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Abstract

Traditional Chinese medicine has a long history of application in treating
diseases characterized by metabolic dysregulation. The present investigation
sought to determine if the herbal formulation SSEM could ameliorate the patho-
logical manifestations of metabolic syndrome in a murine model of high-fat diet
(HFD)-induced obesity. Our results demonstrated that concurrent administra-
tion of SSEM significantly attenuated body weight gain and reduced adiposity,
which was accompanied by improved glucose tolerance. The HFD-induced
increases in hepatic lipids were also reduced. The proposed mechanism of ac-
tion suggests that SSEM exerts its beneficial effects by reducing insulin resistance,
likely through decreased adiposity, thereby potentiating insulin-stimulated glu-
cose uptake in skeletal muscle. Therefore, SSEM offers a potential means for ame-
liorating glucose intolerance and hepatosteatosis, particularly those arising
from excessive fat accumulation.
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1. Introduction

Metabolic syndrome (MetS), classified by the World Health Organization (WHO)
as a non-communicable disease, is a cluster of conditions that significantly in-
crease the risk of heart disease, stroke, and type 2 diabetes (T2D) [1]. Its defining
characteristics include abdominal obesity, insulin resistance, glucose intoerance,

fatty liver disease (hepatosteatosis), hyperlipidemia, and hypertension [2]. While
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historically prevalent in Western populations, MetS is now experiencing a more
rapid rise in urban areas of developing countries, often exceeding the prevalence
observed in their Western counterparts [3].

The incidence of MetS is strongly correlated with non-alcoholic fatty liver dis-
ease (NAFLD), obesity, and T2D, and its prevalence generally increases with age.
Data from the U.S. Centers for Disease Control and Prevention (CDC) in 2024
indicated that approximately 14.7% of U.S. adults had T2D, with this figure rising
to 29.2% among seniors [4]. Crucially, this data also revealed that MetS (including
prediabetes) was three times more prevalent than diagnosed T2D, suggesting that
roughly one-third of U.S. adults may have MetS [4]. The global obesity epidemic
further exacerbates this issue, with obesity prevalence having doubled in 73 coun-
tries and increased in most others since 1980 [5]. Projections from the Interna-
tional Diabetes Federation (IDF) atlas estimate that the global prevalence of dia-
betes will reach 10.4% of the world’s population by 2040, affecting 642 million
people. Extrapolating the observed 3:1 ratio of MetS to T2D suggests that by 2040,
nearly 2 billion individuals could be affected by MetS [6].

The primary drivers of MetS are increasingly attributed to the elevated con-
sumption of calorie-dense, low-fiber fast food and a significant reduction in phys-
ical activity, largely due to mechanized transportation and sedentary leisure activ-
ities. Consequently, recommended preventive strategies for MetS focus on pro-
moting increased exercise and adopting a well-balanced diet [7].

Over time, scientific research has highlighted the beneficial effects of specific
food items and dietary patterns in mitigating the adverse impacts of MetS. For
instance, studies have demonstrated that soy isoflavones, citrus products, and
quercetin can improve lipid metabolism, while green tea has shown a notable abil-
ity to reduce body mass index (BMI) and waist circumference [8]-[10]. Further-
more, ketogenic and fasting-mimicking diet cycles have been observed to enhance
insulin secretion from pancreatic beta cells and ameliorate both type 1 and type 2
diabetes phenotypes in preclinical mouse models [11] [12].

Given the compelling evidence for the beneficial effects of naturally occurring
ingredients on MetS, the present research study aims to investigate the impact of
a Chinese herbal formula, designated SSEM, on blood glucose regulation. This
formula comprises four component herbs: Cynomorii Herba, Schisandrae Fruc-
tus, Eucommiae Folium, and Momordicae Fructus. The study will assess the effects
of SSEM in both high-fat diet (HFD)-induced obese mice and cultured C2C12 my-

otubes.

2. Materials and Methods

2.1. Chemicals and Reagents

Animal diets: PicoLab Rodent Diet 20 model 5053 was used for normal diet (ND)
(24% kcal from protein, 13.2% kcal from fat, and 62% kcal from carbohydrate;
kcal per gram of diet was 3.02), and Research Diets Formula D12492 was used for
high-fat diet (HFD) (20% kcal from protein, 60% kcal from fat, and 20% kcal from
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carbohydrate; kcal per gram of diet was 5.24) in the animal model experiments.
ND was purchased from LabDiet (St. Louis, MO, USA), and HFD was purchased
from Research Diets, Inc. (New Brunswick, NJ, USA).

