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Abstract
Background  Cardio-Renal Metabolic Syndrome (CRS) encompasses metabolic disorders such as type 2 diabetes, 
hypertension, hyperlipidemia, chronic kidney disease, and heart failure. It is associated with obesity, systemic 
inflammation, and insulin resistance. Atractylodes lancea (AL), a traditional herbal remedy, has been previously 
reported to exhibit diuretic, sedative, antibacterial, and anticancer effects. However, the impact of AL on 
cardiovascular and renal functions within a metabolic syndrome (MS) model remains to be explored.

Methods  Metabolic syndrome was induced in rats through an 8-week high-fat, high-fructose diet. After induction, 
experimental groups were orally administered olmesartan (10 mg/kg/day) or Aqueous extract of Atractylodes 
lancea (AAL) at 100 or 200 mg/kg/day for an additional 8 weeks. Body weight, fasting blood glucose, triglycerides, 
abdominal circumference, systolic blood pressure, and HDL-cholesterol levels were measured. Insulin levels and 
oral glucose tolerance tests (OGTT) were conducted to evaluate insulin resistance. Cardiac function was assessed 
using echocardiography, and ejection fraction and fractional shortening were analyzed. Masson’s trichrome and 
Picrosirius red staining were performed to evaluate fibrosis in the heart and aorta. Renal function was measured 
through creatinine clearance, blood urea nitrogen (BUN), and electrolyte levels. Periodic acid-Schiff (PAS) staining was 
additionally performed to evaluate histological changes in the kidney.

Results  Administration of AAL resulted in significant reductions in body weight, fasting blood glucose, triglycerides, 
abdominal circumference, and systolic blood pressure, while HDL-cholesterol levels increased. AAL improved insulin 
resistance, as indicated by enhanced insulin levels and OGTT results. Echocardiography revealed improvements in 
ejection fraction and fractional shortening in AAL-treated groups compared to the MS group. Histological analysis 
showed that AAL reduced heart and aorta fibrosis, as well as attenuated kidney injury. Additionally, AAL improved 
renal function by enhancing creatinine clearance, reducing BUN levels, and stabilizing electrolyte balance.

Conclusions  The aqueous extract of Atractylodes lancea (AAL) effectively ameliorated cardiovascular and renal 
dysfunction in a rat model of metabolic syndrome model. These results suggest that AAL may have preventive and 
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Background
Metabolic syndrome (MS) is a complex and growing 
global health concern characterized by insulin resistance 
(IR), abdominal obesity, arterial hypertension, hypergly-
cemia, and dyslipidemia [1–3]. This syndrome presents a 
cluster of metabolic disorders that increase susceptibility 
to life-threatening diseases, including cardiovascular dis-
ease (CVD) and type 2 diabetes (T2DM). MS is primarily 
defined by reduced high-density lipoprotein cholesterol 
(HDL-C) levels, alongside elevated triglyceride and total 
cholesterol (T-Cho) levels [4, 5], making it a significant 
risk factor for coronary artery disease and progressive 
diabetic complications.

The rapid adoption of Westernized dietary patterns—
characterized by high intakes of refined sugars, saturated 
fats, and processed foods—has significantly driven the 
increasing global prevalence of MS [6, 7]. Chronic con-
sumption of high-fat, high-sugar diets promotes obesity, 
IR, and dyslipidemia, the core features of MS, while also 
inducing systemic inflammation that exacerbates meta-
bolic dysfunction [8]. Given the growing prevalence of 
MS, new effective therapeutic strategies are urgently 
needed to prevent its progression to CVD, T2DM, and 
related complications.

The pathogenesis of MS involves several intercon-
nected mechanisms, with IR playing a central role. IR 
impairs glucose metabolism, resulting in hyperglycemia, 
hyperinsulinemia, and eventually leads to β-cell dysfunc-
tion [9, 10]. It also contributes to vascular abnormalities, 
such as endothelial dysfunction and sympathetic nervous 
system hyperactivity, which promote hypertension and 
metabolic dysregulation [11]. These factors collectively 
accelerate CVD progression by promoting arterial stiff-
ness, lipid accumulation, and systemic inflammation [12]. 
Long-term IR-related metabolic stress can further lead to 
myocardial remodeling, interstitial fibrosis, and cardiac 
dysfunction, culminating in heart failure [13].

MS also significantly impacts renal health. Visceral 
obesity, a hallmark of MS, induce renal inflammation, 
glomerular hyperfiltration, and glomerulosclerosis, 
thereby promoting the development of chronic kidney 
disease (CKD) [14]. Moreover, MS increases suscepti-
bility to acute kidney injury (AKI), often exacerbated by 
hypertension and hyperlipidemia [15]. The nephropathy 
associated with MS reflects the interplay between meta-
bolic, inflammatory, and hemodynamic stressors that 
progressively impair kidney function [16, 17].

Mechanistically, hyperglycemia and IR contribute to 
the disruption of the cardio-renal axis through multiple 
molecular pathways [18]. Excess intracellular glucose 
enhances mitochondrial reactive oxygen species (ROS) 
production, triggering oxidative damage and activating 
downstream signaling cascades such as the polyol path-
way, protein kinase C, and the formation of advanced 
glycation end products (AGEs) [19, 20]. AGEs, through 
interacion with their receptor RAGE, promote inflam-
mation, fibrosis, and increased tissue stiffness in both 
cardiac and renal tissues [21, 22]. In addition, dysregu-
lation of nutrient-sensing pathways such as mTOR, and 
activation of the local renin-angiotensin-aldosterone sys-
tem (RAAS), aggravate structural remodeling and organ 
dysfunction [23, 24]. Lipotoxicity resulting from elevated 
free fatty acid accumulation, and impaired mobilization 
of hematopoietic stem/progenitor cells (HSPCs), also 
contribute to cardiac and renal injury [25, 26]. These 
interconnected mechanisms collectively explain how 
metabolic disturbances drive progressive damage across 
the cardio-renal axis.

