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1. INTRODUCTION 
 

Metabolic dysfunction-associated steatotic liver disease (MASLD) involves simple 

steatosis, and a more severe, progressive form known as metabolic dysfunction-

associated steatohepatitis (MASH), which can progress to advanced stages of liver 

disease, including hepatocellular carcinoma (HCC) [1-4]. MASLD has emerged as the 

most prevalent chronic liver condition globally, representing a major contributor to liver-

related illness and death. Affecting approximately 30% of the adult population, its 

prevalence has risen significantly, from 22% in 1991 to 37% in 2019, reflecting the 

global increasing prevalence of obesity and associated metabolic disorders [5]. 

On the other hand, MASH represents the advanced, progressive stage of MASLD, 

marked by liver inflammation, cellular injury, steatohepatitis, and hepatocyte 

ballooning, which can occur with or without fibrosis, eventually leading to cirrhosis [6, 

7]. 

Risk factors such as dysregulated glucose metabolism, hypertension, and 

dyslipidemia, also play a significant role in the onset of MASLD. Among them, insulin 

resistance is considered a central contributor to both the development and progression 

of the disease. Considering the mechanism of the disease, MASLD is driven by an 

increase in hepatic uptake of fatty acids from adipose tissue, enhancement of de novo 

lipogenesis, reduction in fatty acid oxidation, and excessive production of 

triacylglycerol-rich lipoproteins [8-10]. 

Rezdiffra™ (resmetirom) and Wegovy® (semaglutide) injection are currently the only 

medications approved by the U.S. Food and Drug Administration (FDA) for treating 

non-cirrhotic MASH. However, there are no approved medications to treat other stages 

of MASLD or prevent its progression to MASH [11-13]. Therefore, current research 

should aim for the development of additional therapeutic options that can target earlier 

stages of MASLD and intervene before the disease advances to more severe forms 

such as MASH or cirrhosis and HCC. 
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1.1. Key Regulatory Proteins in the Progression from MASLD to MASH 

 

1.1.1. Regulatory Roles of PPARs and MTTP in Hepatic Lipid Metabolism and 

Steatosis 
 

Peroxisome proliferator-activated receptors (PPARs) are nuclear regulators that 

regulate glucose and fat metabolism while also controlling inflammatory cell activation 

and fibrotic processes. Lipotoxicity, driven by the accumulation of lipid metabolites, 

plays a central role in the development of MASH by promoting oxidative stress and 

inflammation. Within hepatocytes, fatty acids can undergo mitochondrial β-oxidation 

for energy production, or they may be re-esterified into triacylglycerols, which are 

subsequently stored in hepatic lipid droplets or secreted as very low-density 

lipoproteins (VLDL) [14, 15]. Increased hepatic triacylglycerol accumulation can initially 

promote the secretion of VLDL to export excess fat. However, when this process is 

overwhelmed, triacylglycerols contribute to fibrosis development, which is usually seen 

in MASH [16, 17]. 

Due to their diverse functions, PPARs are gaining attention as promising therapeutic 

targets for managing metabolic disorders [8, 18]. Among the PPAR family, PPARα and 

PPARγ are strongly associated with the regulation of carbohydrate, protein, and lipid 

metabolism, as well as with cellular growth and proliferation which makes them great 

targets for assessing the disease progression [19, 20]. 

PPARα regulates the expression of various genes involved in multiple lipid metabolic 

processes, including mitochondrial fatty acid oxidation, binding, activation, elongation, 

and desaturation. It is also involved in triacylglycerol and lipoprotein metabolism, and 

other key metabolic pathways [21]. 

PPARγ, on the other hand, is crucial for adipogenesis, driving the differentiation of 

preadipocytes into adipocytes and acting as a key regulator of this process [22, 23]. 

Together, PPARα and PPARγ could serve as potential therapeutic targets in the 

assessment of MASLD progression. 