Cell culture reagents: Gibco Dulbecco’s modified eagle medium (DMEM, high
glucose), fetal bovine serum (FBS), heat-inactivated hours serum (HIHS) were pur-
chased from Life Technologies Limited (Carlsbad, CA, USA). Sodium pyruvate (P)
and sodium palmitate (SP) in were obtained from Santa Cruz Biotechnology, Inc.
(Dallas, TX, USA) and TCI (Shanghai) Development Co., Ltd. (Shanghai, China).
Free fatty acid bovine serum albumin (FFABSA) was bought from Gold Biotech-
nology®, Inc. (St. Louis, MO, USA). Sigma-Aldrich-brand (Burlington, MA, USA)
insulin was used.

Kits: Glucose Liqui-UV kit (Hexokinase method), Glucose Liquicolor® kit, Gly-
cohemoglobin kit, Triglyceride Liquicolor®kit and Cholesterol Liquicolor® kit were
purchased from Stanbio Laboratory (Boerne, TX, USA). LifeScan OneTouch Ultra
blood glucose monitoring system was obtained from Johnson & Johnson company
(Milpitas, CA, USA).

Herbal formulation: SSEM consisted of four component herbs, namely Cynomorii
Herba, Schisandrae Fructus, Eucommia Ulmoides, and Momordica Fructus. Stand-
ardized herbal extracts, namely, Cynomorium Herba extract (4:1; water: ethanol,
v/v), Momordica Fructus extract (4:1; water: ethanol, v/v), Schisandra extract (4:1;
water: ethanol, v/v), and Eucommia Floret extract (4:1; water: ethanol, v/v), were
purchased from Shaanxi Jiahe Phytochem Co., Ltd. (Xi’an, China). They were mixed
in a specific ratio and formed the SSEM.

2.2. Animal Care

Male ICR mice (8 weeks old) were obtained from the Laboratory Animal Facility
at the Hong Kong University of Science and Technology (HKUST). Animals were
maintained under a 12-hour dark/light cycle at approximately 22 ‘C and allowed
food and water ad libitum. The experimental protocol was approved by the Ani-
mal Ethics Committee at HKUST (2018-016).

2.3. Animal Treatment

Eight-week-old male ICR mice were randomly divided into two control groups
and two co-treatment groups, with 6 - 13 mice per group. A previous study found
that having five animals in each experimental group was adequate for detecting
differences in endpoint measurements compared to the control group [13]. Each
group was fed either normal diet (ND) control (n = 6), HFD control (n = 11),
HED + 0.21 g/kg SSEM (n = 13), or HFD + 0.63 g/kg (n = 12) SSEM formulation.
The control groups were fed ND or HFD ad libitum, while SSEM formulation in
the co-treatment groups was delivered via intragastric administration simultane-
ously with HFD feeding for 8 weeks. Control mice received vehicle only. The low
dose of SSEM (0.21 g/kg) was the human equivalent dose. Body weight was meas-
ured once a week during the 8 weeks. At the end of the experiment, the mice were
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fasted overnight and sacrificed by cervical dislocation. Blood samples were then
drawn using syringes containing 0.5% heparin in saline as an anticoagulant by
cardiac puncture. Various fat pads, including posterior subcutaneous, epididymal,
and mesenteric fat, were dissected and weighed. Samples of livers were excised
and then subjected to further biochemical analysis. Biochemical analyses were
done in a non-biased manner with established protocols. A blinding approach was
not adopted in dosing, tissue processing, and endpoint readouts [13].

