically significant.

3. Results

3.1. Therapeutic Effect of QDD against CLI. AST and ALT in
serum were considered as important indicators of liver
injury, and PTA was used to evaluate liver function. As
shown in Figures 2(a)-2(c), compared to normal group, AST
and ALT levels in the model group were significantly in-
creased (P <0.01), from 115.50 U/L to 205.30 U/L and from
47.58 U/L to 145.67 U/L, respectively; and PTA was signif-
icantly decreased (P<0.01), from 96.00% to 45.67%.
Compared with the model group, the content of AST in the
LA group and each QDD group showed different degrees of
reductions (P <0.05), and the content of ALT of LA and
QDDH groups were significantly decreased (P < 0.01). PTA
was significantly increased in each intervention group
(P<0.01). Compared with the normal group, endotoxin
(ET) and interleukin (IL)-17 levels were increased in the
model group (P <0.01). Compared with the model group,
the ET and IL-17 levels of the LA group, the QDDM group,
and the QDDH group were significantly lower (P <0.05 or
P <0.01), and these results were shown in Figures 2(d) and
2(e).

3.2. Screening Bioactive Compounds of QDD. To understand
the potential mechanisms of QDD against CLI, a network
approach was used as we previous mentioned [11]. After
pharmacological properties screening, 48 bioactive com-
pounds were identified for further analysis. As shown in
Supplementary Table 1, 9 compounds were found in
Dahaung, 19 compounds were found in Zhishi, 2 com-
pounds were found in Houpo, 2 compounds were found in
Dihuang, and 18 compounds were found in Qiancao.

3.3. Core Targets of QDD against CLI Using Network Phar-
macology Approach. As shown in Supplementary Table 2
and Supplementary Table 3, a total of 813 targets associated
with CLI pathogenesis and 172 targets of QDD were ob-
tained from our integrative approach. Furthermore, 53
overlapping targets were identified via mapping targets of
QDD into targets related to CLI, which were regarded as the
core therapeutic targets of QDD against CLI (Figure 3(a)).
Then, a compound-CLI-related target network containing
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FiGure 2: Effects of QDD on blood related indicators: (a) change in serum AST level in each group; (b) change in serum ALT level in each
group; (c) change in plasma PTA level in each group; (d) change in serum ET level in each group; (e) change in serum IL-17 level in each
group. Values are expressed as mean + SEM, n =6 for each group, **P < 0.01 vs normal group; P <0.05 and 2P < 0.01 vs model group;

AP<0.05and AAP<0.01 vs LA group.

94 nodes and 263 edges was constructed (Figure 3(b)), and
top 5 important compounds were identified based on degree
values, including luteolin (degree: 27), naringenin (degree:
22), aloe-emodin (degree: 14), nobiletin (degree: 13), and
beta-sitosterol (degree: 10).

3.4. KEGG Pathway Enrichment and PPI Network
Construction. To understand the related signaling path-
ways of core targets of QDD against CLI, KEGG pathway
enrichment analysis was employed via R package. A total
of 165 pathways were enriched and top 20 pathways
ranked by adjust P value were visualized in a bubble plot
(Figure 4(a)). In detail, some pathways related to CLI
were obtained, including hepatitis B, TNF signaling
pathway, apoptosis, hepatitis C, IL-17 signaling pathway,

and hypoxia-inducible factor (HIF-1) signaling pathway.
Enrichment map showed that top 20 pathways could be
constructed as a network (Figure 4(b)). We focused on
the multiple target effect of QDD on apoptosis pathway
and visualized these target data in a KEGG diagram. Red
nodes represented core targets of QDD against CLI
(Figure 4(c)). PPI network of core targets containing 53
nodes and 620 targets was constructed with STRING
website (Figure 5(a)). Also, based on topological analysis
through K-means algorithm, three PPI clusters were
identified (Figures 5(b)-5(d)). After KEGG pathway
enrichment, we found that cluster 1 was enriched in the
hepatitis B and TNF signaling pathway, cluster 2 was
enriched in the apoptosis and hepatitis B pathway, and
cluster 3 was enriched in the peroxisome pathway.
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FiGure 3: Identification of core targets of Qingdu decoction against chronic liver injury: (a) the Venn diagram of QDD targets and CLI

targets; (b) compound-CLI related target network.

3.5. Antiapoptosis Effect of QDD against CLI. The above
network pharmacology approach indicated a multiple target
effect of QDD on apoptosis pathway, caspase-3, caspase-9,
and their upstream signals including Bcl2 and Bax. Western
blot analysis showed that the relative expression level of the
caspase-9 protein in the model group was significantly in-
creased (P<0.01) compared with the normal group
(Figures 6(a) and 6(b)). The relative expression of caspase-9
protein was decreased after treatment with QDD and LA
(P<0.01). Compared with the LA group, the relative ex-
pression of caspase-9 protein in the QDDM group and the
QDDH group was significantly lower (P <0.01). Also, the
relative expression level of the caspase-3 protein in the
model group was significantly increased (P <0.01) com-
pared with the normal group (Figures 6(a) and 6(c)). The
relative expression of caspase-3 protein was decreased after
treatment with middle (P < 0.05) and high dose (P < 0.01) of
QDD. Bcl-2 and Bax are core members of the Bcl-2 family of
proteins and play a crucial role in mitochondrial apoptosis
[12]. Cyt c is a specific protein that activates caspase-9 [13].
As shown in Figures 6(c) and 6(d), the relative expression
levels of Bcl-2, Bax, and Cyt ¢ genes in the model group were
significantly increased by RT-qPCR (P <0.01). Compared
with the model group, the relative expression levels of the
Bcl-2 gene were increased in all treatment groups (P < 0.05
or P <0.01) except the QDDL group; the relative expression
levels of Bax and Cyt ¢ genes were significantly lower in each
treatment group (P <0.01).

4, Discussion

Our previously research showed that QDD treatment
inhibited CLI induced by TAA and decreased TLR4 signal
activation [5]. For QDD was a multiple target preparation, it
is necessary to reveal the potential mechanisms in a system
level. In the present study, we used a network pharmacology
approach to reveal the potential mechanisms of QDD
against CLI in a system level. Compound-target network
construction indicated that luteolin, naringenin, aloe-

emodin, nobiletin, and beta-sitosterol were the most im-
portant compounds in the network. Literature evidence
supported that all these compounds showed a very good
protective effect in various CLI experimental models
[14-18]. Evidence supported the ability of aloe-emodin to
inhibit diverse events involved in cell apoptosis [19]. Mol-
lugin was a potential nuclear factor kappa-B (NF«xB) in-
hibitor and decreased expression of inflammatory molecules
respond to TNF signal [20, 21]. Rhein was reported to
protect liver cells from methotrexate-induced injury through
modulating apoptosis-related proteins, such as caspase-3
and Bcl-2 family [22]. On the contrary, some studies re-
ported that all the above compounds could induce apoptosis
in many cancer models with different doses [23-25].
Therefore, future studies should explore the differences in
drug targets and involve discussion about the relationship
between dose and bidirectional effect.

