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Abstract: Background: This study investigates the hypolipidemic effects of a mixed extract of
Salvia miltiorrhiza and Paeonia lactiflora (USCP119) in HFD-fed hamsters and in vitro cellular models.
Methods: Over an 8-week period, HFD-fed hamsters were assigned to one of six groups: normal
diet, HFD control, HFD with 50 mg/kg USCP119, HFD with 100 mg/kg USCP119, HFD with
50 mg/kg USCP119 twice daily (BID), and HFD with omega-3 fatty acids. Key outcomes assessed
included body weight, serum triglycerides (TG), total cholesterol (TC), liver weight, hepatic TG
levels, and epididymal fat. In cellular models, the impact of USCP119 on lipid accumulation and
adipogenic markers was evaluated. Results: USCP119 treatment at 50 mg/kg BID resulted in
the lowest weight gain (15.5%) and the most significant reductions in serum TG and hepatic TG
levels compared to the HFD control. The 100 mg/kg dose also led to substantial reductions in
serum TG and TC levels and notable decreases in low-density lipoprotein cholesterol. USCP119
at 50 mg/kg once daily reduced TG and TC levels but was less effective than the higher doses. In
cellular models, USCP119 was non-toxic up to 400 ug/mL and effectively reduced lipid accumulation,
modulated adipogenic markers, and enhanced AMPK signaling, improving lipid metabolism and
insulin sensitivity. Conclusions: All USCP119 treatments demonstrated effectiveness in managing
hyperlipidemia and related metabolic disorders, with variations in impact depending on the dosage.
The ability of USCP119 to reduce fat accumulation, improve lipid profiles, and enhance insulin
sensitivity highlights its potential as a valuable dietary supplement for addressing high-fat diet-
induced hyperlipidemia and metabolic disturbances.

Keywords: Salvia miltiorrhiza; Paeonia lactiflora; triglyceride accumulation; hypolipidemic effects;
high-fat diet; hepatic steatosis; AMPK

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) encompasses a range of liver conditions
characterized by the excessive accumulation of lipids in hepatocytes [1,2]. Affecting nearly
30% of adults, NAFLD has become a significant public health concern, particularly in
the United States, where its prevalence continues to rise [3]. The initial stage of NAFLD
is marked by triglyceride accumulation in the liver, which is closely linked with hyper-
lipidemia [4]. As the disease progresses, hepatic steatosis can advance to more severe
conditions, such as steatohepatitis, cirrhosis, and ultimately hepatocellular carcinoma [5].
While current treatments primarily emphasize weight reduction to counteract hepatic
steatosis, identifying alternative strategies is imperative due to the insufficient understand-
ing of the mechanisms driving lipid accumulation in the liver.
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Recent research identifies the consumption of sugar-sweetened beverages and pro-
cessed foods as a significant risk factor for NAFLD [6,7]. These products, rich in various
forms of fat, contribute to increased hepatic triglyceride levels and systemic hypertriglyc-
eridemia. Such metabolic disturbances are associated with impaired glucose and lipid
metabolism and heightened inflammation [8,9]. The accumulation of hepatic lipids and the
subsequent development of hypertriglyceridemia, which affects 15-20% of the adult popu-
lation, are linked to an elevated risk of cardiovascular disease [10]. At the molecular level,
high fat intake stimulates key transcription factors such as ChREBP and SREBP-1, which
orchestrate lipid synthesis by regulating target enzymes like ACC and FAS [11]. These
transcription factors play crucial roles in the pathogenesis of NAFLD by modulating lipid
homeostasis, highlighting the complex interplay between dietary habits and liver health.

In this context, adenosine monophosphate-activated protein kinase (AMPK) emerges
as a key regulator of energy metabolism, influencing both glucose levels and lipid up-
take [12]. AMPK is found in multiple tissues such as liver, muscle, heart, and brain cells. It
exerts its effects by phosphorylating and thereby deactivating enzymes responsible for the
synthesis of cholesterol and fatty acids [13]. Moreover, AMPK acts as an upstream regulator
of PPARy and CEBP, inhibiting the differentiation of pre-adipocytes into adipocytes [14].
Therefore, the activation of AMPK leads to a reduction in cellular cholesterol, fatty acids,
and key molecules like SREBP-1 and HMGCR, further linking its role in managing lipid
metabolism with the broader mechanisms underlying NAFLD [15].