Food consumption per cage was measured weekly during the whole period of
the experiment. Briefly, each cage was provided with 200 g of ND or HFD accord-
ing to the assigned grouping. The weight of diet per cage consumed was calculated
by (200-gram of diet left in the cage after a week). The food consumption (g of
diet/mouse/day) = gram of diet per cage consumed/no. of mice in the cage/7. The
endpoint food consumption of each group at week 8 (g of diet/mouse/day) was
ND control = 5.48 + 0.53; HDF control = 3.42 + 0.19*; HFD + 0.21g/kg SSEM = 3.66
+0.79; HED + 0.63 g/kg SSEM = 2.81 + 0.17. If in terms of kcal of diet/mouse/day:
ND control = 16.5 + 1.60; HDF control = 17.9 + 0.98; HFD + 0.21 g/kg SSEM = 19.2
+4.13; HFD + 0.63 g/kg SSEM = 14.7 + 0.90.

2.4. Plasma Glucose and Lipids Measurement

Plasma samples were obtained by centrifuging the collected whole blood samples
at 2000 x g for 10 min at 4°C and then stored at 4°C before use for biochemical
analysis. Plasma glucose, cholesterol and triglyceride levels were determined using

corresponding assay kits mentioned in Chemicals and Reagents section [13] [14].

2.5. Glucose Tolerance Measurement

After 8 weeks of feeding, oral glucose tolerance test (OGTT) was performed.
Briefly, mice were fasted for 6 hours and intragastrically administered glucose (2
g/kg). Blood samples were then collected at 15, 30, 60, and 120-minute intervals
from the tip of the tail vein and used to measure blood glucose using blood glucose
monitoring system. The extent of glucose tolerance impairment was estimated by
computing the area under the curve (AUC) of the graph plotting glucose concen-
trations against time [13] [14].

2.6. Glycated Hemoglobin (HbA1c) Measurement

Whole blood samples from the mice were hemolyzed, and HbA1c was determined
using an assay kit (Stanbio Laboratory Glycohemoglobin) [13] [14].

2.7. Hepatic Lipid Contents Measurement

Liver homogenates were prepared with phosphate buffered saline (without cal-
cium and magnesium, PBS-A) in 10% (w/v). The lipid content was extracted by
methanol/chloroform method. The extracted content was dissolved in isopropa-
nol for lipid measurements with Stanbio Laboratory kits mentioned in Chemicals

and Reagents section [13] [14].
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2.8. Cell Model

2.8.1. Reagents Preparation

SP was dissolved in 0.1M NaOH at 75 mM, then heated to 70°C to dissolve. The
intermediate stock of SP was then prepared with DMEM+ 1 mM P + 10% FFBSA
in 5 mM. The working SP medium (0.75 mM) was prepared by dilution of inter-
mediate stock with DMEM (+P) to induce insulin resistance in differentiated cells.
Insulin was dissolved in 0.1 M HCI to make 100 uM stock solution. SSEM formu-

lation was dissolved in DMSO to a stock concentration of 150 mg/mL.

2.8.2. C2C12 Myotubes

C2C12 mouse immortalized myoblast cell line was maintained in DMEM + 1 mM
P + 10% HIFBS. Cell differentiation was initiated by differentiation medium con-
taining DMEM + 1 mM P + 2% HI Heat-inactivated Horse Serum (HG2%HIHS).
Then the working concentration of SSEM was prepared and diluted with medium
(finally each group containing 0.2% DMSO (v/v)). The non-toxic concentration
for SSEM was determined by crystal violet toxicity test with 24 h incubation, and
the assay result indicated that 300 pg/mL of SSEM was non-toxic.

2.8.3. Glucose Uptake Assay

The C2C12 myotubes (passage 14 - 24 were used in this study) were seeded and
grown in 6-well tissue culture plates for 3 days before being treated with HG2%HIHS
over 4 days to differentiate the myoblasts into myotubules. The cells were dis-
pensed into different treatment groups, namely, SSEM (0, 3, 10, 300 pg/mL),
SSEM (0, 3, 10, 300 pg/mL) + SP (0.75 mM), SSEM (0, 3, 10, 300 pg/mL) in the
presence of insulin, and SSEM (0, 3, 10, 300 pg/mL) + SP (0.75 mM) in the pres-
ence of insulin. All groups were first incubated with either SSEM only or SSEM +
SP for 18 hours. After 18 hours, cells were washed with PBS-A before changing
the glucose uptake assay medium. Insulin and non-insulin groups were then in-
cubated with 100 nM of insulin (in DMEM without glucose, P and phenol red, all
no DMEM) or all no DMEM, respectively for 10 minutes. An aliquot (4.8 pL) of
2-NBDG (stock: 25mM in DMSO, then 60 uM working) was then added to the
wells of all samples before incubating for another 50 min at 37°C in the dark.
Samples were washed thrice with PBS-A, and trypsinized (with 400 uL 0.25 mM
Trypsin with 0.53 mM Na2EDTA in PBS-A) at 37°C for 10 minutes. The reaction
was stopped with 300 uL PBS-A, and samples were collected into centrifuge tubes.
Aliquots (200 pL) of the samples were put into wells of a black microplate, and
then glucose uptake was analyzed with the Flex Station 3 plate reader (read three
times, excitation at 468 nm, emission at 540 nm).