Core targets of QDD against CLI enriched in four
categories of pathways, including disease pathways, apo-
ptosis-related pathway, inflammatory pathway, and fibrosis-
related pathway. According to KEGG enrichment analysis,
these core targets were also enriched in two diseases
pathways, including hepatitis B and hepatitis C. Evidence
shows that hepatitis B and hepatitis C are common causes of
CLI, and management of these etiologies leads to a pre-
vention of liver inflammation and fibrosis progression
[26, 27]. Both core targets of QDD against CLI and PPI
cluster two were enriched in the apoptosis pathway.
According to a reconstructed KEGG map, we found that
core targets of QDD against CLI involved in both of the
upstream and midstream of apoptosis pathway, such as
TNF-a, Bcl-2, Bax, and Caspase-9. Our previous study has
found that serum level of TNF-« was significantly decreased
by QDD in the same CLI model [5]. Therefore, we focused
on other targets in this pathway. Besides apoptosis pathway,
two inflammatory pathways were obtained, including IL-17
and TNF. TNF pathway activation was the most common
phenomenon in kinds of CLI animal models [28-30]. IL-17
is mainly produced from Th17 cells and upregulated in
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Figure 4: KEGG pathway enrichment analysis of core targets of Qingdu decoction against chronic liver injury: (a) bubble plot of top 20
enriched pathways; (b) enrichment map of top 20 enriched pathways; (c) modulating diagram of QDD on the apoptosis pathway. Red nodes
represented core targets of QDD against CLI and green nodes represented proteins in the pathway.

hepatitis B and C, alcoholic liver disease, and autoimmune HIF-1 was confirmed as a critical regulator of profibrotic
hepatitis [31]. Literature evidence showed that inhibiting IL- ~ mediator production during the development of CLI-in-
17 pathway leaded to a resistance to CLI-induced liver fi-  duced liver fibrosis [32]. The present study focused on the
brosis [27]. HIF-1 signaling pathway was also identified, and  effect of QDD on apoptosis, and we designed a biological
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FIGURE 5: Protein-protein interaction (PPI) analysis of core targets of Qingdu decoction against chronic liver injury: (a) PPI network of core
targets; (b) cluster 1 of the core PPI network; (c) cluster 2 of the core PPI network; (d) cluster 3 of the core PPI network.

molecular experiment to reveal the potential mechanisms of
QDD on the apoptosis pathway.

Similar to our previously reported study, we found pro-
tective effect of QDD against CLI. AST is mainly distributed in
the mitochondria of cells, and ALT is mainly distributed in the
cytoplasm of cells [33]. Therefore, the sensitivity of ALT in liver
injury is higher than that of AST, and the amplitude of increase
is also higher than AST [34]. On the contrary, when AST el-
evation exceeds ALT, it often indicates that hepatocyte injury is
more serious and is a sign of aggravation of chronic disease.
Plasma PTA levels mainly reflect the status of liver coagulation
function and are also sensitive indicators, reflecting the degree
of liver cell damage and prognosis [35].

After confirming the potential anti-CLI effect of QDD,
we try to focus on the effects and mechanisms of DQQ

against apoptosis. Apoptosis is one of the important causes
of liver cell damage, and it is known that endotoxin is the
second blow to CLI and induces chronic liver disease
progression via gut-liver axis [36, 37] and directly damage
liver cells and induce hepatocyte apoptosis [38, 39]. Pre-
clinical evidence showed that LA reduced liver injury and
decreased oxidative stress response, excessive inflammatory
response, and fibrotic progression via downregulating en-
dotoxin levels [40, 41]. Therefore, LA was used as positive
control in the present study. By observing the ultrastructure
of hepatocytes and mitochondria, it was found that the
mitochondria of hepatocytes in the model group were se-
verely swollen, accompanied by mitochondrial cristae
rupture or disappearance. In severe cases, vacuolization or
even rupture of the outer membrane was observed. After the
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FiGure 6: Effects of QDD on hepatocyte apoptosis. (a) Representative results of caspase-9 and caspase-3 protein; (b) the quantitative results
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expressed as mean + SEM, n =5 for each group. ** P < 0.01 vs normal group; “P < 0.05, *2P < 0.01 vs model group; AAP < 0.01 vs LA group.

intervention of QDD, the apoptosis rate of mitochondria in
liver cells was significantly reduced, and the degree of mi-
tochondrial swelling was alleviated. At the same time, it was
found that QDD can effectively reduce serum endotoxin
level, which was similar to LA treatment.

Inflammatory factor is another inducer of apoptosis
activation. Our previous studies confirmed that previously
mentioned cytokines via target prediction of QDD, such as
TNEF-a, IL-6, and IL-1p, were significantly induced by QDD
in the same CLI model [5, 42]. The present study, we tested
the serum level of IL-17 following QDD treatment, and the
result indicated the potential of IL-17 as a target of QDD.
Transcriptomic analysis found that luteolin had a synergistic
effect on the expression level of IL-17 pathway-related genes
[43], naringenin had a property of T cell-suppressive activity

[44], and nobiletin was also reported to reduce IL-17 level
upregulated in inflammatory model [45]. These compounds
could be the biological basis of QDD on IL-17 pathway.
Under above stimulating factors, the mitochondrial
membrane permeability increased, the membrane potential
decreased to gradually disappear, and then, the mitochon-
drial morphological structure changed, leading to the release
of various proapoptotic factors, which in turn leads to ap-
optosis. Our study found that, during the chronic liver
injury, Cyt c was released and activated caspase-9, while Bax
expression increased. After QDD intervention, Bax, Cyt c,
caspase-9, and caspase-3 were downregulated. The experi-
mental results also showed that the expression of anti-
apoptosis factor Bcl-2 mRNA was not inhibited, but
increased. The role of Bcl-2 family proteins in mitochondrial
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apoptosis is well known [46]. As a core member of Bcl-2
family proteins, the antiapoptotic effect of Bcl-2 is mainly
through the stabilization of mitochondrial membrane and
regulation of intracellular Ca®" concentration [47]. Bax,
another core member of Bcl-2 family, can promote the
release of various proapoptotic factors in mitochondria and
can also form specific pores leading to the specific release of
Cyt c [48]. Cyt c is a water-soluble protein located in the
membrane gap of mitochondria, which is electrostatically
stable in physiological conditions and bound to the inner
membrane of mitochondria [49]. When stimulated by an
apoptosis stimulating factor, Cyt c is released through the
mitochondrial outer membrane, which promotes the
binding of caspase-9 precursor to the amino terminus of
apoptotic protease activating factor-1 (Apaf-1) to form an
apoptotic body, further activating caspase-9 [50]. Activated
caspase-9 activates the apoptotic executor caspase-3, which
ultimately leads to apoptosis [51]. Back to the compound-
target network, aloe-emodin, naringenin, and sitosterol were
found to influence these tested targets directly, future studies
should recognize the role of these compound in QDD, and
pharmacokinetic parameters should be calculated in both
healthy and disease individuals.

5. Conclusions

In conclusion, our study demonstrated that QDD can ef-
fectively reduce CLI, which is related to regulate hepatocyte
apoptosis. The present study provides a new basis for the
application of QDD for the treatment of CLI, which is
worthy of further study.
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Our study aims to determine the prevalence of metabolic syndrome (MetS) among the Northern Taiwanese indigenous pop-
ulation and to explore the relationship between MetS and liver enzyme, especially serum alanine transaminase (ALT). This is an
observational and cross-sectional study that was conducted in remote villages of an indigenous community in Northern Taiwan
between 2010 and 2015. MetS was defined based on the revised NCEP/ATPIII criteria from Taiwan Health Promotion Ad-
ministration. A total of 454 participants were included in the analysis. There were 277 people with MetS and 177 people without.
The prevalence of MetS was 61.01%. The average age was 49.50 years. People with MetS had a significantly higher liver enzyme
(ALT) level than those without MetS. In addition, the study showed that participants with higher ALT had a tendency towards a
higher prevalence of MetS (76.7% vs. 57.3%, p =0.001). The adjusted odds ratio (OR) of ALT levels >36 U/L for MetS was 2.79
(95% CI=1.24-6.27, p=0.01). The area under the ROC curve (AUC) of the ALT level was 0.63 (95% CI=0.58-0.68, p <0.001),
which showed that the ALT level was positively associated with MetS. The overall prevalence of MetS was 61.01% in the highland
indigenous population in Northern Taiwan; this study indicated that higher serum ALT levels were associated with an increased
risk of MetS.