Atractylodes lancea Thunb (AAL), commonly referred 
to as Changchul (Cangzhu in Chinese), is a perennial 
herb used extensively in Korean and Oriental medicine 
for its therapeutic properties [27, 28]. Modern pharma-
cological studies have begun to elucidate the mechanisms 
underlying its bioactivity, demonstrating its potential to 
influence metabolic and inflammatory pathways. Recent 
in vitro studies have shown that sesquiterpenoids, such 
as atractylone and β-selinene, can modulate adipogen-
esis and lipid metabolism by activating AMPK (AMP-
activated protein kinase), a critical regulator of energy 
homeostasis [29, 30]. Furthermore, atractylone has dem-
onstrated anti-inflammatory effects by inhibiting NF-κB 
signaling and reducing pro-inflammatory cytokine 
expression in macrophages [31].

In vivo studies further support the potential of AAL 
in mitigating metabolic disorders. Atractylodes lan-
cea extract has been reported to attenuate obesity and 
improve glucose tolerance in high-fat diet-induced obese 
mice, likely through modulation of PPAR-γ (peroxisome 
proliferator-activated receptor gamma) activity, which 
plays a key role in insulin sensitivity and lipid metabo-
lism [32, 33]. Moreover, atractylone has demonstrated 
hepatoprotective effects by reducing oxidative stress and 
lipid accumulation in a non-alcoholic fatty liver disease 
(NAFLD) mouse model [34]. These findings highlight 

therapeutic potential for cardio-renal complications associated with MS. However, further investigation is needed to 
evaluate its suitability for diet-based interventions and evaluate its safety and pharmacological profile.
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AAL’s potential to address key features of MS, including 
IR, obesity, and dyslipidemia.

Cardiovascular benefits of AAL have also been 
observed in animal studies. AAL extract was shown to 
reduce blood pressure in spontaneously hypertensive 
rats (SHRs) by enhancing endothelial nitric oxide (NO) 
production and improving vascular function [35]. Addi-
tionally, sesquiterpenoids in AAL have exhibited cardio-
protective effects by attenuating myocardial oxidative 
damage and inflammation in ischemia-reperfusion injury 
models [36, 37]. These results suggest that AAL may alle-
viate cardiovascular complications commonly associated 
with MS.

Renal protective effects of AAL have been documented 
as well. In a study using a rat model of renal fibrosis, 
atractylone reduced renal inflammation and fibrosis by 
modulating TGF-β/Smad signaling, a pathway closely 
linked to chronic kidney disease progression [38]. Fur-
thermore, AAL extract has demonstrated diuretic and 
anti-inflammatory effects in animal models of acute 
kidney injury, supporting its relevance in managing 
nephropathy associated with MS [39, 40].

Despite its extensive traditional use, the effects of 
AAL on MS, particularly in models induced by high-
fat and high-fructose (HFHFr) diets, remain underex-
plored. HF and HFr diets are widely used to replicate 
the pathophysiological features of human MS in exper-
imental models, promoting obesity, IR, hyperlipid-
emia, and systemic inflammation [41, 42]. Given the 
preclinical evidence supporting the anti-inflammatory, 
anti-obesity, and metabolic regulatory effects of AAL, 
investigating its potential to mitigate cardio-renal dys-
function caused by prolonged MS is warranted. This 
study aims to address this gap by evaluating the ther-
apeutic effects of the aqueous extract of Atractylodes 
lancea (AAL) on cardio-renal dysfunction induced 
by long-term MS. By assessing multiple metabolic 
parameters and histological markers, this research 
seeks to elucidate the effects of AAL on cardiovascu-
lar and renal functions. The findings of this study may 
contribute to the development of herbal strategies or 
nutraceutical approaches for managing MS and allevi-
ating the burden of its associated complications.

Methods
Preparation of Atractylodes lancea (AAL)
AAL was purchased from the Herbal Medicine Co-oper-
ative Association, Iksan, Jeonbuk Province, Korea, in 
September 2021. The dried AAL (500 g) was boiled with 
2500 mL of distilled water (DW) for 2 h using a vacuum 
evaporator (N-11, Tokyo Rikakikai, Tokyo, Japan). After 
boiling, the extract was concentrated and dried (yield: 
358.8 g, 76%) and stored at −70 °C until use.

HPLC analysis of atractylodin in AAL extracts
High-performance liquid chromatography (HPLC) was 
performed to confirm the presence of atractylodin in the 
AAL extracts. The analysis was conducted using a Cap-
cell pak UG80 column (4.6  mm I.D. x 150  mm, 5  μm, 
Osaka Soda, Japan) at a column temperature of 40 ℃. 
The mobile phase consisted of purified water (330 mL) 
containing phosphoric acid (0.6 mL) mixed with ace-
tonitrile (670 mL), at a flow rate of 1.0 mL/min for a 
30-minute run. Detection was carried out at a wave-
length of 340 nm. A 10 µL aliquot of each sample, includ-
ing the standard (STD) solution of atractylodin and the 
AAL extracts (samples 1, 2, and 3), was injected into the 
HPLC system. Peaks corresponding to atractylodin were 
identified based on retention time by comparison with 
the standard solution. The consistency of the atracty-
lodin peak across samples validated the extraction pro-
cess, confirming the reliability and reproducibility of the 
herbal preparations.