Protein content was measured to standardize the glucose uptake readings. Cen-
trifuged the leftover of collected samples in 20,000 x g for 5 min, then removed
the supernatant. The cell pellet was lysed with 200 uL 0.1% (v/v) TritonX in PBS-
A and then with 10 min sonication. The cell debris was precipitated by centrifu-
gation at 20,000 x gfor 5 min. The supernatant was used for protein measurement

by Braford assay.
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The effect of SSEM on glucose uptake in myotubules was then estimated. One-
way ANOVA with LSD test was performed to detect significant differences in glu-
cose uptake in different experimental groups (0 uL SSEM, 0 pL SSEM in the pres-
ence of insulin, 0 uL SSEM + SP in the presence of insulin), as compared with the

respective control group.

2.9. Statistical Analysis

Data were expressed as the mean + standard deviation (SD). Unless otherwise
specified, data from different groups at the same time point were analyzed by one-
way analysis of variance (one-way ANOVA), and intergroup differences were de-
tected by post hoc LSD tests, with a value of P < 0.05.

3. Results
3.1. Effect of SSEM on Body Weight in Mice Fed ND or HFD

Weekly body weight measurements were taken over the 8-week experimental pe-
riod. As presented in Figure 1, HFD-fed mice demonstrated a substantial (31.7%)
and statistically significant increase in body weight compared to the incremental
gain (8.33%) in ND-fed mice. Crucially, SSEM co-treatment, administered at ei-
ther 0.21 g/kg or 0.63 g/kg, significantly mitigated the body weight escalation in
HFD-fed mice throughout the 8-week study.

160 94 —@— ND, Control
—e— HFD, Control
—w¥— HFD, 0.21g/kg SSEM
= —@— HFD, 0.63g/kg SSEM
= 140 -
=
=
X
£ 120 4
=
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3 100
0
m
80 )V

0 1 2 3 4 5 6 7 8 9
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Figure 1. Effect of SSEM on body weight in HFD-fed mice. Data were expressed as a per-
centage of initial body weight. Each data point represents mean * standard deviation (SD),
with n = 6 - 13 for each group. *Significantly different from the ND control; # Significantly
different from the HFD control.

SSEM co-treatment (0.21 or 0.63 g/kg) completely prevented HFD-induced
weight gain during the whole course of the experiment, with no significant differ-
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ence when compared with that of ND-fed mice. There was no dose-dependent
effect of SSEM on the body weight in HFD-treated mice, with significant suppres-
sion of HFD-induced weight gain by 76.9 and 80.5% at doses of 0.21 and 0.63 g/kg,
respectively, by the end of the 8" week.

The HFD-induced body weight gain was independent of food consumption vol-
ume, given that HFD mice consumed less food than their ND counterparts. Ad-
ditionally, SSEM administration did not alter feeding behavior in HFD mice (data
not shown), indicating its efficacy in mitigating weight gain is driven by metabolic

modulation rather than appetite suppression.

3.2. Effect of SSEM on Fat Pad Indices in Mice Fed ND or HFD

HFD feeding markedly increased the posterior subcutaneous, epididymal, and
mesenteric fat indices by 290, 282, and 365%, respectively. In HFD-fed mice,
SSEM treatment significantly reduced posterior subcutaneous fat and visceral fat
(epididymal plus mesenteric) by 67.1 and 66.7 at 0.21 g/kg, and by 58.7 and 47.8%
at 0.63 g/kg, respectively, resulting in overall reductions in total fat mass of 66.9
and 51.1% (Figure 2).
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Figure 2. Effect of SSEM on adiposity in HFD-fed mice. Posterior subcutaneous fat, epi-
didymal fat, and mesenteric fat were weighed. Values given are means + SD, with n = 6 -
13. *Significantly different from the ND control; #Significantly different from the HFD
control.