1. Introduction

Metabolic syndrome (MetS), a serious global health concern,
is a constellation of different metabolic abnormalities in an
individual, including central obesity, hyperglycemia, hy-
pertension, elevated triglyceride levels, and low high-density
lipoprotein cholesterol levels [1]. These abnormalities result
in an increased risk of cardiovascular events, type II diabetes,
and chronic kidney disease [2, 3]. Therefore, the identifi-
cation of risk factors associated with MetS is vital.
According to the Taiwan national survey, the Nutrition
and Health Survey in Taiwan (NAHSIT), the prevalence of
MetS increased from 13.6% (1993-1996) to 30%
(2013-2016). Taking the regional and ethnic diversity in

Taiwan into consideration, the NAHSIT 2005-2008 inves-
tigated the regional differences and showed that the in-
digenous area had the highest prevalence (52.1%) compared
to the prevalence in the densely populated areas, the Off-
shore island and the Hakka area. Additionally, up to 71.6% of
indigenous peoples were overweight or obese [4, 5]. Fur-
thermore, two cross-sectional studies demonstrated a high
prevalence of MetS among indigenous populations in Tai-
wan between 2010 and 2011 [6, 7]. Nevertheless, there are
still limited studies on MetS among indigenous peoples in
Taiwan. A hospital-based study showed the prevalence of
metabolic syndrome in aboriginals in Southeastern Taiwan
was 58.7%, with a higher prevalence (68.5%) in women than
in men (50.3%) (p < 0.001) [6]. Thus, we decided to design a
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real world and community-based study to figure out whether
the indigenous population in northern part of Taiwan has
the same high prevalence or not. We intend to assess MetS
status in an indigenous tribe, the Atayal tribe, which is
widely distributed in the northern part of the Central
Mountain Range of Taiwan.

Alanine transaminase (ALT) is an enzyme that mainly
exists in hepatocytes, and when the liver is injured due to
conditions such as viral hepatitis, ALT will be released,
resulting in elevated serum ALT levels [8]. A large community
study in Taiwan from 2003 to 2004 illustrated that the
prevalence of elevated ALT in an adult population was 11.4%,
and nonalcoholic fatty liver disease (NAFLD) seemed to be
the most common cause of elevated ALT [9]. Moreover, there
were 16.5% adults with abnormal ALT levels in an Atayal
indigenous community [10]. Previous cross-sectional studies
have reported a positive association between serum ALT level
and MetS [11, 12]. A systemic review and meta-analysis and a
large cohort study both showed that the increase in serum
ALT levels increased the risk of MetS [13, 14]. In addition, the
Taiwan indigenous groups have high prevalence of alcohol-
ism, hepatitis B, and hepatitis C, and the prevalence of ab-
normal ALT level was also high in the Atayal tribe [10].
Therefore, our study aimed to determine the association and
the prevalence of MetS with higher serum ALT levels among
the Northern Taiwanese indigenous population.

2. Materials and Methods

2.1. Study Design and Study Population. This is an obser-
vational and cross-sectional study. Before this study, the
minimum sample size for this study was calculated at the
initial stage of the study. After previewing a relatively smaller
population, considering 80% power, 95% confidence level,
and 0.59 as the metabolic syndrome prevalence rate among
indigenous population, we calculated that 276 participants
were required to detect at least 2 odds ratios. We collected
data from three remote villages in an indigenous community
in Northern Taiwan from 2010 through 2015. Subjects were
residents who had lived in the community for more than 6
months, aged over 18, and were able to walk to the health
station. Every subject completed a questionnaire containing
questions regarding basic personal data and medical con-
ditions, including race, age, sex, occupation, and history of
hypertension, diabetes, and hyperlipidemia. The question-
naires were completed after detailed explanations were
provided by the trained interviewers in in-person interviews.
Additionally, urine and blood samples were collected. An-
thropometric measurements were performed by trained
research assistants or nurses under the supervision of a
medical doctor. After the exclusion of subjects who were
pregnant or who had incomplete, missing, or repeated data,
454 participants were eligible for the analysis. The flow chart
diagram (Figure 1) shows a gradual selection of individuals
who comprised the subjects for final analysis. The study was
approved by the Chang Gung Medical Foundation Insti-
tutional Review Board (99-0231B, 101-4156A3, 104-
7978A3), and written informed consent was provided by all
the subjects before enrollment.
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2.2. Definition of Metabolic Syndrome and Abnormal ALT
Level. MetS was defined by the revised NCEP/ATPIII
criteria from Taiwan Health Promotion Administration
[15]. In detail, a diagnosis of MetS requires the presence of
three or more of the following factors: (1) waist circum-
ference (WC) >90cm in men or =80 cm in women, (2)
systolic blood pressure (SBP) >130 mmHg or diastolic
blood pressure (DBP) =85 mmHg or current use of anti-
hypertensive drugs, (3) serum HDL-C <40 mg/dl in men or
<50 mg/dl in women, (4) serum triglycerides >150 mg/dl or
triglycerides-lowering drugs, and (5) fasting plasma glu-
cose >100 mg/dl or current use of antihyperglycemic drugs.
An abnormal ALT level was defined as a level >36 U/L
according to the laboratory method used in Chang Gung
Memorial Hospital.

2.3. Definition of Hypertension, Diabetes Mellitus, Hyperlip-
idemia, Smoking, and Alcohol Drinking. Hypertension was
defined by a SBP >140 mmHg or DBP >90 mmHg or use of
antihypertensive drugs. Diabetes mellitus was defined as a
fasting plasma glucose >126 mg/dL, or glycated hemoglobin
(HbAlc) >6.5, or the use of oral hypoglycemic agents or
insulin therapy. Hyperlipidemia was defined as LDL-C
>130mg/dL, or triglycerides (TGs) =150 mg/dL, or total
cholesterol (TC) >200mg/dL, or use of lipid-lowering
medications. Smoking was defined as at least 3 days a week
in the recent month. Alcohol drinking habit was defined as
more than 3 times a week.

2.4. Anthropometric and Laboratory Measurements. Each
subject’s blood pressure (BP) was measured on the upper
arm while they were in a seated position after at least 5
minutes of rest with a standardized electronic sphygmo-
manometer. WC was measured at the level midway between
the iliac crests and the lowest rib margin with the subjects in
a standing position. Height was determined by a height-
measuring machine while subjects were barefoot and
standing in an erect position with their arms by their side
and their feet together. Weight measurements were per-
formed with subjects standing at the center of the weighing
scale in light clothing without shoes or socks. Body mass
index (BMI) was defined as the weight in kilograms divided
by the square of the height in meters (kg/m?®). Then, we
classified the BMI values into 3 main categories according to
the definition published by Taiwan Health Promotion Ad-
ministration: (1) underweight (BMI<18.5), (2) normal
weight (18.5<BMI<24), and (3) overweight or obesity
(BMI=>24) [16].

Blood samples were obtained from the antecubital vein
after a 12h overnight fast. All blood analyses were carried
out at the clinical laboratory department of the Linkou
Chang Gung Memorial Hospital, which is certified by the
College of American Pathologists. Biochemical markers
were analyzed on a Hitachi 7600-210 autoanalyzer (Hitachi,
Tokyo, Japan); the biochemical markers included serum TC,
HDL-C, TGs, fasting plasma glucose (FPG), ALT, high-
sensitivity C-reactive protein (HS-CRP), HbAlc, and uric
acid. In detail, the ALT levels were measured by a enzymatic
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Whole community screening in three
villages, which are located in a
remote part of Fuxing District,

Taoyuan City, and Northern Taiwan.
N =3043

1193 excluded due to
(i) Aged less than 18

(iii) Empty house
(iv) Unable to contact

Target group
(i) Aged 18 and above
(ii) Residents had lived in the community
for more than 6 months
(iii) Residents were able to walk to the
health station
(iv) Available and ambulatory subjects N = 1850

1
1
1
1
:
______ ,i (ii) Disability
1
1
1
1
1
1

790 excluded due to
—————— » (i) Nonresponders
(ii) Decline to participate

Interviewed ambulatory subjects
N = 1060

_______________________

606 excluded due to
—————— » (i) Incomplete information
and examination

(ii) Missing or repeated data

Subjects for final analysis
N =454

1
|
1
| (iii) Pregnancy
:
1
1
1

FiGure 1: Flow chart of the study subjects.

method with a matched instrument application (Hitachi,
Tokyo, Japan) in the Linkou Chang Gung Memorial
Hospital.