Given the complex interplay between lipid metabolism, AMPK regulation, and the
progression of NAFLD, there is an urgent demand for innovative treatment approaches.
Therefore, this study explores the anti-hyperlipidemic effects and mechanisms of a com-
bined extract of Salvia miltiorrhiza and Paeonia lactiflora, both in vitro and in vivo. Tradi-
tionally used in East Asia, these plants are known for their diverse health benefits [16,17].
S. miltiorrhiza contains various bioactive compounds, such as salvianolic acid and tanshi-
none, which exhibit antioxidant, anti-inflammatory, and cardioprotective effects [18,19].
Similarly, P. lactiflora is rich in diverse metabolites, such as paeoniflorin and paeonol, which
display anti-inflammatory, antidiabetic, and neuroprotective activities [20,21]. This study
specifically examines the effects of a mixed extract of these two medicinal plants on high-fat
diet (HFD)-induced NAFLD and hyperlipidemia in hamsters, aiming to provide alternative
strategies for their treatment.

2. Materials and Methods
2.1. Plant Material

Roots of S. miltiorrhiza Bunge and P. lactiflora Pall. in dried form were procured from
Saemmulnaegi Farm and Gyeongbuk Herbal Medicine Agricultural Cooperative (Yeongcheon,
Gyeongsangbuk-do, Republic of Korea) in November 2022. The materials were authenti-
cated by one of the authors (5.Y.Y.), with voucher specimens archived at the Institute for
Phylogenomics and Evolution (Codes: KNU-USCP-DS2211 and KNU-USCP-JY2211).

2.2. Preparation of the Mixed Extract

The mixed extract was obtained by refluxing a 500.0 g mixture of S. miltiorrhiza and
P. lactiflora in 70% EtOH at 70 °C (ratio 1:1). Subsequently, the extract was concentrated
under reduced pressure using an EYELA N-1100 vacuum rotary evaporator (EYELA, Tokyo,
Japan), generating 107.5 g of the mixed extract (USCP119) with a yield of 21.5% (w/w).

2.3. Animal Care and Experimental Protocol

Forty 7-week-old male golden Syrian hamsters (Mesocricetus auratus) were sourced
from Janvier-Labs (Le Genest-Saint-Isle, France). They were housed in pathogen-free cages
with controlled conditions: 12 h dark-light cycles, 21 & 2 °C, and 45-65% humidity. The
hamsters had continuous access to standard rodent food and water. After acclimating for
1 week, the animals were allocated to six groups (Gs) (n = 7 per group) as follows: G1 was
given a normal diet (ND) for 8 weeks; G2 was given a HFD for 8 weeks; G3 and G4 were
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maintained on an HFD supplemented with USCP119 at 50 and 100 mg/kg BW/day,
respectively; G5 was maintained on an HFD supplemented with USCP119 at 50 mg/kg
BW /day, administered twice daily (BID) at an interval of 12 h; and G6 was maintained on
an HFD supplemented with omega-3 (OM3) fatty acids at 50 mg/kg BW/day. The ND
was a purified version of the AIN-93G diet [22], and the HFD was ND supplemented with
10% lard and 0.3% cholesterol. USCP119 was dissolved in water and administered daily
by oral gavage. Food consumption was monitored daily, while weight gain was assessed
weekly. Following 8 weeks of treatment, blood samples were obtained and analyzed for
serum triglycerides (TG) using a TG quantification kit (MAK266, Sigma-Aldrich, St. Louis,
MO, USA), total cholesterol (TC) using a TC colorimetric assay kit (EEA026, Invitrogen,
Carlsbad, CA, USA), and high- and low-density lipoprotein cholesterol (HDL-C and LDL-C)
using HDL-C (EEA012, Invitrogen) and LDL-C (EEA014, Invitrogen) colorimetric assay Kkits,
following the manufacturer’s instructions. Additionally, all hamsters were sacrificed, and
tissues were secured for further experiments. Specifically, liver tissue was extracted and
weighed; half of it was stained with H&E and Oil red O, while the rest was analyzed for
hepatic TG levels. Fat was extracted from the epididymis and weighed, and the diameter
of the epididymal white adipocyte (eWAT) was analyzed through H&E staining. Three
random images of the H&E-stained sections of epididymal fat tissue were captured, using
a microscope at 100 x magnification. Subsequently, the diameter of fat cells was measured
and averaged, assuming that the fat cells were spherical, as follows:

Average area per cell = S/n 1)
. Average area per cell
Average radius of fat cells = - (2)
. . S/n
Average diameter of fat cells = 2 X Average radius of fat cells = 2 x — 3)

where, S = total area of fat cells; n = number of fat cells.

2.4. Measurement of Liver TG Levels

Liver TG levels were quantified using a TG assay kit (MAK266, Sigma-Aldrich), following
the manufacturer’s guidelines. Detailed procedures are provided in the Supplemental Material.

2.5. Cell Culture

3T3-L1 cells (murine preadipocytes) and HepG2 cells (human hepatoma) were sourced
from the American Type Culture Collection (Manassas, VA, USA) and cultured under standard
conditions. Detailed methodologies for cell culture, differentiation of 3T3-L1 cells, induction
of steatosis in HepG2 cells, and lipid analysis are provided in the Supplementary Material.