Animal model and diet
Animal model and diet All experimental procedures 
were conducted in accordance with the National Insti-
tute of Health Guide for the Care and Use of Labora-
tory Animals and approved by the Institutional Animal 
Care and Utilization Committee for Medical Science of 
Wonkwang University (WKU 22–52). The study used 
nine-week-old male Wistar rats (Samtako, Osan, Korea), 
which were acclimatized for one week before being ran-
domly assigned to five groups, with seven rats per group; 
Control group (Cont), Negative control group (HFHFr), 
Positive control group (OMT), AAL low-dose treatment 
group (AAL1), and an AAL high-dose treatment group 
(AAL2). The Cont received a standard chow diet (10% 
kcal fat, D12450, Research Diets, Inc., New Brunswick, 
NJ, USA) with DW, while the HFHFr, OMT, AAL1, AAL2 
groups were fed a high-fat diet (45% kcal fat, D12451, 
Research Diets, Inc.) with 10% fructose water (Daejung, 
Siheung, Korea). All diets were provide for 16 weeks. Diet 
composition is detailed in Table 1. Animals were housed 
under controlled conditions with a constant temperature, 
relative humidity, and a 12-hour light/dark cycle. After 
eight weeks on the respective diets, AAL extract and 
olmesartan were administered orally through oral gavage 
needle for an additional eight weeks, while the Cont and 
HFHFr groups received DW. OMT, an angiotensin recep-
tor blocker (ARB), served as a positive control for its 
known blood pressure-lowering effects through vascular 
relaxation [43]. Body weight (BW) was recorded weekly 
throughout the experiment.

Estimation of oral glucose tolerance test (OGTT)
The oral glucose tolerance test (OGTT) was conducted 
prior to sacrifice. After 15  h of overnight fasting, blood 
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samples were collected from the tail vein using a glu-
cometer (OneTouch® Ultra™) and test strips (i-SENS, 
Inc., Seoul, Korea) to measure baseline glucose levels. A 
glucose solution (2  g/kg body weight) was then admin-
istered orally via gavage. Additional blood samples were 
collected from the tail vein at 30, 60, 90, and 120 min fol-
lowing glucose administration to monitor blood glucose 
levels.

Euthanasia and tissue collection
At the end of the study, animals were euthanized in 
accordance with ethical guidelines. Euthanasia was 
performed using isoflurane anesthesia to ensure the 
animals were unconscious before sacrifice. Isoflurane 
was administered using the Harvard Apparatus Ani-
mal Isoflurane System, specifically designed for small 
animal procedures (Harvard Apparatus, Holliston, 
MA, USA). The anesthesia induction was set to a con-
centration of 4% for induction and maintained at 2% 
during tissue collection. This method was chosen to 
minimize pain and distress in compliance with ethical 
standards. Blood was collected via cardiac puncture 
while under anesthesia, plasma separated for analysis, 
and tissues were harvested and stored at −70  °C for 
further biochemical investigations.

Analysis of plasma biochemicals
The levels of glucose, triglyceride (TG), T-Cho, HDL-C, 
creatine phosphokinase (CPK), creatine kinase myocar-
dial band (CK-MB), lactate dehydrogenase (LDH), cre-
atinine (Cre), and blood urea nitrogen (BUN) in plasma 
were measured using an automated clinical chem-
istry analyzer (FUJI DRI-CHEM NX700, FUJIFILM 

Corporation, Tokyo, Japan). Plasma insulin levels were 
determined using a commercial enzyme-linked immu-
nosorbent assay (ELISA) kit (FUJIFILM Wako Shibay-
agi, Virginia, USA), and leptin levels were measured 
using an ELISA kit from Abcam (Cambridge, UK). The 
homeostasis model assessment of insulin resistance 
(HOMA-IR) was calculated according to Matthews 
et al. [44] HOMA − IR =(fasting plasma insulin
×fasting blood glucose) /405. The Cardiac risk ratio was 
calculated according to Kinosian et al. [45] using this for-
mula : Cardiac risk ratio = T − Cho /HDL − C.

Assessment of cardiac function via echocardiography
Echocardiography was performed using an ultrasound 
unit with an 18LS probe set at a frequency of 14 MHz 
(VINNO6, Vinno Corporation, China). Animals were 
anesthetized with 4% isoflurane mixed with oxygen, 
administered via a nose cone while placed on a ther-
mal mat to maintain body temperature. During mea-
surements, isoflurane levels were reduced to 1.5% at 
a flow rate of 1  L/min to sustain anesthesia. After 16 
weeks of the experiment, echocardiographic measure-
ments were taken for each rat. Ejection fraction (EF) 
was determined using VINNO LV function software, 
and fractional shortening (FS) was calculated based on 
the left ventricular intraventricular diameters at sys-
tole and diastole (LVIDs and LVIDd, respectively).

Assessment of electrocardiography (ECG)
Electrocardiography was recorded continuously using 
standard three-lead skin electrodes. Two electrodes were 
placed on the right and left forelimbs, with a neutral elec-
trode on the hind limb. The ECG data was collected using 
electrodes connected to the data acquisition system, 
PowerLab (AD Instruments, Australia).

Measurement of systolic blood pressure (SBP)
Systolic blood pressure was measured using the non-
invasive tail-cuff plethysmography method. An automatic 
sphygmomanometer (CODA®, Torrington, USA) was 
used to record the measurements.

