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Abstract  

Insulin resistance, a key feature of type 2 diabetes, is characterized by impaired glucose uptake associated with 

dysregulation of PPARγ and GLUT4. This study investigated the effects of the active fraction of Physalis angulata Linn. 

(P. angulata), commonly known as ciplukan, on PPARγ and GLUT4 mRNA expression in an in vitro insulin-resistant 

C2C12 cell model. Insulin resistance was induced using palmitate, followed by treatment with the active fraction of P. 

angulata (100 μg/mL) for 4, 12, and 24 h. PPARγ and GLUT4 mRNA expression levels were quantified using reverse 

transcription quantitative real-time polymerase chain reaction (RT-qPCR). The active fraction of P. angulata significantly 

increased PPARγ mRNA expression at 4, 12, and 24 h and GLUT4 mRNA expression at 12 h compared with the control 

group (p < 0.05). These results demonstrate a time-dependent upregulation of genes involved in lipid metabolism and 

glucose transport in insulin-resistant C2C12 cells. The findings suggest that the active fraction of P. angulata may 

influence the expression of PPARγ and GLUT4 mRNA in insulin-resistant C2C12 cells, warranting further investigation. 
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Introduction 

Type 2 diabetes mellitus is a metabolic disorder 

characterized by impaired insulin action resulting from 

insulin resistance and/or insufficient insulin secretion. 

This condition accounts for more than 90% of all 

diabetes cases and predominantly affects adults, 

representing a substantial global health burden. The 

increasing prevalence of type 2 diabetes mellitus, 

including in Indonesia, underscores the need for 

effective therapeutic strategies to improve glucose 

homeostasis and insulin sensitivity [1,2]. 

At the molecular level, insulin resistance in type 2 

diabetes mellitus is closely associated with 

dysregulation of peroxisome proliferator-activated 

receptor gamma (PPARγ) and glucose transporter type 

4 (GLUT4). GLUT4 is the primary insulin-responsive 

glucose transporter in skeletal muscle and is responsible 

for approximately 80% of postprandial glucose uptake. 

Reduced expression of GLUT4 or impaired 

translocation of this transporter to the plasma membrane 

leads to decreased glucose uptake and subsequent 

hyperglycemia. Peroxisome proliferator-activated 

receptor gamma plays a critical regulatory role in 

glucose metabolism by regulating the transcription of 

genes involved in insulin sensitivity, including GLUT4. 

Decreased expression of PPARγ further exacerbates 

insulin resistance, creating a vicious cycle of impaired 

insulin signaling and glucose utilization. Several studies 
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have demonstrated that reduced transcription of PPARγ 

and GLUT4 mRNA results in diminished protein 

expression, impaired GLUT4 translocation, and 

decreased glucose uptake in skeletal muscle cells [3-5]. 

Given the limitations of current pharmacological 

therapies, increasing attention has been directed toward 

herbal-based interventions as complementary strategies 

for the management of type 2 diabetes mellitus. Physalis 

angulata L. (Ciplukan) is a medicinal plant containing 

various bioactive compounds, including flavonoids, 

alkaloids, steroids, and phytosterols, which have been 

reported to exhibit antihyperglycemic activity. 

Experimental studies have shown that active fractions of 

Physalis angulata enhance glucose uptake in skeletal 

muscle cells. Wahyuningsih et al. [6] reported that 

Fraction I of Physalis angulata increased glucose 

consumption in C2C12 myotubes by 26.47%. 

Consistently, the active fraction of Physalis angulata has 

been shown to enhance the phosphorylation of insulin 

receptor substrate-1 at Tyr-612 and Akt/protein kinase 

B at Ser-473, which are key components of the insulin 

signaling pathway [7]. Furthermore, Rakhmawati et al. 

[8] identified campesterol and stigmasterol as key 

constituents that facilitate GLUT4 translocation through 

AS160-related signaling mechanisms [8]. These 

findings suggest that Physalis angulata may improve 

insulin sensitivity through modulation of insulin 

signaling pathways in skeletal muscle cells. 