2.6. Cell Viability and Proliferation Assay

Cell viability and proliferation were assessed using the water-soluble tetrazolium
(WST)-8 assay (Biomax, Nowon, Seoul, Republic of Korea). Detailed procedures, including
cell seeding, USCP119 treatment conditions, and absorbance measurement, are provided in
the Supplemental Material.

2.7. Western Blot Analysis

Protein extraction, gel electrophoresis, membrane transfer, and antibody incubations
were performed as described in the Supplemental Material. Images were captured using
an ImageQuant LAS 4000 system from GE Healthcare (Chicago, IL, USA). Band intensities
were quantified with Image] software version 1.54 (National Institutes of Health, Bethesda,
MD, USA) following established procedures [23,24].
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2.8. Inhibition of AMPK Phosphorylation

After starvation, HepG2 cells were treated with compound C or DMSO, followed by
USCP119 or DMSO. Western blot analysis was conducted as detailed in the Supplemental Material.

2.9. Statistical Analysis

Data are presented as the mean =+ SD. Biochemical assays were performed in at least
three independent experiments for each sample. Statistical significance was determined
using two-way ANOVA followed by Tukey’s post-hoc test for pairwise comparisons, with
a 95% confidence interval (p < 0.05) to control for family-wise error rate. The normality
of the data was assessed using the Shapiro-Wilk test, and all data met the assumptions of
normality required for ANOVA. Two-tailed ¢-tests were also conducted where appropriate.
All analyses were performed using IBM SPSS Statistics 27.0.

3. Results
3.1. Effects of an HFD Administered for 8§ Weeks on BW

To investigate the effects of HFD on BW and the potential of oral USCP119 adminis-
tration to mitigate these effects, hamsters were fed either an ND or an HFD for 8 weeks,
with or without daily oral administration of USCP119. OM3 (50 mg/kg/day) served as
a positive control. The changes in the BWs of all experimental groups are presented in
Figure 1 and Table 1. The initial BWs across all groups were relatively similar, ranging
from 103.7 g to 108.8 g, indicating a comparable starting point for the experiment. Over
the 8-week period, the ND group (G1) showed an increase in BW from 108.8 g to 1269 g
(18.1% increase), indicating normal growth. The HFD group (G2) experienced a more
pronounced increase in BW, from 108.4 g to 138.2 g (29.8% increase), reflecting the impact
of an HFD. Group G3, which received an HFD with 50 mg/kg USCP119, exhibited a BW
increase comparable to G2, from 105.1 g to 131.1 g (29.0% increase). However, group G4,
which received an HFD with a higher USCP119 dose of 100 mg/kg, exhibited a slightly
lower increase in BW, from 106.7 g to 132.0 g (25.4% increase), suggesting that a higher dose
of USCP119 may mitigate weight gain. Notably, group G5, which received USCP119 at
50 mg/kg BID, exhibited the least weight gain, from 103.7 g to 119.2 g (15.5%). This weight
gain was lower than that observed in the HFD group with OM3 supplementation (G6),
which had a 21.3% increase. These results demonstrate that while an HFD induces weight
gain, supplementation with USCP119 significantly reduces this effect.

45
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100 50x2 OMS3
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% of BW change
(9] o (92] o (9]

ND

Figure 1. The percentage of body weight changes in hamsters fed a normal diet (ND) or high-fat diet
(HFD) with or without USCP119 or OM3 supplementation over 8 weeks.
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Table 1. Body weight changes in hamsters fed a normal diet (ND) or high-fat diet (HFD) with or

without USCP119 or OM3 supplementation over 8 weeks.

Time after Administration (Weeks)

Group Body Weight (g) % of BW Change

ow 4w Sw (8 w/0 w x 100%)
G1—Normal diet 108.8 +£ 6.7 120.4 + 8.4 1269 + 8.8 18.1 +10.5
G2—HFD 108.4 + 5.6 1279 £11.5 138.2 £ 6.1 29.8 +£10.2
G3—HEFD + USCP119_50 105.1 £ 6.1 121.7 £ 134 131.1 £ 134 29.0 £12.3
G4—HFD + USCP119_100 106.7 £ 5.9 1219 +£ 6.2 1320+ 7.7 254 +7.7
G5—HFD + USCP119_50 x 2 103.7 £ 8.6 113.1 £69* 1192 £79* 155+9.6*
G6—HFD + OM3 106.3 + 6.6 121.1 £11.3 127.7 £13.1 21.3 +16.3

A

Data represent mean + SD (n = 7 for each group). * p < 0.05 compared with the HFD group.