3.3. Effect of SSEM on OGTT in Mice Fed ND or HFD

The effect of SSEM co-treatment on glucose tolerance in HFD-fed mice was as-
sessed via an OGTT performed at the 8-week mark of the experiment. Figure 3
illustrates that HFD feeding led to substantial glucose intolerance compared to
ND-fed controls. Crucially, SSEM co-treatment achieved a complete reversal of
this diet-induced glucose intolerance. The AUC values in HFD-fed mice receiving
SSEM were reduced to 70.8 and 72.7% of the untreated HFD group at SSEM doses
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of 0.21 and 0.63 g/kg, respectively, with the values not being different from that of
the ND group.
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Figure 3. Effects of SSEM on HFD-induced glucose intolerance in mice. Glucose tolerance
(estimated by AUC) was expressed as a percentage of ND-fed mice as a control. Each data
point represents mean + standard deviation (SD), with n = 6 - 13. The value for glucose
tolerance (AUC) in the ND control was 1364 + 217. *Significantly different from the ND
control; #Significantly different from the HFD control.

3.4. Effect of SSEM on Blood/Plasma Glucose and Lipid Contents
in HFD-Fed Mice

We investigated the long-term effect of SSEM on blood glucose control in high-
fat diet (HFD)-fed mice by measuring HbA1c levels after an 8-week experimental
period. While HFD feeding induced a substantial 35.8% increase in HbAlc com-
pared to normal diet (ND) controls, co-administration of SSEM at daily doses of
0.21 or 0.63 g/kg failed to ameliorate this hyperglycemia, as HbAlc levels re-
mained unchanged in SSEM-treated HFD mice (Table 1).

Table 1. Effects of SSEM on fasting blood/plasma glucose and lipid contents in HFD-fed mice. Data were expressed as a percentage
of ND-fed mice. Each data point represents mean + SD, with n = 6 - 13. The ND control value for HbAlc (%) was 3.10 £ 0.31;
plasma glucose (mg/dL) was 76.3 + 5.19; plasma TG (mg/dL) was 34.7 £ 2.86; plasma TC (mg/dL) was 86.2 * 5.69; plasma HDL-C
(mg/dL) was 57.5 + 2.92; plasma LDL-C (mg/dL) was 38.8 + 34.2 and TC/HDL-C ratio was 1.50 * 0.10. *Significantly different from
the ND control; *Significantly different from the HFD control.

%Control

Blood HbAlc
Plasma Glucose
TG
TC
HDL-C
LDL-C

TC/HDL-C
ratio

ND, HFD, HFD, HFD,
Control Control 0.21 g/kg SSEM 0.63 g/kg SSEM
100 £ 9.90 136 + 11.5* 135 + 16.3* 139 +17.9*
100 + 6.80 142 + 24.2* 164 + 20.4** 163 + 17.3**
100 £ 8.22 147 + 28.3* 148 +22.9* 120 + 8.00**
100 + 6.60 152 + 14.7* 159 + 17.3* 154 + 13.8*
100 £ 5.08 128 + 6.08* 126 + 13.7* 150 £ 15.5**
100 + 8.83 224 + 38.8* 256 + 41.8* 222 + 24.0%*
100 + 6.59 119 + 12.4* 127 + 16.5* 103 + 12.8**

Fasting plasma glucose levels were also measured at the end of the 8-week ex-
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perimental period. Table 1 reveals that HFD feeding significantly elevated fasting
plasma glucose by 42% in mice compared to the ND group. Notably, SSEM co-
treatment (0.21 or 0.63 g/kg) exacerbated this effect, leading to further increases
of 64% and 63%, respectively, above the levels observed in ND-fed mice.

HFD feeding significantly elevated plasma lipid profiles, increasing TG, TC, HDL-
C, and LDL-C levels by 47% - 124%. Treatment with a high dose of SSEM (0.63
g/kg) effectively attenuated the HFD-induced elevation in TG while further increas-
ing HDL-C levels. Consequently, SSEM administration improved the TC/HDL-C
ratio, mitigating the elevated ratio observed in the HFD-control group (Table 1).