Preparation of aortic rings and recording of vascular 
relaxation
The thoracic aorta was rapidly excised from the rats and 
cleaned of fat tissue in Krebs’ solution (118.0 mM NaCl, 
1.1 MgSO4, 4.7 KCl, 1.2 KH2PO4, 25.0 NaHCO3, 10.0 glu-
cose, and 1.5 CaCl2, pH 7.4). The aorta was sectioned into 
3  mm rings and suspended in an organ chamber con-
taining 5 mL of Krebs solution. After pre-treatment with 
phenylephrine (PE) for 5  min, acetylcholine (ACh) and 
sodium nitroprusside (SNP) were added at specific con-
centrations to assess vascular relaxation.

Table 1  Composition of high fat diet (g)
Ingredients Experimental diets1)

Normal Diet High Fat Diet
Casein, Lactic, 30 Mesh 200.0 g 200.0 g
Cystine, L 3.0 g 3.0 g
Starch, Corn 452.2 g 176.8 g
Sucrose, Fine Granulated 176.8 g 100.0 g
Maltodextrin (Lodex 10) 75.0 g 72.8 g
Cellulose (Solka Floc, FCC200) 50.02 g 50.02 g
Soybean Oil, USP 25.0 g 177.5 g
Lard 20.0 g 25.0 g
Mineral mix2) 50.02 g 50.02 g
Choline Bitartrate 2.0 g 2.0 g
Vitamin mix3) 1.0 g 1.0 g
Calorie (kcal%) Carbohydrate 70% 35%

Protein 20% 20%
Fat 10% 45%

(1) Normal diet containing 10 kcal% fat (D12450H, Research Diets. Inc., NJ, USA); 
high fat diet containing 45 kcal% fat (D12451, Research Diets. Inc., NJ, USA)
(2) Mineral mix: Mineral mix S10026B (Research Diets. Inc., NJ, USA)
(3) Vitamin mix: Vitamin mix V10001C (Research Diets. Inc., NJ, USA)
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Monitoring of renal function
Animals were housed in individual metabolic cages 
for 24  h to collect urine and monitor food and water 
intake. From day 15 at 9:00 a.m. to day 16 at 9:00 
a.m., 24-hour urine samples were collected to ana-
lyze Cr), sodium, chloride, potassium, and urinary 
osmolality (Uosmol). Ion concentrations were mea-
sured using an electrolyte analyzer (NOVA 4, Bio-
chemical, Waltham, MA, USA), and Uosmol was 
determined with an Advanced CRYOMATIC™ osmom-
eter (Model 3900, Advanced Instruments Inc., Nor-
wood, MS, USA). Urine creatinine was measured 
using a colorimetric method with a spectrophotometer 
(Milton Roy, Rochester, NY, USA). Creatinine clear-
ance (Ccr) was calculated using the following formula: 
Ccr (mL/ min /kg) = urine Cre (mg/mL) × urinary
volume (UV, mL/kg/ min) /plasma Cre (mg/mL).

Histological analysis
Epididymal fat, heart, vascular, and kidney tissues were 
collected from each rat and fixed in 10% formalin pre-
pared in 0.01 M phosphate-buffered saline for seven days. 
The tissues were embedded in Optimal Cutting Tem-
perature (OCT) compound and paraffin, sectioned at 
6–8 μm, and mounted on slides. Epididymal fat sections 
were stained with Oil Red O for histopathological evalu-
ation. Heart and vascular tissues were stained using Mas-
son’s trichrome staining (Masson’s Trichrome Stain Kit, 
BBC Biochemical, Mount Vernon, WA, USA) to assess 
fibrosis. Heart tissue was further stained with Picrosirius 
Red (Polysciences, Inc., Warrington, PA, USA). Morpho-
logical changes in kidney tissues were analyzed using 

periodic acid-Schiff (PAS) staining. PAS-stained slides 
were analyzed using Motic Easy Scan Pro 1 (microscope 
slide scanner, National Optical & Scientific Instruments, 
Inc., Schertz, TX, USA). The remaning imaging analyses 
were conducted by EVOS™ M5000 (Thermo Fisher Sci-
entific, Bothell, WA, USA). ImageJ software (NIH, USA) 
was used to quantify glomerular surface area from PAS-
stained kidnyey sections and fibrosis percentage from 
Masson’s trichrome-stained cardiac and vascular tissues 
using a standardized region of interest (ROI). All analyses 
were performed in a blinded manner.

Statistical analysis
All experiments were independently performed at last 
three times and statistical analysis was conducted using 
Sigma 10.0 software, and results were expressed as 
mean ± standard error (S.E.). Differences between group 
means were evaluated using Student’s t-test, and a P 
value < 0.05 was considered statistically significant.

Results
Detection and stability of atractylodin in extracts of 
Atractylodes lancea via HPLC analysis
The high-performance liquid chromatography (HPLC) 
analysis confirmed the presence of atractylodin, a key 
bioactive compound, in AAL extracts (Fig.  1). As indi-
cated by the sharp peak in the standard (STD) chromato-
gram, the same peak was consistently detected across 
multiple extract samples (AAL 1, 2, and 3), confirm-
ing the presence of atractylodin. The peak intensity was 
comparable to the standard, indicating efficient extrac-
tion and stability of atractylodin in the samples. The 

Fig. 1  HPLC Chromatogram of Atractylodin. The chromatogram displays the high-performance liquid chromatography (HPLC) analysis of atractylodin, 
a bioactive compound in Atractylodes lancea. The standard sample chromatogram (STD) shows a distinct peak corresponding to atractylodin, indicated 
by the black arrow
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reproducibility of the atractylodin peaks across different 
batches demonstrates the reliability of the extraction pro-
cess, ensuring the consistent quality of Atractylodes lan-
cea formulations for further experimental applications.