3.2. Effects of USCP119 on Serum Lipid Profiles in the HFD Hamster Model

Over the 8-week period, the TG levels (Figure 2A and Table 2) in G2, which received
HEFD alone, were the highest at 287.29 + 24.64 mmol/L, representing a 239.4% increase
compared to the ND group G1. In comparison, group G3, treated with 50 mg/kg USCP119,
showed a 13.5% reduction in TG levels (248.43 £ 36.02 mmol/L) compared to group G2.
Notably, groups G4 and G5, which received higher doses of USCP119 (100 mg/kg and
50 mg/kg BID, respectively), displayed more significant reductions (p < 0.001) in TG levels
compared to group G2, with values of 216.43 + 19.90 mmol/L (24.7% lower than group
G2) and 184.29 £ 17.98 mmol/L (35.9% lower than group G2), respectively.

B
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o 300 24843 L., 244.14 ° 300 265.00
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£ 250 216.43 £ 250
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Figure 2. Effects of USCP119 on serum lipid profiles in the HFD hamster model. The levels of
(A) serum triglycerides (TG), (B) serum total cholesterol (TC), (C) serum high-density lipopro-
tein cholesterol (HDL-C), and (D) serum low-density lipoprotein cholesterol (LDL-C) in the six
experimental groups (n = 7; ND-G1, HFD-G2, HFD + USCP119_50-G3, HFD + USCP119_100-G4,
HFD + USCP119_50 x 2-G5, and HFD + OM3-G6) after 8 weeks of oral administration. Data are
expressed as mean + SD. # p < 0.05 and ## p < 0.001 compared with the ND group (G1); * p < 0.05
and ** p < 0.001 compared with the HFD group (G2).
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Table 2. Effects of USCP119 on serum lipid profiles in the HFD hamster model, including the levels
of serum triglycerides (TG), serum total cholesterol (TC), serum high-density lipoprotein cholesterol
(HDL-C), and serum low-density lipoprotein cholesterol (LDL-C).

Group Serum TG Level Serum TC Level Serum HDL-C Serum LDL-C
(mmol/L) (mmol/L) Level (mmol/L) Level (mmol/L)
G1 120.0 + 14.63 99.86 + 8.88 68.14 + 6.69 1843 +1.27
G2 287.29 4+ 24.64 ¥ 280.29 + 30.46 #*  131.00 &+ 14.40 ¥ 3329 4 1347 *
G3 248.43 + 36.02 * 265.00 + 22.46 121.71 + 11.91 30.00 =+ 5.80
G4 216.43 4+ 19.90 *** 227.57 + 36.41 * 109.86 + 18.17 20.57 + 5.50 *
G5 184.29 + 17.98 *** 240.14 + 22.59 * 117.57 + 9.88 25.14 + 8.03
G6 244.14 + 3457 * 275.00 + 33.26 117.57 + 20.70 43.86 + 8.61

Data are expressed as mean + SD; # p < 0.05 and ## p < 0.001 compared with the ND group (G1); * p < 0.05 and
***p < 0.001 compared with the HFD group (G2).

Furthermore, over the 8-week period, the TC levels in group G2 increased significantly
(p <0.001) by 280.7% (280.29 +£ 30.46 mmol /L) compared to group G1 (99.86 + 8.88 mmol/L;
Figure 2B). Among the USCP119-treated groups, serum TC levels in groups G4 and G5
decreased by 18.8% (227.57 £ 36.41 mmol/L) and 14.3% (240.14 £+ 22.59 mmol/L), re-
spectively, compared to group G2 (p < 0.05). These results demonstrate that USCP119
substantially reduces serum TC levels.

HDL-C plays a crucial role in lowering blood lipid levels [25]. At the end of the experi-
mental period, group G2, which was fed an HFD, exhibited a 192.3% (131.00 £ 14.40 mmol /L)
increase in HDL-C levels compared to the ND group G1 (68.14 &£ 6.69 mmol/L). However,
no significant differences in HDL-C levels were observed between the USCP119-treated
and OM3-treated groups compared to the HFD group G2 (Figure 2C). In contrast, LDL-C
levels in all USCP119-treated groups were significantly different from those in the HFD
group G2. Specifically, both groups G4 and G5 showed significantly (p < 0.05) reduced
LDL-C levels: 20.57 £ 5.50 mmol/L (38.2% lower than group G2) and 25.14 & 8.03 mmol/L
(24.5% lower than group G2), respectively (Figure 2D). Notably, OM3 supplementation
resulted in the highest LDL-C levels among the HFD-fed groups.