Despite growing evidence of its 

antihyperglycemic effects, the molecular mechanisms 

underlying the action of Physalis angulata, particularly 

its effects on GLUT4 and PPARγ mRNA expression, 

remain insufficiently explored. Therefore, this study 

aims to evaluate the effects of active fractions of 

Physalis angulata L. on GLUT4 and PPARγ mRNA 

expression in insulin-resistant C2C12 cells as an in vitro 

skeletal muscle model. Elucidating these molecular 

effects is expected to provide mechanistic insight into 

the antidiabetic potential of Physalis angulata and to 

support its development as a complementary therapeutic 

option for type 2 diabetes mellitus. 

 

Materials and methods 

Materials  

DMEM was sourced from Gibco (Lot: 2512444), 

FBS (Fetal Bovine Serum) from Sigma-Aldrich (Lot: 

001671877), HS (Horse Serum) from Sigma-Aldrich 

(Lot: 22B441). Antibiotics were from Elabscience (Lot: 

GY1142RN8913), and BSA was from Elabscience (Lot: 

DI02260R2362). The GOD PAP kit was from DSI (Lot: 

60159945), The RNA extraction kit used was obtained 

from Favorgen, while the cDNA synthesis kit was 

sourced from Smobio, and the qPCR kit was SensiFAST 

SYBR Lo-ROX. Primers for GLUT4, PPARγ, and 

housekeeping gene β-actin were obtained from 

Macrogen. The active fraction of P. angulata was 

provided by the Department of Pharmacology and 

Therapy, Faculty of Medicine, Public Health, and 

Nursing, Universitas Gadjah Mada (UGM). This study 

has obtained approval from the Ethics Committee of the 

Faculty of Medicine, Public Health, and Nursing, 

Universitas Gadjah Mada, Yogyakarta, Indonesia 

(Approval Number: KE/FK/0379/EC/2024). 

 

Cell culture and differentiation 

C2C12 cells obtained from Department of 

Pharmacology and Therapy, Faculty of Medicine, 

Public Health, and Nursing, UGM. The cells were at 

passage 50. C2C12 myoblasts were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% FBS at 37 °C in a 5% CO2. 

Differentiation of C2C12 cells was induced by replacing 

the medium with DMEM containing 2% Horse Serum 

(HS). Experiments were conducted after 6 to 8 days of 

differentiation. 

 

Palmitate-induced insulin resistance in C2C12 

myotubes 

Insulin resistance was induced in differentiated 

C2C12 myotubes using palmitate. A palmitate stock 

solution (500 mM) was prepared by dissolving palmitic 

acid in absolute ethanol with heating at 70 °C. A 10% 

bovine serum albumin (BSA) solution was prepared in 

basal DMEM and incubated at 37 °C until fully 

dissolved. Palmitate was conjugated to BSA to obtain a 

5 mM palmitate-BSA stock solution, which was 

aliquoted and stored at ‒20 °C. Working concentrations 

of palmitate-BSA were prepared by dilution in DMEM 

free-serum (DMEM-FS). Vehicle control cells were 

treated with BSA containing an equivalent 

concentration of ethanol without palmitate. To induce 

insulin resistance, differentiated C2C12 myotubes were 

exposed to 0.75 mM palmitate-BSA for 16 h. After 

induction, cells were washed once with phosphate-
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buffered saline (PBS) to remove residual palmitate prior 

to subsequent treatments. 

 

Glucose consumption assay  

Glucose consumption was assessed by measuring 

residual glucose concentration in the culture medium 

using the glucose oxidase-phenol 4-aminoantipyrine 

peroxidase (GOD-PAP) method according to the 

manufacturer’s instructions. C2C12 cells were seeded at 

a density of 3×10³ cells per well in 96-well plates and 

differentiated. Fully differentiated cells were divided 

into 6 groups: Media control (KM, culture medium 

without cells), cell control (KS, untreated cells) and four 

palmitate-treated groups (0.25, 0.5, 0.75, and 1 mM). 