Effects of AAL on abdominal adiposity and lipid 
metabolism in rats with high-fat-high-fructose diet-
induced metabolic syndrome
The HFHFr group exhibited a significant increase in 
abdominal circumference compared to the control group, 
while treatment with OMT and AAL (both doses) sig-
nificantly reduced this increase (Fig.  2A and B). Mor-
phological analysis of epididymal fat (Fig.  2C and D) 
revealed that HFHFr-induced rats developed enlarged 
and disorganized adipocytes, whereas AAL treatment 
improved adipocyte structure and reduced cell size, 
comparable to OMT treatment. The weight of epididy-
mal adipose tissue (Fig.  2E) and the fat-to-body weight 
ratio (EW/BW; Fig.  2F) were significantly elevated in 

the HFHFr group, and both OMT and AAL treatments 
reduced these parameters, with AAL2 showing the most 
pronounced effect. Gene expression analysis (Fig. 2G and 
H) indicated that key Lipid metabolism regulators, sterol 
regulatory element-binding protein 1c (SREBP-1c) and 
liver X receptor (LXR), were significantly upregulated 
in the HFHFr group, whereas both AAL doses markedly 
suppressed their expression. Furthermore, the HFHFr 
group exhibited significantly enlarged adipocyte cell 
areas (Fig.  2I), which were reduced by AAL and OMT 
treatment.

Effects of AAL on glucose homeostasis, insulin sensitivity, 
and adipokine regulation in metabolic syndrome rats
The OGTT revealed significantly elevated blood glu-
cose levels in the HFHFr group at various time points 
compared to the control group, indicating impaired 
glucose tolerance (Fig. 3A). Treatment with AAL (100 
and 200  mg/kg) and OMT notably reduced glucose 

Fig. 2  Effects of Atractylodes lancea on Adipose Tissue and Lipid Metabolism in HFHFr Diet-Induced Metabolic Syndrome Rats. A Representative images 
of abdominal fat in rats after 16 weeks, showing enlarged visceral fat in the HFHFr group compared to the control, with reductions in AAL (100 mg/kg 
and 200 mg/kg) and olmesartan (OMT) treated groups. B Abdominal circumference measurements, showing a significant reduction in the AAL-treated 
groups. C Adipose tissue images highlighting reduced fat accumulation with AAL treatment. D Histological sections of adipose tissue stained with H&E, 
revealing smaller adipocytes in AAL-treated groups. E Weight of epididymal adipose tissue, showing a significant reduction with AAL. F EW/BW ratio 
was significantly reduced by AAL. G, H SREBP-1c and LXR mRNA levels were downregulated with AAL treatment, indicating improved lipid metabolism. 
I Mean adipocyte cell area was reduced with AAL treatment, highlighting its anti-obesity potential. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; #P < 0.05, 
##P < 0.01, ###P < 0.001 vs. HFHFr group
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levels, particularly at the 60 and 120-minute time 
points. The fasting blood glucose levels (Fig. 3B) were 
significantly increased in the HFHFr group (p < 0.01) 
compared to the control, whereas AAL and OMT 
treatments reduced glucose levels (p < 0.05). Insulin 
levels (Fig.  3C) and HOMA-IR scores (Fig.  3D) were 
significantly elevated in the HFHFr group (p < 0.05), 
indicating insulin resistance, while both doses of 
AAL and OMT significantly lowered these markers 
(p < 0.001). Plasma leptin levels (Fig.  3E) were higher 
in the HFHFr group compared to the control group, 
and AAL treatment effectively reduced leptin concen-
trations, comparable to the OMT group. Conversely, 
plasma adiponectin levels (Fig.  3F) were signifi-
cantly increased in the HFHFr group, but AAL and 
OMT treatments restored these levels toward normal 
(p < 0.01). The leptin/adiponectin ratio (Fig.  3G) was 
markedly increased in the HFHFr group (p < 0.05) and 
significantly reduced by AAL and OMT treatment 
(p < 0.01).

Effects of AAL on serum lipid profiles in metabolic 
syndrome rats
In Fig.  4A, TG levels were significantly elevated in 
the HFHFr group compared to the control group 
(p < 0.001). Treatment with AAL 200  mg/kg treat-
ment reduced TG levels, while treatment OMT and 
AAL 100  mg/kg significantly decreased compared to 

the HFHFr group. However, T-Cho levels (Fig. 4B) did 
not differ significantly across the groups. Low-density 
lipoprotein cholesterol (LDL-C) levels (Fig.  4D) were 
markedly increased in the HFHFr group (p < 0.001), 
and both AAL doses effectively lowered LDL-C levels 
(p < 0.001) to values comparable to the OMT group. 
Very low-density lipoprotein cholesterol (VLDL-
C) levels (Fig.  4E) were also elevated in the HFHFr 
group (p < 0.05), while AAL and OMT treatments sig-
nificantly reduced these levels (p < 0.05). Conversely, 
high-density lipoprotein cholesterol (HDL-C) lev-
els (Fig.  4C) were significantly reduced in the HFHFr 
group (p < 0.001) compared to the control, but both 
AAL doses and OMT treatment restored HDL-C levels 
(p < 0.01).