3.3. Effects of USCP119 on Hepatic Lipid and Epididymal Fat Levels in the HFD Hamster Model

The impact of USCP119 on the liver and epididymal fat was assessed across the six ex-
perimental groups (Figure 3A and Table 3). Liver weight did not differ significantly between
the HFD group G2, USCP119-treated groups G3 and G4, and the OM3-treated group G6.
However, group G5 exhibited a significant reduction in liver weight (7.27 & 0.60 g), which
was 13.1% lower than that of group G2 (p < 0.05). Furthermore, hepatic TG levels were
significantly reduced in the USCP119-treated groups compared to the G2 group (Figure 3B).
Specifically, groups G4 and G5 had hepatic TG levels of 29.55 & 5.49 ng/mg (35.6% lower
than group G2) and 28.01 & 6.11 pug/mg (38.9% lower than group G2), respectively.

Table 3. Effects of USCP119 on hepatic lipid and epididymal fat levels in the HFD hamster model.

. . Hepatic TG Qil Red O-Positive Intensit Epididymal Fat eWAT Lipid
Group Liver Weight (g) Levepl (ug/mg) (Arbitrary Unit) ’ PWeigyh’t (g Diameter Fpm)
G1 3.30 + 0.14 28.54 + 4.69 50.38 + 8.99 1.70 £+ 0.38 48.06 + 4.92
G2 8.37 + 0.96 *# 45.85 + 8.26 #* 223.77 + 8.34 256 +0.64% 61.11 +7.26*
G3 8.37 4+ 0.94 34.56 + 433 * 210.69 + 7.88 * 2.50 + 0.86 51.87 + 5.37
G4 8.16 &+ 0.50 29.55 + 5.49 ** 202.06 + 20.41 * 2.40 + 0.69 51.20 + 4.44
G5 7.27 4+ 0.60 * 28.01 £ 6.11 ** 205.81 + 15.13 * 1.85 + 0.42 * 50.97 + 3.97 *
G6 8.46 + 1.04 37.97 +3.17 214.06 + 3.53 * 241+ 0.64 59.78 + 5.05

Data are expressed as mean + SD; # p <0.05, # p <0.01, and it p < 0.001 compared with the ND group (G1);
*p <0.05and ** p < 0.01 and compared with the HFD group (G2).
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Figure 3. Effects of USCP119 on hepatic lipid levels in the HFD hamster model. (A) Liver weights,
(B) hepatic TG levels, and (C) Oil Red O-positive signal quantification results and representative
photomicrographs (n = 7; ND-G1, HFD-G2, HFD + USCP119_50-G3, HFD + USCP119_100-G4,
HFD + USCP119_50 x 2-G5, and HFD + OM3-G6) after 8 weeks of oral administration. Data are
expressed as mean =+ SD. # p < 0.01, and #* p < 0.001 compared with the ND group (G1); * p < 0.05
and ** p < 0.01 compared with the HFD group (G2).

Oil Red O staining of hamster liver tissues revealed significant lipid accumulation
in the livers of the HFD group (G2) compared to those of the ND group (G1) (Figure 3C).
The USCP119-treated groups (G3, G4, and G5) and the OM3-treated group (G6) showed
notable protection against lipid accumulation, as evidenced by the notable changes in the
lipid status of these groups relative to group G2.

Additionally, HFD significantly increased both epididymal fat weight and the lipid
diameter of eWAT (Table 3). The USCP119-treated groups (G3, G4, and G5) demonstrated re-
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ductions in fat mass and eWAT lipid diameter compared to the HFD group (G2) (Figure 4A).
Notably, group G5, which received 50 mg/kg BID of USCP119, significantly normalized
the histopathology of both liver and eWAT tissues, making them resemble those of the ND
group (G1). Hypertrophy was prominently observed in the HFD group compared to the
ND and USCP119-treated groups (Figure 4B).
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Figure 4. Effects of USCP119 on epididymal fat levels in the HFD hamster model. (A) Epididy-
mal fat weights and (B) epididymal white adipocyte lipid diameters observed across the six ex-
perimental groups (n = 7; ND-G1, HFD-G2, HFD + USCP119_50-G3, HFD + USCP119_100-G4,
HFD + USCP119_50 x 2-G5, and HFD + OM3-G6) after 8 weeks of oral administration. Data are
expressed as mean + SD. # p < 0.05 compared with the ND group (G1); * p < 0.05 compared with the
HFD group (G2).