Cells were treated with palmitate as described above and 

incubated for 16 h. Following incubation, culture 

supernatants were collected and incubated with the 

GOD-PAP reagent. Absorbance was measured at 490 

nm using an ELISA reader, and glucose concentrations 

(mg/dL) were calculated using a standard calibration 

curve according to the following formula:  

 

Glucose Concentration(
mg

dL
) =

Sample Absorbance−Blank Absorbance

Standard Absorbance−Blank Absorbance 
𝑥 100                   (1) 

 

Fraction Physalis angulata L. preparation  

The active fraction of Physalis angulata L. was 

prepared using a bioassay-guided fractionation method 

as previously described by Wahyuningsih et al. [6]. The 

active fraction used in this study corresponds to Fraction 

I, which exhibited the highest glucose uptake-enhancing 

activity (26.47%) among Fractions I - IV in C2C12 

myoblast cells. Fraction I represents a mixture of 

compounds derived from the methanol-insoluble 

partition of the chloroform extract and separated by 

vacuum liquid chromatography using a gradient polarity 

mobile phase, with thin-layer chromatography 

employed to monitor the fractionation process. Based on 

prior characterization, this fraction comprises multiple 

classes of compounds, predominantly flavonoids, and 

also contains phytosterols, with campesterol and 

stigmasterol identified as representative phytosterol 

constituents [6,8]. 

The manufacturing process consisted of three 

main stages: Extraction, partitioning, and fractionation. 

A total of 500 g of dried P. angulata herb powder was 

extracted using the maceration method. Maceration was 

carried out with continuous stirring for 24 h at room 

temperature using methanol and chloroform solvents. 

The success of the extraction process was monitored 

using thin-layer chromatography (TLC) and a glucose 

consumption assay [6]. 

Based on previous in vitro studies using C2C12 

myotubes, the active fraction was applied at a 

concentration of 100 µg/mL, which has been reported to 

be effective and non-cytotoxic under insulin-resistant 

conditions [9]. The experimental grouping, including 

palmitate exposure, active fraction treatment, insulin 

stimulation prior to harvesting, and sampling time points 

before RT-qPCR analysis, is summarized in Table 1.

 

Table 1 Experimental grouping. 

Group Palmitate Insulin 

Active fraction 

of P. Angulata L. 

100 μg/mL 

Solvent of active fraction of 

physalis angulata L. (DMSO 

+ DMEM free serum) 

Sampling time 

KS ‒ + ‒ + Hour 0 

F1 + + + ‒ Hour 4 

F2 + + + ‒ Hour 12 

F3 + + + ‒ Hour 24 

Experimental Grouping. KS: Cell control; F1: Fraction 1; F2: Fraction 2; F3:  Fraction 3. 

 

Treatment with P. angulata active fraction 

Differentiated C2C12 myotubes were seeded in 6-

well plates at a density of 2.5×10⁵ cells per well in a total 

volume of 2 mL medium. Insulin resistance was induced 

by exposure to palmitate (0.75 mM) for 16 h. After 

induction, cells were washed once with phosphate-

buffered saline (PBS) to remove residual palmitate prior 

to fraction treatment. The active fraction of Physalis 
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angulata L. was dissolved in DMSO and diluted with 

DMEM free-serum (DMEM-FS) to obtain a final 

concentration of 100 µg/mL, based on previous studies. 

The final DMSO concentration in all treatment and 

control conditions was maintained at 0.1 %(v/v). Cells 

were treated with the active fraction at 100 µg/mL for 4, 

12, or 24 h. Vehicle control cells received an equivalent 

concentration of DMSO (0.1 %(v/v) without the active 

fraction. Following fraction exposure, all groups were 

stimulated with insulin (100 nM) for 30 min prior to 

sample harvesting. Cells were then washed with cold 

PBS, collected, and stored at −80 °C for subsequent RT-

qPCR analysis. Each experimental condition was 

performed using technical replicates. 