3.5. Effects of SSEM on Hepatic Lipid Contents in ND-Fed and
HFD-Fed Mice

HEFD feeding significantly increased hepatic TC by approximately 195% compared
to the ND control. SSEM treatments 0.21 g/kg and 0.63 g/kg effectively counter-
acted this HFD-induced TC elevation, reducing it by 44.2 and 36.5%, respectively
(Figure 4(a)), to a similar extent when compared to untreated HFD mice. HFD
also markedly raised hepatic TG levels by 175%. In HFD-fed mice, 0.21 and 0.63
g/kg SSEM treatments significantly reduced these elevated hepatic TG levels by
25.3 and 25.9%, respectively (Figure 4(b)).
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Figure 4. Effects of SSEM on hepatic lipid contents in ND-fed and HFD-fed mice. He-
patic TG and TC level were measured. Data were expressed in percent control with re-
spect to the ND control [control hepatic TC level (ug/mg protein): 0.68 + 0.03; control
hepatic TG level (ug/mg protein): 2.81 * 0.24]. Values given are means + SD, withn =6 -
13. *Significantly different from the ND control; #Significantly different from the HFD
control.

3.6. Effect of SSEM on Glucose Uptake in SP-Induced Insulin
Resistance in Myotubules

To investigate the cellular mechanism by which SSEM ameliorates HFD-induced
glucose intolerance, we examined glucose uptake in differentiated C2C12 myotu-
bules. Insulin resistance was experimentally induced using SP, a free fatty acid, to
replicate HFD conditions within skeletal muscle cells. Figure 5 reveals that SSEM

treatment alone had no significant impact on glucose uptake in control myotu-
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bules. In contrast, co-incubation with SP and SSEM at concentrations of 100 and
300 ug/mL significantly enhanced glucose uptake by 18.6 and 26.7%, respectively,
relative to SP-treated cells. When insulin was added, overall glucose uptake in-
creased by 73.3% compared to the non-insulin control. Importantly, SSEM co-
incubation in the presence of insulin consistently boosted glucose uptake by 12%
- 14% at all tested concentrations, relative to the insulin control. The incubation
of SP alone, however, significantly attenuated insulin-stimulated glucose uptake
by 32.3%. Notably, SSEM demonstrated a dose-dependent reversal of SP-induced
suppression. At 30 and 100 pg/mL SSEM, a partial reversal of SP’s inhibitory effect
was observed, while at 300 pg/mL SSEM, the effect was fully reversed.

Sodium palmitate

Insulin Insulin

[+

(=]

(=]
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*$ *3*
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% Control (Signal/ mg protein)
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Figure 5. Effect of SSEM on glucose uptake in SP-induced insulin resistance in myotubules.
Data were expressed as percentages of initial control values (0 ug/mL SSEM). Each bar
represents mean + standard error (SEM), with n = 6. The value of glucose uptake in the
initial control was 150 + 4.70 signal/mg protein. *Significantly different from the initial
control; #Significantly different from the SP control. $Significantly different from insulin
control. ASignificantly different from the SP insulin control.

4. Discussion

According to Traditional Chinese Medicine (TCM) theory, the SSEM formulation
is designed to prevent fat accumulation, particularly when influenced by high-fat
or high-calorie diets. Each herb is meticulously selected for its specific properties,
contributing to the restoration of balance within the Zang-Fu organs and the har-
monious flow of Qi. For instance, Cynomorii Herba tonifies Kidney Yang, a cru-
cial factor in fundamental metabolic processes, including energy metabolism and
the regulation of water and fat [14]. High-fat or high-calorie diets can induce ex-
cessive internal “heat” [15], which Momordica Fructus effectively clears, thereby
mitigating inflammation and impaired metabolic function [16]. The “Five Fla-
vors” of Schisandra extract harmonize the Zang-Fu organs, which are central to

metabolic regulation [17] [18]. Furthermore, Eucommia leaf extract tonifies both
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the Liver and Kidney, reinforcing their roles in metabolism, Qi circulation, and
the efficient processing of fats [19]-[21]. In essence, SSEM addresses fat accumu-
lation not through a direct “fat-burning” mechanism, but by restoring the body's
internal equilibrium and optimizing the functions of organs involved in digestion,
metabolism, and elimination.