3.4. Effects of USCP119 on 3T3-L1 Preadipocyte Viability, Lipid Accumulation in Differentiated
Cells, and AMPK Signaling Pathways

The impact of USCP119 on 3T3-L1 preadipocytes and differentiated adipocytes was
comprehensively investigated, focusing on cell viability, lipid accumulation, TG content,
and AMPK signaling pathways. Figure 5A shows that USCP119 maintains high cell
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viability at concentrations up to 400 ug/mL, indicating that it is non-toxic to 3T3-L1 pre-
adipocytes at these levels. Figure 5B demonstrates that USCP119 significantly reduces lipid
accumulation in differentiated 3T3-L1 cells, as evidenced by decreased Oil Red O staining in
a dose-dependent manner. Figure 5C supports this finding, showing a significant reduction
in TG content with increasing USCP119 concentrations.
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Figure 5. (A) Cellular toxicity of USCP119 during the differentiation of 3T3-L1 pre-adipocytes. Cell
viability of 3T3-L1 pre-adipocytes was assessed using the MTT assay after 72 h of treatment with
or without the indicated doses of USCP119. (B) Effects of USCP119 on lipid accumulation during
3T3-L1 pre-adipocyte differentiation. The panel shows representative phase-contrast photographs of
Oil Red O-stained cells under 100 x magnification. (C) Effects of USCP119 on triglyceride deposition
in differentiated 3T3-L1 cells. Data are expressed as mean =+ SD of three independent experiments
(n=3). ¥ p <0.01 and # p < 0.001 compared with the untreated group; * p < 0.05 and ** p < 0.01
compared with the MDI (methylisobutylxanthine, dexamethasone, insulin) group.
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Furthermore, to determine the impact of USCP119 on proteins involved in lipogen-
esis and lipid degradation, the expression levels of p-AMPK, AMPK, PPAR-y, C/EBP«,
SREBP-1, and FAS were assessed using Western blot analysis (Figure 6). During the dif-
ferentiation of adipose progenitor cells into adipocytes, USCP119 treatment (50, 100, and
200 ng/mL) resulted in a concentration-dependent decrease in the expression of PPAR-y,
C/EBP«, SREBP-1, and FAS, which are typically upregulated during the differentiation
process. Additionally, USCP119 treatment increased the phosphorylation of AMPK, which
usually decreases during differentiation. These findings indicate that USCP119 inhibits
adipogenesis and lipid synthesis through multiple mechanisms, emphasizing its potential
as an anti-hyperlipidemic agent.
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Figure 6. Effects of USCP119 on adipogenic protein expression in 3T3-L1 cells. Data are expressed as
mean + SD of three independent experiments (1 = 3).

3.5. Effects of USCP119 on HepG2 Cell Viability, Lipid Accumulation in Differentiated Cells, and
AMPK Signaling Pathways

The impact of USCP119 on HepG2 cells was also assessed, focusing on cell viability,
lipid accumulation, TG content, and AMPK signaling pathways. Figure 7A shows that
USCP119 maintains high cell viability at concentrations of 50, 100, 200, and 400 ng/mL,
with cell viability percentages consistently close to 100%, indicating its non-toxic nature up
to 400 pg/mL. Figure 7B reveals that USCP119 significantly reduces lipid accumulation in
HepG2 cells treated with FFAs, as evidenced by the dose-dependent decrease in Oil Red O
staining. Figure 7C supports these findings, showing a significant reduction in TG content
with increasing USCP119 concentrations. The TG content drops from 211.8% in FFA-treated
cells to 174.6% and 170.7% for 100 and 200 pg/mL of USCP119 treatment, respectively.
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Figure 7. (A) Cellular toxicity of USCP119 during the differentiation of HepG2 cells. The cell
viability of HepG2 cells was assessed using the MTT assay after 72 h of treatment with or without the
indicated doses of USCP119. (B) Effects of USCP119 on lipid accumulation in HepG2 cells during
differentiation. The panel shows representative phase-contrast photographs of Oil Red O-stained
cells at 100x magnification. (C) Effects of USCP119 on triglyceride deposition in differentiated
HepG2 cells. Data are expressed as mean + SD of three independent experiments (1 = 3). # p < 0.001
compared with the untreated group; * p < 0.05 and ** p < 0.01 compared with the FFA (free fatty
acid) group.
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To elucidate the mechanism underlying USCP119-mediated alterations in fatty acid
metabolism in the liver, the phosphorylation of AMPK—a key signaling molecule involved
in lipogenesis and lipolysis—as well as the expression of key proteins, including SREBP-1c,
PPAR-y, PPAR-«, FAS, and acetyl-CoA carboxylase (ACC) in the liver tissue were analyzed
using Western blot analysis (Figure 8). Additionally, the impact of AMPK activation on the
expression of PPAR-y, PPAR-«, SREBP-1c, FAS, and ACC proteins was investigated by treat-
ing HepG2 cells with Compound C (also known as dorsomorphin), an AMPK inhibitor [26],
either alone or in combination with USCP119. The results demonstrated that USCP119
promoted AMPK phosphorylation in HepG2 cells in a concentration-dependent manner.
Furthermore, treatment with Compound C confirmed that USCP119 modulates AMPK
signaling. In addition, proteins such as p-ACC1, SREBP-1, SREBP-2, and FAS, which were
elevated after FFA treatment, were reduced post-USCP119 treatment, indicating an increase
in PPAR-o expression. PPAR-« plays a crucial role in fat metabolism (fatty acid B-oxidation)
by regulating the expression of proteins involved in the transport and B-oxidation of FFAs
in liver tissue [27]. These proteins were down-regulated upon treatment with Compound C
and USCP119, confirming that the observed changes in the expression of p-ACC1, SREBP-1,
SREBP-2, FAS, and PPAR-« are attributed to AMPK signaling.
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Figure 8. Effects of USCP119 on adipogenic protein expression in HepG2 cells. Data are expressed as
mean =+ SD of three independent experiments (1 = 3).
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3.6. Effect of USCP119 on AMPK Signaling Pathways in the HFD Hamster Model