2.5. Statistical Analysis. Data are presented as the mean and
standard deviation for continuous variables or numbers and
percentages for categorical variables. For variables with
nonnormal distributions, the data are log-transformed for
analysis and shown as median (interquartile range). In
univariate analysis, independent sample f-tests and chi-
square tests were used to compare MetS and non-MetS
subjects. The chi-square test was also performed to deter-
mine the differences in two categorical variables and the
prevalence of MetS in different serum ALT level groups.
Correlations between different cardiometabolic risk factors
and serum ALT levels were assessed with Pearson’s corre-
lation coeflicient. The odds ratios (ORs) and their 95%
confidence intervals (CIs) were determined for the associ-
ation between cardiometabolic risk factors and MetS with

adjustment for potential confounders, such as age, sex, al-
cohol drinking, and uric acid level. The receiver operating
characteristic (ROC) curve was produced to acquire the
values of the area under the curve (AUC) with 95% CIs and
sensitivity and specificity values for the serum ALT level as a
predictor of MetS. The analyses mentioned above were
performed with SPSS Statistics version 22 (IBM, SPSS
Armonk, NY, IBM Corp.). A p value of <5% was considered
to indicate a statistically significant result.

3. Results

The baseline characteristics of the study population
according to MetS diagnosis are presented in Table 1. A
total of 454 participants were enrolled in the analysis,
including 215 (47.36%) men and 239 (52.64%) women.
There were 277 people with MetS and 177 people without.
The prevalence of MetS was 61.01%. The average age was
49.50 years. People with MetS had a significantly higher
ALT level (24.00 (17-36)U/L wvs. 19.00 (15-26)U/L,



p<0.001) than those without MetS (Table 1). Also, the
prevalence of antihypertensive, antilipidemic, and antidi-
abetic medication was 50% (86/172=50%), 23.48% (85/
362=23.48%), and 44.58% (37/83 =44.58%), respectively.

Furthermore, people with MetS had significantly higher
levels of SBP, DBP, WC, BMI, FPG, serum HbAlc, TC, HS-
CRP, TGs, and uric acid than those without MetS (Table 1).
People with MetS were also older, more likely to be male, and
had a higher prevalence of hypertension, diabetes, and
hyperlipidemia but lower serum HDL-C levels. However,
there were no statistically significant differences in the
percentages of alcohol drinkers, smokers, and serum total
bilirubin levels between the two groups.

The comparisons of the prevalence of MetS in different
ALT levels >36 U/L and <36 U/L groups and the total study
group are shown in Figure 2(a). The chi-square comparison
showed that participants with ALT levels >36 U/L had a
tendency towards a higher prevalence of MetS (76.7% vs.
57.3%, p=0.001) compared with the prevalence of those
with ALT levels <36 U/L. The bar chart illustrates that the
ALT levels >36 U/L group had the highest MetS prevalence
among the groups (Figure 2(b)). The chi-square compar-
ison also showed that female participants with ALT levels
>36 U/L had a tendency towards a higher prevalence of
MetS (88.9% vs. 61.1%, p=0.001) compared with the
prevalence of those with ALT levels <36 U/L (Figure 2(b)).

The correlations between the serum ALT level and
cardiometabolic risk factors are displayed in Table 2. The
age-adjusted Pearson’s coefficients of BMI, SBP, DBP, WC,
FPG, and HS-CRP were 0.21 (p <0.001), 0.14 (p=0.01), 0.18
(p<0.001), 026 (p<0.001), 0.1 (p=0.03), and 0.14
(p=0.01), respectively, which indicated positive linear re-
lationships with serum ALT levels (Table 2). The age-ad-
justed Pearson’s coeflicient of HDL-C was —0.12 (p =0.02),
which indicated a weak negative linear relationship with
serum ALT levels. The serum Hb-1Ac, TC, TG, and uric acid
levels had no statistically significant correlations with the
serum ALT level.

The ORs of cardiometabolic risk factors for MetS are
shown in Table 3. In the univariate logistic regression model,
the crude ORs of ALT levels >36 U/L, each additional year of
age, sex (men versus women), alcohol drinking (yes versus
no), BMI 2 24 kg/m?, serum HS-CRP, and uric acid levels for
MetS were 2.46 (95% CI=1.43-4.22, p=0.001), 1.04 (95%
CI=1.03-1.05, p<0.001), 1.46 (95% CI=1.00-2.13,
p=0.05), 1.36 (95% CI=0.77-2.39, p=0.29), 7.31 (95%
CI=4.72-11.32, p<0.001), 1.04 (95% CI=0.99-1.09,
p=0.14), and 1.25 (95% CI=1.12-1.40, p <0.001), respec-
tively. In the univariate logistic regression model, the ad-
justed ORs of ALT levels >36 U/L, each additional year of
age, sex (men versus women), alcohol drinking (yes versus
no), BMI = 24 kg/ m?, serum HS-CRP, and uric acid levels for
MetS were 2.79 (95% CI=1.24-6.27, p=0.01), 1.06 (95%
CI=1.04-1.08, p<0.001), 2.88 (95% CI=1.57-5.29,
p=0.001), 2.19 (95% CI=1.09-4.41, p=0.03), 9.40 (95%
CI=4.90-18.01, p<0.001), 1.00 (95% CI=0.94-1.05,
p=0.86), and 1.22 (95% CI=1.02-1.45, p=0.03), respec-
tively (Table 3). The adjusted ORs of BMI < 18.5 kg/m? for MetS
were not statistically significant.
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Finally, the AUC of the serum ALT level was 0.63 (95%
CI=0.58-0.68, p<0.001), which showed that the serum
ALT level was positively associated with MetS, and the cut-
off point was 20.50 U/L (Table 4, Figure 3).

4. Discussion

The main finding of the present study is the high prevalence
of MetS in a Taiwan indigenous population, and there was an
association between serum ALT levels and MetS. Higher
serum ALT levels, especially over 36 U/L, were associated
with an increased risk of MetS.

The results were consistent with the findings of several
previous studies. A hospital-based study showed that more
than half of the indigenous adults in southeastern Taiwan
had MetS [6], and two community-based studies revealed
that the prevalence of MetS in indigenous populations in
Northern Taiwan was over 48% [7, 17]. In contrast, without
regard to regional difference, the data from the Taiwan
Health Promotion Administration revealed that the overall
prevalence of MetS in Taiwanese adults above the age of 20
was 19.7% in 2007 [15]. According to a cross-sectional
survey, the MetS prevalence in a Taiwan metropolitan area
was 33.32% among adults aged over 40 years in 2007 [18].
Therefore, it seems that the prevalence of MetS is higher in
the Atayal tribe than in the metropolitan or overall pop-
ulation in Taiwan. This inference was in line with the results
of the 2005-2008 NAHSIT, which revealed that the highest
prevalence of MetS was found in the indigenous area
(mountains) compared to the prevalence in other places in
Taiwan [4]. Additionally, this idea was supported by a cross-
sectional study illustrating that indigenous groups in Taiwan
had a markedly higher prevalence of MetS than the
Taiwanese and Hakka groups [19].

The reasons for the above phenomenon could be mul-
tifactorial. First, there were some health disparities between
indigenous individuals and the general population in Taiwan
[20]. For example, the lifetime prevalence of alcoholism
according to ICD or DSM in four Taiwanese indigenous
groups was 40-60% [21], and a large prospective cohort study
revealed that heavy alcohol consumption is associated with an
increased risk of the MetS$ [22]. In addition, a study suggested
that 6% of inhabitants in Kaohsiung, the second-largest city of
Taiwan, were current betel chewers, whereas 42% of the in-
digenous individuals aged over 15 years in southern Taiwan
were current chewers [23]. Although areca nut chewing is
deeply rooted in indigenous culture and symbolizes social
belonging in Taiwan [24], chronic areca nut chewing is one of
the independent risk factors for MetS and contributes to
metabolic derangements via the involvement of tumor ne-
crosis factor-a, leptin, and leukocyte count [25].