In modern medicine, dysregulation of blood glucose is intimately linked to ab-
dominal obesity and insulin resistance, primary contributors to MetS [22]. Con-
sequently, targeting mechanisms that regulate blood glucose holds significant phar-
macological interest for MetS prevention [23]. Several key components within
SSEM’s constituent herbs exhibit relevant bioactivity [14]-[21]. For example, triter-
pene and steroid-like compounds, such as ursolic acid from Cynomorii Herba and
triterpenoids derived from Momordica Fructus, are potent activators of AMP-ac-
tivated protein kinase (AMPK) [14] [24]. AMPK activation is known to enhance
cellular glucose uptake, thereby improving mitochondrial function and increasing
energy expenditure, leading to a reduction in body weight [25]. Eucommia leaves
are rich in lignans, iridoids, phenolics, steroids, and flavonoids compounds that
have demonstrated anti-MetS effects. These effects may be attributed to their abil-
ity to regulate adipocytokines and enhance gene expression for fat oxidation, ul-
timately improving insulin resistance and reducing body weight [26]. The lignan
schisandrin B, found in Schisandrae Fructus, has been shown to enhance the mi-
tochondrial antioxidant status [27] [28]. This protective effect combats oxidative
stress and ameliorates mitochondrial dysfunction, both of which are implicated
in the metabolic alterations characteristic of MetS [29]. In addition to these iden-
tified active compounds, other constituents within the four herbs of SSEM likely
contribute synergistically to reducing high-fat diet (HFD)-induced obesity and its
associated MetS.

The observed improvements in HFD-fed obese mice, namely, reduced body
weight and adiposity, and enhanced glucose tolerance and lipid profiles (e.g.,
TC/HDL-C ratio and hepatic lipid content), are strongly corroborated by the dis-
covery that SSEM can reverse insulin resistance induced by SP in differentiated
C2C12 muscle cells. Insulin plays a critical role in skeletal muscle glucose uptake
by promoting the translocation of GLUT-4 transporters to the cell surface, thereby
increasing glucose entry into the cell [30]. It is plausible that SSEM alleviates in-
sulin resistance, potentially caused by lipid accumulation in tissues, by enhancing
insulin-induced GLUT-4 translocation to the cell membrane. Studies have indi-
cated that improvements in glucose tolerance can be mediated by increased
GLUT-4 concentrations in skeletal muscle or adipose tissue [31].

Despite these positive findings, fasting blood glucose and HbAlc levels re-
mained elevated or showed only a slight increase in HFD-induced obese mice,
even after SSEM treatment. This observation may be linked to the regulation of
blood glucose through gluconeogenesis. While insulin normally suppresses glu-
coneogenesis once normal blood glucose levels are reached [32], hepatic insulin

resistance, often present in MetS, can impair this suppression, leading to hyper-
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glycemia [33]. Uncontrolled gluconeogenesis can also contribute to the develop-
ment of non-alcoholic fatty liver disease, a common progression of MetS [32]. The
occurrence of gluconeogenesis during periods of hypoglycemia could explain the
elevated fasting blood glucose levels observed in the mice, and similarly, uncon-
trolled gluconeogenesis might account for the high HbA1clevels. SSEM effectively
reverses insulin resistance in skeletal muscle but does not appear to correct un-
controlled hepatic gluconeogenesis, even though it did improve hepatic lipid con-
tent. This differential effect in the liver may be attributed to alternative insulin
signaling pathways that regulate hepatic glucose and lipid metabolism, a notion

requiring further study for confirmation [34] [35].

5. Conclusion and Future Directions

In summary, this study demonstrates that the SSEM formulation effectively re-
duces HFD-induced obesity, improves glucose tolerance, and alleviates hepatoste-
atosis. The anti-MetS effects of SSEM appear to be primarily mediated by amelio-
rating obesity-induced insulin resistance in skeletal muscle, as evidenced by the
normalization of glucose tolerance. However, SSEM’s inability to attenuate he-
patic insulin resistance, indicated by persistently high fasting blood glucose and
HbA1lc levels, represents a key limitation. Future research should aim to develop
more balanced herbal formulations for comprehensive management of the multi-
faceted aspects of MetS.
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