Effects of AAL on cardiac function and structure in 
metabolic syndrome rats
The HFHFr group exhibited visibly enlarged hearts 
compared to the control group, while treatment 
with OMT and AAL (both doses) reduced heart size 
(Fig.  5A). Figure  5B shows that heart weight was sig-
nificantly higher in the HFHFr group (p < 0.001) 
compared to the control, but both AAL and OMT 
treatments significantly decreased heart weight 
(p < 0.05, p < 0.01). Echocardiographic images (Fig. 5C) 
revealed impaired cardiac function in the HFHFr 
group, confirmed by the reduction in ejection fraction 

Fig. 3  Effects of Atractylodes lancea on Glucose Homeostasis and Adipokine Levels in HFHFr Diet-Induced Metabolic Syndrome Rats. A Fasting blood 
glucose levels, showing significant reductions with AAL treatment. B AUC from the OGTT, indicating improved glucose tolerance in AAL-treated groups. 
C Plasma insulin levels, showing reductions with AAL. D HOMA-IR scores, with significant decreases in insulin resistance in AAL-treated groups. E-G Plasma 
leptin levels were lowered, while adiponectin levels increased with AAL treatment, reflecting improved metabolic regulation. H The leptin/adiponectin 
ratio was normalized with AAL. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. HFHFr group
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(EF, Fig.  5D) and fractional shortening (FS, Fig.  5E). 
Treatment with AAL significantly improved both 
EF and FS compared to the HFHFr group (p < 0.01). 
Heart rate (BPM) analysis (Fig. 5F) indicated a signifi-
cant increase in the HFHFr group (p < 0.001), which 
was normalized following AAL and OMT treatments 
(p < 0.01). Stroke volume (Fig.  5G) was significantly 
increased in the HFHFr group, but AAL treatment 
restored it toward normal levels (p < 0.05). The left 
ventricular mass (LVd mass, Fig.  5H) was markedly 
increased in the HFHFr group (p < 0.001), while AAL 
and OMT treatments significantly reduced LVd mass 
(p < 0.01). Electrocardiographic (ECG) recordings 
(Fig.  5I) showed abnormal QRS and QT intervals in 
the HFHFr group, indicating impaired electrical activ-
ity. As shown in Fig.  5J, the QRS interval was signifi-
cantly prolonged in the HFHFr group (p < 0.001), while 
AAL and OMT treatments shortened the QRS interval 
(p < 0.05, p < 0.01). Similarly, the QT interval (Fig. 5K) 
was significantly prolonged in the HFHFr group 
(p < 0.01), but treatment with AAL and OMT restored 
it to normal values (p < 0.01, p < 0.001). LVEDV and 

LVESV values were included in the supplementary 
data to support the interpretation (Supplementary 
data).

Ameliorative effects of AAL on cardiac fibrosis, injury 
markers, and inflammatory responses in metabolic 
syndrome rats
Figure  6A shows representative Masson’s trichrome 
and Picrosirius red staining images, where the HFHFr 
group exhibited extensive cardiac fibrosis, character-
ized by increased collagen deposition. In contrast, AAL 
treatment significantly improved cardiac structure, 
with reduced fibrosis comparable to the OMT group. 
Quantification of cardiac fibrosis in Fig.  6B reveals that 
the HFHFr group showed a marked increase in fibro-
sis percentage (p < 0.001) compared to the control 
group, while both doses of AAL (AAL1 and AAL2) sig-
nificantly reduced fibrosis (p < 0.01, p < 0.001). Cardiac 
injury markers were also elevated in the HFHFr group, 
including CPK (Fig.  6C), CK-MB (Fig.  6D), and LDH 
(Fig.  6E), indicating myocardial damage. Both AAL and 
OMT treatments significantly reduced the levels of 

Fig. 4  Effects of Atractylodes lancea on Lipid Profiles in HFHFr Diet-Induced Metabolic Syndrome Rats. A Triglycerides, (C) LDL-C, and (D) VLDL-C levels 
were significantly reduced, while (E) HDL-C levels were restored with AAL treatment, demonstrating beneficial effects on lipid profiles. *P < 0.05, **P < 0.01, 
***P < 0.001 vs. control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. HFHFr group
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Fig. 5  Effects of Atractylodes lancea on Cardiac Structure and Function in HFHFr Diet-Induced Metabolic Syndrome Rats. A Heart images showing re-
duced size in AAL-treated groups. B Heart weight measurements, with reductions in AAL groups. C-E Echocardiographic findings, showing improved 
ejection fraction (EF) and fractional shortening (FS) with AAL treatment. F-H Heart rate, stroke volume, and left ventricular mass (LVd mass) were normal-
ized by AAL. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. HFHFr group
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these biomarkers, restoring them toward normal val-
ues (p < 0.05, p < 0.01). Similarly, the cardiac risk ratio 
(Fig.  6F) was significantly higher in the HFHFr group 
(p < 0.001) and was lowered by AAL treatments (p < 0.01, 
p < 0.001). Gene expression analyses of inflammatory 
markers show that TNF-α (Fig. 6G) and interleukins (IL-
6, Fig.  6H; IL-1β, Fig.  6I) were markedly upregulated in 
the HFHFr group (p < 0.001). AAL treatment significantly 
downregulated these pro-inflammatory cytokines. How-
ever, IL-1β tended to decrease but was not significant. 
Furthermore, the expression of profibrotic markers, TGF-
β (Fig. 6J) was significantly increased in the HFHFr group 
(p < 0.05, p < 0.001). AAL treatments, especially at higher 
doses, significantly reduced the expression of these mark-
ers (p < 0.01), indicating an attenuation of cardiac fibrosis. 
Collagen isoforms Col1a1 and Col3a1 tended to decrease 
but was not significant (Fig. 6K and L).