Moreover, PPARα, when activated, has been shown to increase microsomal 

triglyceride transfer protein (MTTP) levels and activity in hepatocytes [24]. MTTP is 

essential for the assembly and secretion of VLDL in the liver and chylomicrons in the 
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intestine as it facilitates the transfer of neutral (triacylglycerols and cholesterol esters) 

and polar lipids to newly synthesized apolipoprotein B (apo B) [25]. It is also involved 

in the transport of dietary and endogenous fats in the intestine and liver by supporting 

the assembly and secretion of triacylglycerol-rich, apo B-containing lipoproteins. 

Elevated levels of apo B lipoproteins increase the risk of metabolic disorders, including 

atherosclerosis and diabetes [26, 27]. Therefore, reducing MTTP activity may help 

slow the progression of these disorders, as well as MASLD. 

Even though PPARα, PPARγ, and MTTP are actively involved in the regulation of 

hepatic lipid metabolism in the early stages of MASLD, their precise contributions to 

disease progression, particularly the transition from MASLD to MASH, remain 

unknown. 

 

1.1.2. The involvement of TNF-α and TGF-β1 in the Pathogenesis of 

Steatohepatitis 
 

The initial stage in the development of MASH is the accumulation of lipids in hepatocyte 

cytoplasm, primarily as free fatty acids (FFAs) and triacylglycerols. However, 

progression from MASLD to MASH usually requires a second factor that triggers 

oxidative stress, inflammation, and eventually fibrosis. In this context, the 

overexpression of cytokines and their receptors on cell membranes has been shown 

to contribute to hepatocellular apoptosis and the progression of the disease [28-30]. 

MASH is characterized by elevated levels of multiple cytokines, including tumor 

necrosis factor-α (TNF-α), which plays an important role in disease progression. TNF-

α is an early marker in MASLD which may exacerbate hepatic steatosis. Lipotoxicity in 

hepatocytes is known to trigger TNF-α production, which, in turn, influences hepatic 

lipid metabolism and potentially contributes to the progression of MASLD [31, 32].  

TNF-α plays various biological roles in the liver, including promoting hepatocyte 

apoptosis, driving liver inflammation and regeneration, thereby possibly contributing to 

progression to HCC [33-36]. While TNF-α is involved in MASLD pathogenesis, it has 

a more significant role in MASH and MASLD-related fibrosis. In MASH, TNF-α 

stimulates the release of pro-inflammatory mediators, leading to the immune response 

and further progression of the disease [31]. 
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Furthermore, transforming growth factor-β1 (TGF-β1) is also crucial in chronic liver 

diseases, including MASLD. TGF-β1 plays key roles in several biological processes, 

including cell proliferation and differentiation, extracellular matrix formation, apoptosis, 

as well as immune and inflammatory pathways [37, 38]. TGF-β signaling in 

hepatocytes is known to contribute to hepatocyte death and lipid accumulation through 

reactive oxygen species (ROS) production, which promotes the progression of MASH. 

In hepatic stellate cells (HSCs), TGF-β signaling has an important role in fibrosis 

development in advanced MASLD. Also, it is worth noting that the increased activation 

of TGF-β signaling is closely linked to the formation of fibrotic scar tissue in the liver 

[39, 40].  

Therefore, both TNF-α and TGF-β1 could be used for identifying the transition from 

early MASLD to MASH, considering their roles in mediating inflammation, hepatocyte 

injury, and fibrogenic responses. 

 

1.2. Lipid Peroxidation in MASLD and MASH 

 

FFAs are a major source of lipid accumulation in the liver as excess FFAs from dietary 

intake or increased release from adipose tissue are taken up by hepatocytes. In 

MASLD, when there is an imbalance between their uptake, oxidation, and storage, 

FFAs tend to accumulate, which eventually leads to hepatic steatosis. In MASH, this 

accumulation initiates lipotoxicity, inducing inflammation, oxidative stress, and 

mitochondrial dysfunction, further progressing to liver injury [41, 42].  