Second, there is a socioeconomic gap between the in-
digenous people and the general public in Taiwan.
According to the economic status survey from the Council of
Indigenous Peoples in Taiwan, the indigenous household
income was approximately 61% of the average household
income of Taiwan in 2014, and only 6.58% of primary in-
come earners had a university education or above [26].
However, a study suggested that good socioeconomic status
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TaBLE 1: Study population characteristics according to the presence of MetS.
Metabolic syndrome
. Total
Variables No Yes p value
(n=454) (n=177) (n=277)

Age (year) 49.50 + 16.01 43.83+16.97 53.12+14.26 <0.001
SBP (mmHg) 133.03 £21.26 123.45+18.21 139.15+20.84 <0.001
DBP (mmHg) 83.80+13.85 78.82+12.53 86.97 +13.74 <0.001
WC (cm) 88.62+11.00 81.23+9.08 93.37+£9.40 <0.001
ALT (U/L)? 22.00 (16-32) 19.00 (15-26) 24.00 (17-36) <0.001
FPG (mg/dL) 93.00 (86-104.25) 87.00 (83-92) 99.00 (90-117) <0.001
HbAlc (%)* 5.90 (5.6-6.2) 5.70 (5.5-5.9) 6.00 (5.7-6.5) <0.001
HDL-C (mg/dL) 50.47 £13.05 56.40+£11.79 46.68 +12.41 <0.001
HS-CRP (mg/L)* 1.48 (0.72-2.94) 0.88 (0.4-2.2) 1.90 (0.96-3.52) <0.001
TC (mg/dL) 194.28 +£39.79 184.14 + 33.21 200.75 +42.27 <0.001
Total bilirubin (mg/dL)® 0.50 (0.40-0.70) 0.50 (0.4-0.7) 0.50 (0.4-0.7) 0.24
TG (mg/dL)a 114.00 (80-183) 85.00 (62.0-115.5) 143.00 (103.5-215.0) <0.001
Uric acid (mg/dL) 6.36+1.88 591+1.78 6.65+1.88 <0.001
Men, n (%) 215 (47.36%) 94 (53.11%) 121 (43.68%) 0.0498
ALT 0.001

<36 U/L 368 (81.06%) 157 (88.70%) 211 (76.17%)

>36 U/L 86 (18.94%) 20 (11.30%) 66 (23.83%)
BMI <0.001

<18.5 10 (2.21%) 8 (4.55%) 2 (0.72%)

18.5-24 152 (33.55%) 103 (58.52%) 49 (17.69%)

>24 291 (64.24%) 65 (36.93%) 226 (81.59%)
HTN, 1 (%) 172 (38.05%) 35 (19.89%) 137 (49.64%) <0.001
DM, n (%) 94 (20.70%) 5 (2.82%) 89 (32.13%) <0.001
Hyperlipidemia, n (%) 362 (79.74%) 96 (54.24%) 266 (96.03%) <0.001
Smoking, n (%) 43 (13.78%) 14 (12.28%) 29 (14.65%) 0.56
Alcohol drinking, n (%) 71 (22.61%) 22 (19.30%) 49 (24.50%) 0.29

Notes: clinical characteristics are presented as mean + SD for continuous variables and # (%) for categorical variables. Variables with nonnormal distributions
are log-transformed for analysis and shown as median (interquartile range). p values were derived from the independent ¢-test for continuous variables and
chi-square test for categorical variables. * is considered as log-transformed variables. SBP, systolic blood pressure; DBP, diastolic blood pressure; WC, waist
circumference; ALT, alanine aminotransferase; FPG, fasting plasma glucose; HbAlc, glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; HS-
CRP, high-sensitivity C-reactive protein; TC, total cholesterol; TG, triglyceride; BMI, body mass index; HTN, hypertension; DM, diabetes mellitus.
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F1GURE 2: The comparisons of the prevalence of MetS in different ALT level groups and the total study group (a) and the prevalence of MetS

of men and women in different ALT level groups (b).
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TABLE 2: The correlations between ALT and cardiometabolic risk factors.
ALT U/L (n=454)

Variables Unadjusted Adjusted for age

Pearson’s coefficient p value Pearson’s coefficient p value
Age (year) -0.07 0.147 NA NA
BMI (kg/m>) 0.24 <0.001 0.21 <0.001
SBP (mmHg) 0.11 0.02 0.14 0.01
DBP (mmHg) 0.16 <0.001 0.18 <0.001
WC (cm) 0.26 <0.001 0.26 <0.001
FPG (mg/dL) 0.09 0.04 0.11 0.03
HbAlc (%) 0.08 0.08 0.09 0.10
HDL-C (mg/dL) -0.12 0.01 -0.12 0.02
HS-CRP (mg/L) 0.15 0.001 0.14 0.01
TC (mg/dL) 0.02 0.60 0.01 0.82
Total bilirubin (mg/dL) 0.19 <0.001 0.23 <0.001
TG (mg/dL) 0.11 0.02 0.09 0.09
Uric acid (mg/dL) 0.10 0.03 0.10 0.05

ALT, alanine aminotransferase; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; WC, waist circumference; FPG, fasting
plasma glucose; HbAlc, glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; HS-CRP, high-sensitivity C-reactive protein; TC, total cho-
lesterol; TG, triglyceride.

TaBLE 3: Univariate and multivariate logistic regression on the cardiometabolic risk factors related to MetS among the study population.

Variables Crude odds ratio (95% CI) p value Adjusted odds ratio (95% CI) p value
ALT (>36 U/L versus <36 U/L) 2.46 (1.43-4.22) 0.001 2.79 (1.24-6.27) 0.01
Age (year) 1.04 (1.03-1.05)  <0.001 1.06 (1.04-1.08)  <0.001
Sex (men versus women) 1.46 (1.00-2.13) 0.05 2.88 (1.57-5.29) 0.001
Alcohol drinking (yes versus no) 1.36 (0.77-2.39) 0.29 2.19 (1.09-4.41) 0.03
BMI (kg/m?)

<18.5 0.53 (0.11-2.57) 0.43 1.53 (0.19-12.32) 0.69

18.5-24 1.00 — — 1.00 — —

=24 7.31 (4.72-11.32) <0.001 9.40 (4.90-18.01) <0.001
HS-CRP (mg/L) 1.04 (0.99-1.09) 0.14 1.00 (0.94-1.05) 0.86
Uric acid (mg/dL) 1.25 (1.12-1.40) <0.001 1.22 (1.02-1.45) 0.03

ALT, alanine aminotransferase; BMI, body mass index; HS-CRP, high-sensitivity C-reactive protein.

TaBLE 4: The areas under ROC curve (AUC) and sensitivity, specificity by the optimized cut-off points for ALT in predicting metabolic

syndrome.
Variables AUC (95% CI) p value Cut-off point Sensitivity Specificity
ALT (U/L) 0.63 (0.58-0.68) <0.001 20.500 0.643 0.559

ALT, alanine aminotransferase; ROC curve, receiver operating characteristic curve; CI, confidence interval.

could protect against MetS [27], and a study with a large
sample size also implied that a higher education level was
related to a lower risk of MetS [28]. In other words, low
socioeconomic status could negatively impact the health of
indigenous people. Third, the indigenous population in our
study was located in the mountains without adequate
healthcare resources, and the lack of medical accessibility
caused them to delay seeking care to improve their health
outcomes. In summary, differences in health behaviors, low
socioeconomic status, and limited access to healthcare in
remote areas all impacted the health inequality between the
Atayal tribe and individuals from metropolitan areas.

In the present study, the second major finding was that
baseline serum ALT level and MetS were positively

associated with the cut-off point of 20.50 U/L based on the
AUQC, and the adjusted OR of ALT levels >36 U/L for MetS
was 2.79 after correction for age, sex, alcohol drinking, BMI,
serum HS-CRP, and uric acid levels. These results corrob-
orate the findings from a large-population, community-
based study conducted in China, which verified a positive
correlation between normal serum ALT levels and the
morbidity rate of MetS after age and BMI correction. The
optimal ALT boundary value based on the ROC curve was
24.5 for men and 14.5U/L for women [29]. In short, an
elevated ALT level, even at a level still within the reference
interval, may reflect early metabolic changes.