Effects of AAL on vascular function and structure in 
metabolic syndrome rats
Figure  7A shows that the HFHFr group exhibited a sig-
nificant increase in systolic blood pressure after 16 weeks 
compared to the control group (p < 0.001), while both 
doses of AAL and OMT treatments significantly low-
ered blood pressure (p < 0.05, p < 0.001). Similarly, Fig. 7B 
indicates that tail blood flow, which was reduced in the 

HFHFr group (p < 0.01), was restored by AAL and OMT 
treatments (p < 0.05, p < 0.01). The vascular relaxation 
response to ACh and SNP is depicted in Fig. 7C and D, 
respectively. The HFHFr group exhibited impaired endo-
thelium-dependent and endothelium-independent relax-
ation responses, while treatment with AAL and OMT 
significantly improved vascular relaxation, indicating 
enhanced vascular function (p < 0.05). Figure  7E shows 
histological images of vascular tissue stained for thick-
ness and fibrosis. The HFHFr group exhibited marked 
vascular thickening and fibrosis compared to the control, 
whereas AAL and OMT treatments reduced these struc-
tural abnormalities. Quantification of vascular thickness 
(Fig. 7F) shows a significant increase in the HFHFr group 
(p < 0.001) compared to the control, with both AAL and 
OMT treatments reducing thickness (p < 0.05, p < 0.001). 
Similarly, vascular fibrosis (Fig.  7G) was significantly 
higher in the HFHFr group (p < 0.01) and was effectively 
reduced by OMT treatments (p < 0.001). AAL treatment 
reduced the vascular fibrosis, but there was no signifi-
cant. Additionally, the HFHFr group displayed elevated 
atherogenic indices, including the atherogenic coefficient 
(Fig. 7H) and atherogenic index of plasma (Fig. 7I), which 
were significantly reduced by AAL and OMT treatments 
(p < 0.01, p < 0.001).

Fig. 6  Effects of Atractylodes lancea on Cardiac Fibrosis, Injury Markers, and Inflammatory Responses in HFHFr Diet-Induced Metabolic Syndrome Rats. 
A-B Masson’s trichrome and Picrosirius red staining images showing reduced fibrosis with AAL treatment. C-E Plasma levels of CPK, CK-MB, and LDH, 
showing decreases with AAL. F Cardiac risk ratio improved with AAL treatment. G-L Pro-inflammatory and profibrotic markers were significantly reduced 
with AAL, indicating reduced fibrosis and inflammation. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. HFHFr group
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Effects of AAL on renal function and structure in metabolic 
syndrome rats
The HFHFr group exhibited visibly enlarged kid-
neys compared to the control group, while treatment 
with OMT and AAL (both doses) reduced kidney size 
(Fig.  8A). Kidney weight (Fig.  8B) was significantly 
higher in the HFHFr group (p < 0.001) compared to the 
control, but both AL and OMT treatments significantly 
decreased kidney weight (p < 0.05, p < 0.01, p < 0.001). 
PAS staining (Fig. 8C) revealed morphological alterations 
in the HFHFr group, including glomerular hypertrophy 
(Fig. 8D) and narrowing of the capillary lumen in some 
glomeruli. Furthermore, excessive deposition of PAS-
positive substances was observed in both the glomeru-
lar basement membrane (GBM) and tubular basement 
membrane (TBM), indicating basement membrane thick-
ening. A slight expansion of the renal interstitial space 
was also noted. OMT treatment partially ameliorated 

HFHFr-induced renal injury, while AAL treatment effec-
tively restored glomerular hypertrophy, capillary lumen 
narrowing, GBM and TBM alterations, basement mem-
brane thickening, and interstitial expansion. In particular, 
AAL1 restored these parameters to levels comparable to 
those in the control group. Uosmol (Fig. 8E), urine Na+ 
(Fig. 8F), Cl− (Fig. 8G), and K+ (Fig. 8H) were confirmed 
to measure the equilibrium state of the electrolyte in the 
body by using urine. Due to the HFHFr, all of the fac-
tors increased compared to the Cont group, and signifi-
cantly decreased with OMT. Osmolality was effectively 
reduced by the treatment of AAL2, and Cl− and K+ were 
significantly reduced in both AAL1 and AAL2 treat-
ment groups, but no significant effect was observed for 
Na+ levels. Cre (Fig.  8I), BUN (Fig.  8J), BUN/Cre ratio 
(Fig.  8K), and Ccr (Fig.  8L) were measured to measure 
kidney function. Plasma Cre, plasma BUN, and BUN/Cre 
ratio increased compared to Cont due to the HFHFr diet, 

Fig. 7  Effects of Atractylodes lancea on Vascular Function and Atherogenic Markers in HFHFr Diet-Induced Metabolic Syndrome Rats. A Systolic blood 
pressure significantly reduced with AAL treatment. B Tail blood flow restored in AAL-treated groups. C-D Enhanced vascular relaxation responses to ACh 
and SNP with AAL. E-G Reduced vascular fibrosis and thickness, along with improved atherogenic coefficient and index with AAL. *P < 0.05, **P < 0.01, 
***P < 0.001 vs. control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. HFHFr group
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Fig. 8  Effects of Atractylodes lancea on Renal Function and Structure in HFHFr Diet-Induced Metabolic Syndrome Rats. A  Kidney images showing 
reduced size in AAL-treated groups. B Kidney weight measurements, with reductions in AAL groups. C PAS staining images showing restored renal mor-
phology with AAL treatment. D glomerular surface area (µm²). E-H Urine levels of Osmolality, Na+, Cl−, K+ levels. I-L Renal function ratio improved with 
AAL treatment. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. HFHFr group
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and Ccr decreased. Two volumes of AAL were reversed 
these levels.

Discussion
This study highlights the therapeutic potential of AAL in 
improving metabolic, cardiovascular, and renal abnor-
malities in a rat model of HFHFr diet-induced MS. MS 
is increasingly recognized as a systemic disorder charac-
terized by complex interactions between central meta-
bolic disturbances and end-organ damage, particularly 
affecting the heart and kidneys [46]. Although therapeu-
tic strategies have largely focused on glycemic and lipid 
control, treatment options that improve both cardiovas-
cular and renal outcomes remain limited. In this context, 
the findings of this study suggest that AAL exerts multi-
organ benefits by modulating insulin resistance, systemic 
inflammation, and tissue remodeling processes.