 

Reverse transcription-quantitative polymerase 

chain reaction (RT-qPCR)  

RNA extraction was performed using the 

FavorPrep™ Tissue Total RNA Mini Kit, following the 

manufacturerʼs instructions. Insulin stimulation was 

applied only immediately prior to cell harvesting to 

activate the insulin signaling pathway and was not 

included during the treatment period. All experimental 

groups received the same insulin stimulation prior to 

RT-qPCR analysis. cDNA synthesis was conducted 

using the Smobio ExcelRT™ Reverse Transcription Kit 

II, and quantitative PCR (qPCR) was carried out with 

the SensiFAST™ SYBR® Lo-ROX Kit (Cat. No: BIO-

94005) in a total reaction volume of 20 µL. qPCR was 

performed using the 7,500 Fast Real-Time PCR System 

(Applied Biosystems, Singapore). The reaction 

followed a two-step PCR protocol: An initial 

denaturation at 95 C for 2 min, followed by 40 cycles 

of 95 C for 5 s, annealing at 62 C for 30 s, and 

extension at 72 C for 20 s. The mRNA expression 

levels of PPARγ and GLUT4 were normalized to the 

housekeeping gene β-actin. The relative expression of 

the target genes was determined using the 2^-ΔΔCT 

method. The primer sequences were as follows: For 

GLUT4, the forward primer was 5’-

TTGCACACGGCTTCCGAACG-3’, and the reverse 

primer: 5’-GATCT CTGGAAACCCGACGG-3’ [5]. 

For PPARγ, the forward primer was 5’-

GCCAAGGTGCTCCAGAAGAT-3’, and the reverse 

primer: 5’-AGGAACACGTTGTCAGCGG-3’ [10]. For 

the housekeeping gene β-actin, the forward primer was 

5’- AGCCCAGAACATCATCCCTG -3’, and the 

reverse primer: 5’-CACCACCTTCTTGATGTCATC-

3’ [11].  

 

Data and statistical analysis 

Experiments were performed using two 

independent technical replicates, with cells cultured in 

separate wells. Data from insulin resistance validation 

and mRNA expression of GLUT4 and PPARγ were 

analyzed using GraphPad Prism (version 10.3.1) for 

Windows. The normality of the data was evaluated using 

the Shapiro-Wilk test. Data that were normally 

distributed (p > 0.05) were analyzed with One-Way 

ANOVA, followed by Tukeyʼs multiple comparisons 

test to determine significant differences between groups. 

Statistical significance was defined as p < 0.05. 

 

Results and discussion 

Differentiation of c2c12 cells 

Figure 1 shows the differentiation of C2C12 

myoblasts into multinucleated myotubes over an 8-day 

period. At day 0, cells displayed a round and dispersed 

morphology characteristic of the proliferative myoblast 

stage. By days 2 and 4, cells exhibited elongation and 

alignment, indicating the onset of cell fusion. More 

prominent tubular structures were observed at day 6, and 

by day 8, most cells had differentiated into 

multinucleated myotubes with muscle fiber like 

morphology. 

These morphological changes are consistent with 

previous reports describing the differentiation of C2C12 

cells from mononucleated myoblasts into elongated, 

multinucleated myotubes, which represent a well-

established in vitro skeletal muscle model. 

Differentiated C2C12 myotubes have been reported to 

exhibit metabolic characteristics relevant to insulin 

signaling studies, including insulin-responsive glucose 

uptake and high GLUT4 expression [12].
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Figure 1 Differentiation of C2C12 cells from myoblasts to myotubes. Differentiation at day 0 (a), day 2 (b), day 4 (c), 

day 6 (d), and day 8 (e). Images of the cells were taken at 10x magnification using an inverted Nikon light microscope. 

 

 

Validation of insulin resistance in C2C12 cells 

via glucose consumption assay  

Glucose consumption in C2C12 cells was 

evaluated using the glucose oxidase-phenol 4-

aminoantipyrine peroxidase (GOD-PAP) method 

following exposure to different concentrations of 

palmitate. As shown in Figure 2, treatment with 0.75 

mM palmitate resulted in a significantly higher glucose 

concentration in the culture medium compared with the 

cell control group (p < 0.05), indicating reduced glucose 

consumption and successful induction of insulin 

resistance. In contrast, palmitate concentrations of 0.25, 

0.5, and 1 mM did not produce statistically significant 

differences in glucose levels compared with controls. 