On the other hand, our study also implied that an ALT
level >36 U/L was associated with a tendency towards a
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Figure 3: ROC curve and AUC for ALT as a predictor of MetS.

higher prevalence of MetS compared to the prevalence as-
sociated with ALT levels <36 U/L. The finding was similar to
the results of prior studies. A systematic review and meta-
analysis revealed that the baseline circulating ALT level is
associated with the risk of MetS and exhibits a linear dose-
response relationship [14], which was identical to the results
of a cross-sectional study including over 15000 adults and a
longitudinal study with 7 years of follow-up from China
[12, 13]. Taken together, these research studies have indi-
cated that people with higher ALT levels have a higher risk of
MetS.

In addition, a Korean study also confirmed that serum
ALT levels were positively associated with MetS and its
components (FPG, TGs, BP, and WC) [11], and we also
found weak positive linear relationships between serum ALT
levels and cardiometabolic risk factors (BMI, SBP, DBP, WC,
FPG, and HS-CRP) in our study. Although the present study
only included adults aged over 18, a nationwide study
conducted in Iran indicated that MetS and some car-
diometabolic risk factors were significantly associated with
ALT levels in children and adolescents aged 7-18 years [30].

Although the mechanisms underlying the association
between serum ALT levels and MetS are not entirely un-
derstood, a study from the Netherlands shed light on a
possible mechanism. Insulin resistance acts as a major
mediator of the association between the MetS and ALT level,
while inflammatory adipokines, endothelial dysfunction,
and nonesterified fatty acids also play minor roles but to a
lesser extent [31]. ALT is a catalyzer that is involved in the
transfer of the amino group of alanine to a-ketoglutarate
[32], and a study from Argentina proposed that abnormal
ALT levels are related to a dysregulation of normal amino
acid metabolism in the liver, and aberrant liver metabolism
could lead to MetS and insulin resistance [33]. Further
studies are required to better clarify the pathophysiology.

5. Conclusions

In the present study, the overall prevalence of MetS was high
in an indigenous population in Northern Taiwan, and higher
serum ALT levels, especially those over 36 U/L, were asso-
ciated with an increased risk of MetS. Further studies need to
be performed with regard to this serious health problem in
indigenous communities of Taiwan.
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Additional Points

Strengths and Limitations. A key strength of this study is that
to the best of our knowledge, there were few community-
based studies demonstrating the association between serum
ALT levels and MetS, especially targeting the Northern
Taiwan indigenous population. Furthermore, it demon-
strated high prevalence of MetS and the positive association
between baseline serum ALT levels and MetS in the Taiwan
Atayal tribe. Accordingly, the result of the study enhanced
the knowledge of the Northern Taiwan indigenous pop-
ulation in public health scopes and may improve the in-
digenous health-care in clinical practice. There were also
four limitations in this study: first, the cross-sectional design
inherently limited the ability to effectively determine the
causal relationship between MetS and serum ALT levels.
Second, the serum ALT is a sensitive marker for liver
dysfunction and affected by heavy alcohol consumption [34]
and some medications [35], but some of the study pop-
ulation had several risk factors, including hypertension and
dyslipidemia. Hence, we could not eliminate the possible
effect of underlying diseases and medications used for these
diseases on the present findings. There was also no clear



personal history for viral hepatitis and NAFLD. Third, there
were more female subjects than male subjects. The partic-
ipants in the study were from three remote villages of
Taoyuan City and had lived in these villages for over 6
months. The shift from rural low-wage labor to metropolitan
higher-paying jobs reduced the available number of indig-
enous men in the mountain region. Fourth, there are se-
lection bias and limited external validity in the study because
the data were originated from 3 villages. Our study pop-
ulation just represented highland indigenous population in
the northern part of Taiwan. Therefore, more comprehensive
and meticulous consideration should be used in future
studies. Further prospective population-based studies are
needed to investigate the mechanisms in order to improve
the above problems.
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Ruellia tuberosa L. (RTL) has been used as a folk medicine to cure diabetes in Asia. RTL was previously reported to alleviate
hyperglycemia, insulin resistance (IR), abnormal hepatic detoxification, and liver steatosis. However, the potential bioactive
compounds of RTL have still not been identified. The aim of this study was to investigate the bioactive compounds in RTL ethyl
acetate (EA) fractions by using a glucose uptake assay in TNF-a-treated mouse FL83B hepatocytes to discover a mechanism by
which to improve IR. The bioactive compounds were identified by the high-performance liquid chromatography (HPLC) assay.
Using the Sephadex LH20 gel packing chromatography column, the EAF5 fraction was isolated from RTL and significantly
increased glucose uptake in TNF-a-treated FL83B cells. Moreover, the MCI gel packing chromatography column separated EAF5
into five subfractions and had no significant cytotoxic effect in FL83B cells when treated at the concentration of 25 yg/ml. Among
the subfractions, EAF5-5 markedly enhanced glucose uptake in TNF-a-treated FL83B cells. The possible bioactive compounds of
the EAF5-5 fraction that were identified by the HPLC assay include syringic acid, p-coumaric acid, and cirsimaritin. The bioactive
compound with the best effect of increasing glucose uptake was p-coumaric acid, but its effect alone was not as good as the
combined effect of all three compounds of the EAF5-5 fraction. Thus, we speculate that the antidiabetic effect of RTL may be the
result of multiple active ingredients.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is characterized by insulin
resistance (IR), which is caused by insufficient production of
insulin or by the ineffectiveness of insulin activity to
maintain constant blood sugar. In response to hyperglyce-
mia, the presence of high levels of blood sugar, the body
compensatively secretes more blood insulin in increasing
concentrations, causing hyperinsulinemia. Once the body
presents hyperglycemia and hyperinsulinemia, it can be
prone to many complications [1]. Diabetic control and
therapy can consist of three parts, including dietary therapy,
exercise, and medications. Unfortunately, most T2DM pa-
tients will depend on drug treatments, which have adverse
side effects. Diabetic drugs have been reported to cause
nausea, abdominal pain, or weight gain [2, 3]. Recently,
researchers have turned to natural plant ingredients con-
taining phenolic acids or flavonoids. Moreover, various
ingredients have been proven to alleviate hyperglycemia or
antidiabetic effects [4-6].

Ruellia tuberosa L. (RTL) is a herb plant that has been
used as folk medicine to cure diabetes in Asian countries for
decades. Our previous studies have demonstrated that RTL
aqueous or ethanolic extracts can significantly improve
glucose uptake in C2C12 myoblasts, alleviate the tumor
necrosis factor (TNF)-a-induced IR in skeletal muscles, and
ameliorate hyperglycemia, IR indices, and aorta dysfunction
in high-fat-diet-fed streptozotocin-induced T2DM rats
[7, 8]. Additionally, RTL ameliorated abnormal hepatic
detoxification, nonalcoholic fatty liver disease, and lipid
accumulation in the liver of T2DM rats [9, 10].

Previous studies have identified more than sixty com-
pounds in RTL. The compounds obtained by separation and
purification are mainly flavonoids, triterpenes, and steroids
also containing long-chain fatty acids, alkaloids, and lignans
[11-13]. However, there remains a void in the literature
regarding the role of these potent RTL compounds allevi-
ating hepatic glucose uptake. Therefore, we aimed to screen
the best glucose uptake activity of TNF-a-induced IR in
FL83B hepatocytes with ethyl acetate (EA) fractions of RTL
by using thin-layer chromatography (TLC) and high-per-
formance liquid chromatography (HPLC) to identify and
characterize the specific potent compounds.