The Western blot analysis (Figure 9) revealed that USCP119 treatment significantly
upregulates phosphorylated AMPK levels in both normal and HFD hamster models,
indicating potential activation of the AMPK signaling pathway. Additionally, the observed
downregulation of PPAR-y, a key transcription factor involved in adipogenesis and lipid
metabolism [28], suggests that USCP119 may exert anti-hyperlipidemic effects.
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Figure 9. Effect of USCP119 on AMPK signaling pathways in the HFD hamster model. Data are
expressed of three independent experiments (1 = 3). # p < 0.05 compared with the ND group (G1);
*p <0.05 and ** p < 0.01 compared with the HFD group (G2).

In comparison, the OM3-treated group showed greater activation of p-AMPK com-
pared to the USCP119-treated groups. However, total AMPK levels remained consistent
between the OM3 and USCP119 treatments, suggesting that differences in p-AMPK levels
are due to changes in phosphorylation rather than total protein levels. Moreover, OM3
produced a more intense PPAR-y band than the USCP119-treated group, indicating less
effective downregulation of PPAR-y, which may influence its efficacy in managing lipid
levels. Overall, these findings imply that USCP119 is a promising therapeutic candidate
for hypolipidemic effects, potentially offering benefits such as improved insulin sensitivity,
reduced fat accumulation, and enhanced energy expenditure.

4. Discussion

Natural products have increasingly garnered attention for their potential to manage
hyperlipidemia and related metabolic disorders [29,30]. Numerous natural compounds
have been shown to influence BW, lipid profiles, hepatic lipid accumulation, and cellular
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lipid metabolism through various mechanisms, often by modulating key signaling path-
ways, such as AMPK [31-33]. This growing interest is driven by the quest for effective and
safer alternatives to synthetic drugs for treating metabolic conditions.

Our previous study highlighted the therapeutic potential of a S. miltiorrhiza and P. lactiflora
mixed extract for cardiovascular diseases, demonstrating its effectiveness in reducing
vascular aging through both in vitro and in vivo experiments [34]. Specifically, this extract
reduces vascular aging by inhibiting abnormal cell proliferation, collagen overproduction,
and the overexpression of metalloproteinases, such as matrix metalloproteinase-2 (MMP-2)
and MMP-9. Additionally, it restores superoxide dismutase activity, lowers intercellular
and vascular cell adhesion molecule-1 levels, and prevents vascular wall aging. Building on
these findings, the present study demonstrates the potential of S. miltiorrhiza and P. lactiflora
as effective interventions for managing hyperlipidemia and metabolic diseases.

The data reveal that hamsters fed an HFD for 8 weeks exhibited a substantial increase
in BW compared to those on a normal diet, confirming the weight-gain effects of high-fat
intake. Notably, the addition of USCP119 to the HFD regimen resulted in varying degrees
of weight reduction. The group receiving USCP119 at 50 mg/kg BID (G5) demonstrated
the most pronounced effect, with significantly lower weight gain compared to other groups.
This suggests that USCP119 can mitigate the weight-gain effects of HFD, highlighting
its potential as a dietary supplement for weight management. Interestingly, while the
100 mg/kg dose of USCP119 resulted in a lower percentage of weight gain compared to
the 50 mg/kg dose, it did not surpass the 50 mg/kg BID group (G5) in effectiveness. This
differential response underscores the complexity of dosage optimization and suggests that
the frequency of administration plays a crucial role in maximizing therapeutic benefits.

Research indicates that reducing LDL, TG, and TC levels while increasing HDL levels
is directly linked to anti-hyperlipidemic effects and improved cardiovascular health [35-37].
USCP119 treatment led to significant reductions in serum TG and TC levels in the HFD
hamster model. The notable decrease in TG levels, particularly at higher doses of USCP119,
supports the hypothesis that USCP119 has a lipid-lowering effect. This is further corrobo-
rated by the observed reduction in LDL-C levels in the USCP119-treated groups. However,
no significant differences in HDL-C levels were noted between the USCP119-treated and
control groups. These findings align with observations from previous studies [35,36], sug-
gesting that USCP119 may positively influence lipid metabolism and potentially reduce
cardiovascular risk factors associated with obesity.