Based on these results, 0.75 mM palmitate was selected 

for subsequent experiments involving the active fraction 

of Physalis angulata L. 

Palmitate is widely used to induce insulin 

resistance in skeletal muscle cells due to its lipotoxic 

effects, which involve mitochondrial dysfunction, 

oxidative stress, and activation of inflammatory 

pathways [13,14]. Previous studies have shown that 

palmitate promotes the accumulation of lipid 

intermediates such as diacylglycerol and ceramide, 

leading to impaired insulin signaling through inhibition 

of IRS-1 and Akt phosphorylation [15,16]. In addition, 

palmitate-induced oxidative stress and activation of 

inflammatory mediators, including NF-κB, contribute to 

disrupted glucose metabolism and reduced insulin 

responsiveness in C2C12 myotubes [17]. These 

mechanisms provide a biological explanation for the 

reduced glucose consumption observed following 

exposure to 0.75 mM palmitate in the present study and 

support its use as an effective concentration for 

modeling insulin resistance in vitro. 

Nevertheless, it should be acknowledged that cell 

viability was not directly assessed in the present study; 

therefore, although insulin resistance was established 

based on glucose consumption data and prior validation 

studies, the observed molecular changes should be 

interpreted with consideration of this limitation.
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Figure 2 Glucose consumption assay in insulin-resistant C2C12 cells after treatment with varying concentrations of 

palmitate. The data are expressed as mean ± SEM and were analyzed using One-Way ANOVA, followed by Tukeyʼs post 

hoc multiple comparisons test. KM = Media Control, KS = Cell Control, PA 0.25 = 0.25 mM palmitate, PA 0.5 = 0.5 mM 

palmitate, PA 0.75 = 0.75 mM palmitate, PA 1 = 1 mM palmitate. **p < 0.05 KS vs. PA 0.75 (n = 3), **p < 0.001 KS vs. 

KM (n = 3). 

 

 

Effects of P. angulata active fractions on mRNA 

expression of PPARγ and mRNA expression GLUT4 

in Insulin-resistant C2C12 cells 

Treatment with the active fraction of Physalis 

angulata significantly altered PPARγ and GLUT4 

mRNA expression in insulin-resistant C2C12 cells in a 

time-dependent manner. As shown in Figure 3, PPARγ 

mRNA expression was significantly increased at 4 h (p 

< 0.05), reached the highest level at 12 h (p < 0.01), and 

remained significantly elevated at 24 h (p < 0.05) 

compared with the control group.
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Figure 3 Relative mRNA expression of PPARγ in insulin-resistant C2C12 cells after treatment with P. angulata active 

fractions. The results are shown as mean ± SEM and were statistically analyzed using One-Way ANOVA, followed by 

Tukey’s multiple comparisons test. Groups: 0 = control, 4 = 4-hour incubation, 12 = 12-hour incubation, 24 = 24-hour 

incubation. *p < 0.05 (4 h vs. 0 h and 24 h vs. 0 h) (n = 2)., *p < 0.05 (12 h vs. 0 h) (n= 2). 

 

 

 

Figure 4 Relative mRNA expression of GLUT4 in insulin-resistant C2C12 cells after treatment with P. angulata active 

fractions. Data are presented as mean ± SEM and analyzed using One-Way ANOVA followed by Tukeyʼs multiple 

comparisons test. Groups: 0 = control, 4 = 4-hour incubation, 12 = 12-hour incubation, 24 = 24-hour incubation. *p < 

0.01 (12 h vs. 0 h), (n = 2). 
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As shown in Figure 4, GLUT4 mRNA expression 

exhibited a distinct temporal pattern. A significant 

increase in GLUT4 mRNA expression was observed 

only at 12 h (p < 0.01), whereas no significant changes 

were detected at 4 or 24 h. These results indicate a 

transient induction of GLUT4 mRNA expression 

following treatment with the active fraction. Detailed 

quantitative RT-qPCR data, including mean ± SEM and 

fold-change values for PPARγ and GLUT4 at each time-

point relative to control, are provided in Supplementary 

Table S1. 