2. Materials and Methods

2.1. Preparation of RTL Extracts. The extraction protocol was
based on our previous methods, with slight modifications
[7,9]. One gram of RTL stems and leaves were extracted with
6 ml distilled water and methanol (1:6, w/v) at 4°C for 72h
and filtered using a cheese cloth. The filtrate was filtered
twice through a Whatman No. 1 filter paper and centrifuged
at 7,000 x g for 20 min. The supernatant was vacuum con-
centrated using a rotary evaporator below 40°C. The con-
centrated methanol extract was dissolved in 400 ml water
and subsequently extracted with an equal volume of hexane
and EA solvent, and the EA layers were divided through
column chromatography using a Sephadex LH-20 column
with 200 ml of 50-100% methanol sequentially. The different
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fractions were then collected from the EA layer (EAF1 to
EAF8). The best of glucose uptake hepatocytes of fractions
was evaluated and screened, and the EAF5 fractions were
divided through column chromatography using an MCI gel
column with 200 ml of 20-100% methanol sequentially. The
different fractions were then collected from the EAF5 layer
(EAF5-1 to EAF5-5), as shown in Figure 1.

2.2. TLC. The supernatants were placed onto a silica gel
precoated plate (Kieselgel 60 F254, 0.20mm, Merck,
Darmstadt, Germany). The TLC plates were added with a
solvent mixture of dichloromethane:methanol:water:
acetic acid (10:1:0.1:0.2, v/v), followed by immersion into
10% sulfuric acid, and then the mixture was heated. Using
the color distribution state of TLC, similar effluents were
gathered, and the solvent was drained through a rotary
evaporator. Different concentrates were freeze-dried into a
powder and kept at —80°C until use.

2.3. Cell Culture. The experiments were performed on
FL83B mouse hepatocytes (ATCC, Rockville, MD, USA)
incubated in F12K medium containing 10% fetal bovine
serum (Invitrogen Corporation, Camarillo, CA, USA) in
10 cm Petri dishes at 37°C and 5% CO,. The experiments
were conducted on cells that were 80-90% confluent.

2.4. TNF-a Induction of IR in FL83B Cells. IR was induced
according to a method described previously [7, 14].
FL83B cells were seeded in 10 cm dishes and incubated at
37°C for 48 h to reach 80% confluences. Serum-free medium
containing recombinant mouse TNF-« and different RTL
fractions (25 pg/ml) was incubated for 16 h at 37°C to induce
IR.

2.5. Uptake of Fluorescent 2-[N-(7-Nitrobenz-2-oxa-1,3-diazol-
4-yl) amino]-2-deoxy-d-glucose (2-NBDG) in FL83B cells.
The FL83B cells were seeded in 10 cm dishes and then in-
cubated at 37°C for 48 h to achieve 80% confluences. Serum-
free medium containing 20 ng/ml recombinant mouse TNF-
o was added before incubating for 16h to induce IR. The
cells were then transferred to another F12K medium con-
taining 5 mm glucose, without (basal) or with 200 ym insulin
and 10 pl different RTL fractions and incubated for 30 min at
37°C. An assay of glucose uptake was then performed as
described previously [7]. The fluorescence intensity of the
cell suspension was evaluated using flow cytometry
(FACScan, Becton Dickinson, Bellport, NY, USA) at an
excitation wavelength of 488nm and an emission wave-
length of 542 nm. Fluorescence intensity reflected the cel-
lular uptake of 2-NBDG.

2.6. Chemical Profiles. The total phenolic and flavonoid
contents of EA extracts were determined by the HPLC assay
[15, 16]. Gallic acid, protocatechuic acid, vanillic acid,
syringic acid, caffeic acid, sinapic acid, ferulic acid, p-cou-
maric acid, and cinnamic acid were chosen as standards for
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[ Ruellia tuberosa stems and leaves ]

¢ Extraction with MeOH for 72hr

[ RTL methanol extract ]
Partition with n-hexane /H,0

Partition with ethyl acetate /H,O

Ethyl acetate layer

Sephadex LH-20 gel (50%—100%MeOH)

[ Fractions (EAF1~EAF8) ]

|
v v

[ MTT assay ] [ Glucose uptake ]

EAFS5 fraction

MCI gel (20%—100%MeOH)

EAF5-1~EAF5-5

v v

[ MTT assay ] [ Glucose uptake ]

HPLC analysis:
(1) Phenolic acid

(2) Cirsimaritin

FiGure 1: The flowchart for fractionation of Ruellia tuberosa Linn.
(RTL) extraction.

phenols, whereas cirsimaritin was chosen as the standard for
flavonoids. The samples (10mg) were dissolved in 1ml
methanol and filtered through a 0.22 ym filter. The HPLC
system was equipped with a diode array detector (Shimadzu,
Kyoto, Japan) and Varian Polaris C18 column (5um,
250 mm X 4.6 mm; Agilent, CA, USA). The injection volume
was 10 ul with a flow rate of 1.0 ml/min. For the phenolic
acid assay, the mobile phases were methanol (eluent A) and
acetic acid (eluent B) in the following gradient elutions: 5%
(A), 95% (B) in 0-5min; 5%-20% (A), 95%-90% (B) in
5-10 min; 20%-40% (A), 90%-60% (B) in 10-20 min; 40%-
60% (A), 60%-40% (B) in 20-30 min; and 60%-100% (A),
40%-0% (B) in 30-40 min. The samples were detected by a
UV detector (280 nm). For the flavonoid assay, the mobile
phases were methanol (eluent A) and acetic acid (eluent B)
in the following gradient elutions: 50%-100% (A), 50%-0%
(B) in 0-25min. The samples were detected by using a UV
detector (270nnm). The standards for phenolic acids and
cirsimaritin (purchased from Sigma, St Louis, MO, USA)
had a coefficient of determination (+*) that was greater than
0.995.

2.7. Statistical Analyses. Values are presented as the
mean + standard deviation using SPSS version 22.0 (SPSS
Inc., Chicago, IL, USA) by one-way analysis of variance
(ANOVA) and Duncan’s new multiple range tests. P < 0.05
was considered statistically significant.

3. Results

3.1. Effect of Different EA Fractions from RTL on Glucose
Uptake in FL83B Mouse Hepatocytes. The different RTL
fractions from the EA layers (EAF1 to EAF8) were collected
through TLC analysis (Supplementary Figure S1). When the
concentration of each fraction was less than 25 ug/ml, the
cell survival rate was greater than 80% and did not inhibit
cell growth (Supplementary Figure S2). Thus, the concen-
tration of 25ug/ml was used for the follow-up glucose
uptake evaluation.

An evaluation of the 2-NBDG uptake was performed to
assess the improvement of glucose uptake in FL83B hepa-
tocytes. Compared with the TNF-a-treated group, the
fluorescence content of the two fractions of EAF5 and EAF7
was significantly increased, and the fluorescence intensity
was 93.3 £ 5.4% and 88.9 +2.8% (P < 0.05), respectively. The
EAF5-treated group demonstrated the best improvement in
glucose uptake in the IR-induced FL83B hepatocytes. Thus,
EAF5 was used for the following examinations (Figure 2).

3.2. Effect of Different EAF5 Fractions from RTL on Glucose
Uptake in FL83B Mouse Hepatocytes. The different EAF5
fractions (EAF5-1-EAF5-5) were collected through TLC
analysis (Supplementary Figure S3). MTT assay showed that
the optimal concentration was 25 yg/ml for cell survival of
EAF5 subfractions (Supplementary Figure S4). The EAF5-5
fraction significantly increased fluorescence intensity of
hepatocytes (108.4+7.7%), compared with the TNF-a-in-
duced IR group (P <0.05; Figure 3).

3.3. Bioactive Components of RTL. Nine standards of phe-
nolic acid, including gallic acid, protocatechuic acid, vanillic
acid, syringic acid, caffeic acid, sinapic acid, ferulic acid, p-
coumaric acid, and cinnamic acid, and retention time (10.66,
17.15, 23.06, 23.66, 24.09, 27.70, 28.24, 28.78, and 35.27 min,
respectively) are shown in Supplementary Figure S5. The
standard of cirsimaritin was examined by HPLC, and the
retention time was 16.91 min, detail shown in Supplemen-
tary Figure S6. EAF5-5 contains 27.3 + 1.4 ug/g syringic acid,
95.0 £ 2.5 ug/g p-coumaric acid, and 805.5+24.8 ug/g cir-
simaritin (Table 1).