USCP119 treatment resulted in a reduction in liver weight and hepatic TG levels,
particularly at the 50 mg/kg BID dose, indicating its effectiveness in counteracting hepatic
fat accumulation associated with HFD. Oil Red O staining further confirmed significant
lipid accumulation in the liver of HFD-fed hamsters, which was markedly reduced by
USCP119 treatment. These observations underscore the protective effects of USCP119 on
liver health, likely attributable to its ability to modulate lipid metabolism. Additionally,
USCP119 treatment resulted in reduced epididymal fat mass and adipocyte diameter, with
the most pronounced effects observed in the 50 mg/kg BID group (G5). This reduction in
adipocyte hypertrophy is indicative of USCP119’s potential to prevent or mitigate obesity-
related changes in fat distribution and accumulation.

In cellular models, USCP119 demonstrated non-toxicity up to 400 pug/mL, establishing
it as a safe candidate for further investigation. The observed reduction in lipid accumulation
and TG content in both 3T3-L1 pre-adipocytes and HepG2 cells highlights USCP119’s
effectiveness in inhibiting lipid accumulation and promoting lipid metabolism at the
cellular level. The inhibition of adipogenic markers (PPAR-y, C/EBPx, SREBP-1, and FAS)
and the activation of AMPK signaling in 3T3-L1 cells further support USCP119’s role in
preventing adipogenesis and enhancing lipolysis (Figure 10A). These results align with
those observed in HepG2 cells, where USCP119’s impact on AMPK phosphorylation and
regulation of key fatty acid metabolism proteins was observed (Figure 10B).
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Figure 10. (A) Mechanism of USCP119-mediated regulation of adipocyte differentiation in 3T3-L1
cells: USCP119 inhibits adipogenesis by increasing the expression of activated AMPK and preventing
the differentiation of adipocyte precursor cells into mature adipocytes. It does so by significantly
decreasing the expression of key factors involved in the adipogenesis process, including PPARy,
C/EBP«, SREBP-1, and FAS, thereby reducing the accumulation of triglycerides in adipocytes.
(B) Mechanism of USCP119-mediated regulation of triglycerides and fatty acids in HepG2 cells:
treatment with USCP119 in adipocyte-induced HepG2 cells and liver-derived cells regulates the
production of key factors and enzymes involved in fat metabolism, including SREBP-1, SREBP-2,
PPARy, C/EBP«&, ACC, and FAS. USCP119 treatment also decreases the expression of p-AMPK and
PPAR-« proteins. To investigate how AMPK activation affects the expression of PPAR-y, PPAR-
«, SREBP-1c¢, FAS, and ACC, HepG2 cells were treated with AMPK-selective inhibitors alone or
in combination with USCP119. This experimental approach was used to assess the regulation of
downstream protein expression by AMPK.
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The upregulation of phosphorylated AMPK levels in both normal and HFD-fed ham-
ster models treated with USCP119 confirms the activation of the AMPK signaling pathway.
This activation is associated with improved insulin sensitivity, reduced fat accumulation,
and enhanced energy expenditure. Additionally, the downregulation of PPAR-y in re-
sponse to USCP119 treatment indicates its potential to counteract the effects of an HFD by
modulating adipogenic pathways.

Despite the promising findings, this study has several limitations. First, the relatively
small sample size and the use of an animal model may limit the generalizability of the
results to human populations. Further studies using larger sample sizes and human clinical
trials are necessary to validate the therapeutic potential of USCP119. Additionally, there
were some challenges with the specificity of certain antibodies used in the Western blot
analysis, particularly for FASN and ACC. The FASN antibody exhibited some non-specific
binding, and ACC showed smeared bands, possibly due to post-translational modifications
or incomplete resolution of the protein during electrophoresis. These limitations may have
affected the precision of the results related to these specific proteins. Thus, future studies
should optimize antibody conditions for better accuracy.

5. Conclusions

The results from both animal studies and cellular assays underscore the potential of
USCP119 as a promising therapeutic agent for managing hyperlipidemia and metabolic
diseases. USCP119’s efficacy in modulating AMPK signaling and influencing key lipid-
regulating proteins highlights its role in altering lipid metabolism and reducing fat accumu-
lation. Overall, this study demonstrates that USCP119 reduces BW, improves lipid profiles,
and modulates critical signaling pathways involved in metabolic dysfunction, positioning
USCP119 as a potentially valuable strategy for addressing hyperlipidemia.
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/ /www.mdpi.com/article/10.3390/nu16183189/s1, Detailed protocols for liver TG quantification,
cell culture, cell viability and proliferation assays, Western blot analysis, and AMPK phosphorylation
inhibition are provided in the Supplemental Material.
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