PPARγ is a key transcriptional regulator involved 

in lipid metabolism and insulin sensitivity in skeletal 

muscle, whereas GLUT4 mediates insulin-stimulated 

glucose uptake. Disruption of these pathways is a 

hallmark of palmitate-induced insulin resistance, 

characterized by reduced GLUT4 expression and 

impaired glucose handling [16,18]. The earlier and 

sustained increase in PPARγ mRNA expression 

compared with the delayed and transient induction of 

GLUT4 suggests a sequential transcriptional response 

rather than simultaneous regulation. 

Previous studies have demonstrated that increased 

PPARγ expression can enhance GLUT4 gene 

transcription and improve glucose uptake in skeletal 

muscle cells [5,19]. The temporal pattern observed in 

the present study, with peak GLUT4 mRNA expression 

occurring after maximal PPARγ induction, is consistent 

with this regulatory relationship. 

The decline in both transcripts at 24 h, although 

PPARγ expression remained above control levels, may 

reflect a transient transcriptional response to the active 

fraction. The biological activity of this fraction is 

supported by previous studies identifying Fraction I of 

P. angulata as effective in improving glucose 

metabolism [6]. This activity has been attributed to 

bioactive constituents such as flavonoids and 

phytosterols, including stigmasterol and campesterol, 

which have been reported to modulate glucose 

metabolism through PPAR-dependent pathways [8,20].  

Although the present study focused on 

transcriptional changes at the mRNA level, other 

signaling pathways involved in glucose metabolism may 

also contribute to the observed effects and warrant 

further investigation. Overall, these findings suggest 

that the active fraction of P. angulata modulates PPARγ 

and GLUT4 expression at the mRNA level in insulin-

resistant C2C12 cells. 

While these findings provide valuable insight, 

several limitations should be acknowledged. In addition 

to the absence of direct cell viability assessment and the 

limited sample size, C2C12 cells were used at relatively 

high passage numbers without formal validation of 

differentiation capacity or insulin responsiveness. 

Although efforts were made to limit variability by using 

closely related passage ranges, complete uniformity 

across experimental groups could not be ensured. 

Accordingly, the findings reflect the experimental 

model and study design employed. 

 

Conclusions 

This study shows that treatment with the active 

fraction of Physalis angulata Linn. (100 μg/mL) is 

associated with increased mRNA expression of PPARγ 

and GLUT4 in insulin-resistant C2C12 cells in a time-

dependent manner. PPARγ mRNA expression was 

significantly elevated at 4, 12, and 24 h, while a 

significant increase in GLUT4 mRNA expression was 

observed at 12 h. These findings indicate that the active 

fraction of P. angulata is linked to changes in the 

expression of PPARγ and GLUT4 at the mRNA level 

under insulin-resistant conditions. Further studies are 

required to elucidate the underlying molecular 

mechanisms and to determine the functional and 

translational relevance of these observations. 
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Supplementary Material 

 

Table S1 Relative mRNA expression (2-ΔΔCT) of PPARγ and GLUT4 in C2C12 cells at different time-points. 

Gene Time-point Fold-change vs control (mean ± SEM) p-value vs control 

PPARγ 0 h 1.00 ± 0.00 - 

PPARγ 4 h 1.32 ± 0.07 0.0430* 

PPARγ 12 h 1.52 ± 0.11 0.0017* 

PPARγ 24 h 1.40 ± 0.04 0.0117* 

GLUT4 0 h 1.00 ± 0.00 - 

GLUT4 4 h 0.97 ± 0.04 >0.05 

GLUT4 12 h 1.24 ± 0.04 0.0048* 

GLUT4 24 h 1.12 ± 0.05 >0.05 

 