3.4. Evaluation of Bioactive Components from RTL on Glucose
Uptake in IR of FL83B Hepatocytes. The fluorescence in-
tensity of syringic acid, p-coumaric acid, and cirsimaritin
was 97.4 +20.8%, 98.8 + 13.7%, and 87.1 + 4.3%, respectively,
and among them, p-coumaric acid has the most significant
ability to improve glucose uptake, which can increase by
about 22%, compared with the TNF-a group (P <0.05;
Figure 4).

The fluorescence intensity of the three bioactive com-
ponents mixed (the mixing ratio was equal to the ratio
contained in EAF5-5) and EAF5-5 was 120.9+5.1% and
118.1+16.5%, which were significantly increased by 45%
and 42%, respectively, compared to the TNF-a group
(P <0.05; Figure 4).
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TaBLE 1: Retention time and contents of phenolic acid and flavanoid from the RTL-EAF5 fraction.

Standard
Phenolic acid

Retention time (min)  EAF5-1 (ug/g) EAF5-2 (ug/g) EAF5-3 (ug/g) EAF5-4 (ug/g) EAF5-5 (ugl/g)

Syringic acid 23.66 — — — 6.7£0.9 27.3+£1.4

p-Coumaric acid 28.78 — — — 95.0£2.5
Flavanoid

Cirsimaritin 16.91 — — — — 805.5+24.8

—, not detected. Each value is mean + SD (n=23).

4. Discussion chromatography column of the EA layer of RTL, the EAF5
fraction significantly increased the glucose uptake of liver cells
that induce IR by TNF-a; thus, EAF5 was selected for the
second chromatography column. EAF5-5 demonstrated the

best potential activity for improving cellular glucose uptake

In this study, two columns, Sephadex LH-20 gel and MCI gel,
were used to separate the bioactive components of the EA layer
of RTL. The IR-induced FL83B hepatocytes model was used to

screen out the distinguishing substances in the RTL that may
improve glucose uptake, and then the active ingredients were
identified by HPLC. Our results showed that in the first

based on the activity evaluation of the three types of bioactive
phenolic acid and flavonoid compounds—syringic acid, p-
coumaric acid, and cirsimaritin—which were identified by
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HPLC analysis. It has been suggested that phenolic compounds
can significantly improve the activity of cellular glucose uptake,
at least partially. Our results show that among the three active
ingredients, p-coumaric acid is the most effective for increasing
glucose uptake, but its effect is not as good as the combined
activity of all three compounds and the EAF5-5 fraction.

An investigation of the cytotoxicity of the EA fractions in
the cells was necessary before evaluating the cellular glucose
uptake activity. In this study, when the concentration of all EA
fractions from RTL was greater than 200 pg/ml, it significantly
inhibited cell growth in FL83B mouse hepatocytes. However,
when the concentration was less than 25 yg/ml of each fraction,
the cell survival rate was more than 80%, which indicates that
there was no significant inhibition of cell growth (Supple-
mentary Figures S2 and S4). Hence, a concentration of 25 ug/
ml was used for each EAF fraction during the subsequent
glucose uptake evaluation. Similarly, it was evident in our
previous study that the concentration of RTL improved glucose
uptake in mouse C2C12 myoblasts [7].

Administration of RTL fractions of n-hexane and EA in
diabetic rabbits lowered the animals’ blood sugar levels [17].
Moreover, the best antioxidant activity result was reported
from an evaluation of RTL extraction using methanol and
EA [18]. RTL fractions of EA can effectively improve the
blood sugar level in diabetes through their antioxidant ca-
pacity, as EA fractions speculatively contain high amounts of
polyphenols and triterpenoids [17]. Another study indicated
that the active compound of the EA fraction may be a
polyphenol called cirsimaritin [19]. Our findings seem to be
consistent with the above studies.

In this study, two phenolic acids, syringic acid and p-
coumaric acid, were identified by HPLC, which had not been
identified from RTL in the past. Previously, vanillic acid was
isolated from an RTL extraction utilizing EA [20]. However,

our present study did not identify vanillic acid from the
fractions of RTL. It is speculated that when this compound
cannot be identified, it is due to too little content or the
extraction method that was used.

However, previous studies have confirmed that syringic
acid and p-coumaric acid have many physiological activities,
such as antioxidation, anticancer, and antibacterial [21-25].
Moreover, the effects of both of these compounds in treating
diabetes have been demonstrated [26]. The administration of
syringic acid in alloxan-induced diabetic rats for 30 days
showed increased insulin, glycogen, glucose 6-phosphate
dehydrogenase, and C-peptide contents, as well as decreased
blood sugar, HbAlc, and glucokinase, which are associated
with an improvement in diabetic symptoms. Additionally, in
histopathological sections, syringic acid was found to reduce
pancreatic damage caused by alloxan and stimulate $-cell
regeneration, thus demonstrating its potential to treat dia-
betes [27, 28].

Yoon et al. [29] demonstrated that p-coumaric acid can
improve IR and the lipid metabolism of skeletal muscle cells.
The administration of p-coumaric (100mg/kg BW) in
streptozotocin-induced diabetic rats for 30 days can reduce
the fasting blood glucose level and HbA1c, as well as increase
the insulin level. In addition, p-coumaric has been found to
have excellent antioxidant ability and can enhance the ac-
tivity of antioxidant enzymes (catalase, superoxide dis-
mutase, and glutathione peroxidase) of the kidney and liver
[23].

Based on the above results, it is speculated that the two
phenolic acids—-syringic acid and p-coumaric acid—may be
the active ingredients for the EAF5-5 fraction to improve
glucose uptake in mouse FL83B liver cells and will therefore
be developed into drugs or dietary supplements for the
treatment of diabetes in the future.

On the other hand, flavonoids isolated from natural
substances have been proven to have a variety of physio-
logical effects, such as antioxidation, lowering blood lipids,
or antidiabetics [30-32]. RTL contains a variety of flavo-
noids, such as cirsimaritin, cirsimarin, cirsiliol 4’-g1ucoside,
sorbifolin, or pedalitin [13, 20]. At present, there are no
animal experiments to explore the hypoglycemic effect of
cirsimaritin, but cirsimaritin has been found in many natural
products with antidiabetic properties [33, 34]. It is specu-
lated that cirsimaritin may be one of the main active in-
gredients of flavonoids from the EAF5-5 fraction to improve
the glucose uptake capacity of insulin-resistant FL83B
hepatocytes.

In this study, three components (syringic acid, p-
coumaric acid, and cirsimaritin) that were isolated from the
EAF5-5 fraction were shown to improve cellular glucose
uptake, with p-coumaric acid demonstrating the best effect.
However, the increase in cellular glucose update is highest
when all three compounds were used. We speculated that
the hypoglycemic effect of RTL may be the result of
multiple active ingredients. One theory has pointed out
that if plants can be used to treat diabetes, then their effects
can be multiplied by using them in higher concentrations
and in combination with the chemical components that are
contained in a variety of medicinal plants to cure diabetes



through distinct mechanisms [35]. Thus, the mechanisms
by which RTL improves glucose uptake needs further
study.

5. Conclusions

Sephadex LH20 gel and MCI gel were used to separate the
EA layer of RTL. An evaluation of the glucose uptake in IR-
induced FL83B hepatocytes showed that EAF5-5 demon-
strated the best activity for improving cell glucose uptake.
These activities were eventually linked by HPLC to two
phenolic compounds—syringic acid and p-coumaric acid-
—and the flavonoid compound cirsimaritin. Among the
three compounds that significantly improved the activity of
cellular glucose uptake, p-coumaric acid was the active in-
gredient with the best effect of increasing glucose uptake
although its effect was still not as good as the combined effect
of all three compounds and the EAF5-5 fraction. Thus, we
speculate that the antidiabetic effect of RTL may be the result
of multiple active ingredients, but additional research is
needed to confirm this.
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