Cardiac dysfunction, one of the major complications 
of MS, was notably improved following AAL treatment. 
HFHFr-fed rats exhibited increases in heart weight, 
reduction in EF and FS, and prolongation of QRS and QT 
intervals, all of which indicate systolic dysfunction and 
electrical instability. AAL administration reversed these 
abnormalities, indicating improvement in myocardial 
contractility and electrical conduction. Circulating bio-
markers of cardiac injury (CK-MB, CPK, and LDH) were 
significantly decreased in AAL-treated groups. Histologi-
cal staining revealed attenuated myocardial fibrosis, and 
gene expression analysis showed downregulation of TGF-
β, Col1, and Col3 expression—key mediators of fibrotic 
remodeling [47, 48]. In addition, the expression of pro-
inflammatory cytokines such as TNF-α and IL-6 was 
reduced, suggesting that suppression of inflammation 
may contribute to the improvement in cardiac function.

Renal protective effects were also observed. HFHFr 
feeding caused characteristic renal alterations such as 
glomerular basement membrane (GBM) thickening, 
tubular injury, and interstitial expansion, all of which 
were alleviated by AAL administration [49–51]. Markers 
of renal function including plasma creatinine, BUN, and 
creatinine clearance were improved. Electrolyte imbal-
ances were also corrected, suggesting recovery of osmo-
regulatory capacity. These effects are consistent with the 
anti-inflammatory and antioxidant properties reported 
for atractylodin, a major component of AAL [52, 53]. 
Taken together, these results indicate that AAL mitigated 
both structural damage and functional decline in the 
kidneys.

Vascular dysfunction, which plays a central role in the 
progression of MS-related organ damage, was also alle-
viated. HFHFr-fed rats displayed elevated systolic blood 
pressure and reduced peripheral blood flow, indicating 
increased vascular resistance and endothelial impairment 
[46, 54, 55]. AAL treatment normalized blood pressure, 

enhanced tail blood flow, improved aortic relaxation 
responses to acetylcholine, and reduced collagen accu-
mulation in the vascular wall, as confirmed by Picrosir-
ius red staining. These vascular improvements may have 
reduced cardiac afterload and enhanced tissue perfusion, 
indirectly supporting improvements in heart and kidney 
function.

At the systemic metabolic level, AAL exerted broad 
benefits. Fasting blood glucose, insulin, HOMA-IR, and 
leptin levels were reduced following AAL treatment [8, 
56–59]. Physical measures such as body weight, abdom-
inal circumference, and fat pad mass also decreased. In 
addition, lipid profiles improved, with reductions in tri-
glycerides and total cholesterol and an increase in HDL-C 
levels. Gene expression analysis revealed that AAL sup-
pressed lipogenesis-related genes such as SREBP-1 and 
LXR [60], suggesting a mechanism for improved lipid 
metabolism and reduced fat accumulation.

Olmesartan, an angiotensin II receptor blocker (ARB), 
was used as a reference drug due to its established roles 
in reducing blood pressure, insulin resistance, and car-
diovascular remodeling [61–64]. While both AAL and 
olmesartan improved blood pressure and metabolic out-
comes, AAL uniquely influenced tissue structure and 
inflammatory gene expression. This distinction highlights 
the multi-target actions of botanical agents like AAL, 
which can modulate diverse physiological systems simul-
taneously. Therefore, olmesartan was included as a phe-
notypic comparator to evaluate the therapeutic scope of 
AAL.

Several limitations should be considered when inter-
preting the results. First, the study was conducted exclu-
sively in male rats, which limits the ability to generalize 
the findings across sexes. Since hormonal differences can 
influence metabolism, future studies including female 
animals are needed to assess sex-specific responses. Sec-
ond, although the presence of atractylodin in AAL was 
confirmed via HPLC, quantitative validation parameters 
such as calibration curves, detection limits, and repro-
ducibility across extract batches were not established, 
which restricts the standardization of the preparation 
[65, 66]. Third, mechanistic analysis at the protein level 
was not fully conducted. Preliminary Western blotting 
for AMPK and TGF-β/Smad pathways was attempted 
but did not yield statistically significant results, likely due 
to biological variability and limited sample size. There-
fore, those data were omitted from the main figures. 
Validation of key signaling pathways will be essential in 
future studies. Fourth, the histological analysis was ini-
tially descriptive. Quantitative morphometric analysis 
using ImageJ software has been incorporated to measure 
parameters such as glomerular area and collagen volume 
fraction, providing more objective and reproducible his-
tological data. Lastly, translational interpretation should 



Page 14 of 15Yang et al. BMC Complementary Medicine and Therapies          (2025) 25:338 

be approached with caution. No pharmacokinetic or 
toxicological evaluations were performed, and dose con-
version for human application was not addressed. This is 
particularly important due to the presence of bioactive 
components such as atractylodin, which may exert off-
target effects.

Conclusion
In conclusion, Atractylodes lancea rhizome (AAL) 
exhibited significant therapeutic effects in a rat model 
of metabolic syndrome by improving glucose and lipid 
metabolism, reducing insulin resistance, and alleviat-
ing dysfunction in the heart, blood vessels, and kidneys. 
These effects appear to be mediated through anti-inflam-
matory and anti-fibrotic pathways, along with enhanced 
endothelial function and suppression of pathological 
remodeling. Collectively, the findings support the poten-
tial utility of AAL as a multi-target approach for manag-
ing cardio-renal complications associated with metabolic 
syndrome.
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