The key lipids involved in liver lipid metabolism and lipotoxicity include triacylglycerols, 

free cholesterol, saturated fatty acids, mono- (MUFAs) and polyunsaturated fatty acids 

(PUFAs). In MASLD, there is a higher concentration of saturated fatty acids, MUFAs, 

and n-6 PUFAs, along with a lower level of n-3 PUFAs, creating an imbalance in the 

n-6/n-3 ratio. This imbalance becomes more pronounced in MASH, with even greater 

increases in saturated fatty acids, MUFAs, and n-6 PUFAs compared to simple 

steatosis [43, 44].  

In MASLD, excessive lipid accumulation results not only from elevated FFAs but also 

from insufficient fatty acid oxidation. Conditions like type 2 diabetes, obesity, and 

MASLD are linked to impaired metabolism, with increased FFA oxidation even when 
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glucose is the main energy source. In early MASLD, impaired insulin-mediated 

suppression of lipolysis leads to elevated FFA oxidation and enhanced mitochondrial 

activity. However, in advanced stages, such as MASH, mitochondrial respiration 

declines due to DNA and protein damage, with reduced electron transport chain 

capacity [45-47].  

This dysfunction is exacerbated by the accumulation of triacylglycerols in MASLD, 

which creates a lipotoxic environment and further promotes oxidative stress. As fatty 

acid oxidation increases to compensate for triacylglycerol overload, ROS are 

generated, mostly in mitochondria and peroxisomes [48-52]. ROS initiate lipid 

peroxidation by attacking PUFAs within cellular membranes so this leads to the 

formation of conjugated dienes (CDs) as early markers of lipid peroxidation, followed 

by the generation of lipid hydroperoxides (LOOHs) as primary oxidative products [53].  

Considering their involvement in lipid peroxidation, the ratio of LOOHs to CDs could 

potentially be useful for the assessment of the severity and progression of disease 

from MASLD to MASH, which could reflect the extent of oxidative damage during the 

advancement of the disease. 

Also, it is important to note that oxidative stress and lipid peroxidation further stimulate 

the production of pro-inflammatory cytokines, mostly TNF-α which disrupts insulin 

signaling and mitochondrial function. In turn, both lipid peroxidation products and 

inflammatory cytokines upregulate TGF-β1 which promotes extracellular matrix (ECM) 

deposition and fibrotic changes in MASH [54, 55]. To mitigate the ROS production 

during lipid peroxidation, PPAR-α is activated, which regulates genes involved in fatty 

acid oxidation. Additionally, TNF-α and lipid peroxidation products impair the 

mitochondrial electron transport chain, thereby exacerbating mitochondrial dysfunction 

and ROS production [56]. 

To counteract this, antioxidant enzymes and non-enzymatic antioxidants (glutathione 

(GSH)), are essential for scavenging ROS and maintaining redox balance in the liver 

[46, 57]. GSH is a tripeptide (l-γ-glutamyl-l-cysteinyl-glycine) found in various tissues 

at high concentrations, particularly concentrated in the liver, playing a crucial role in 

various physiological processes, including reducing oxidative stress and fibrogenesis. 

Due to its central role in maintaining redox homeostasis, GSH has attracted 
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considerable interest as a potential therapeutic target in chronic diseases 

characterized by disrupted redox balance [58, 59].  

In this context, certain polyphenols have been shown to stimulate the expression of 

enzymes involved in GSH biosynthesis and preserve intracellular GSH levels which 

makes them a great potential for lowering lipotoxicity-induced oxidative stress in 

MASLD [60-62]. 

Moreover, recent studies indicate that Attenuated Total Reflectance-Fourier Transform 

Infrared (ATR-FTIR) spectroscopy could be a valuable real-time, quantitative method 

for directly evaluating steatosis in liver tissue [63-65]. This approach offers potential 

applications for both in vitro and in vivo MASLD/MASH models investigating lipid 

peroxidation and fat accumulation. Also, this method could possibly be used for the 

evaluation of the antioxidant effect of polyphenols in MASLD. 

 

1.3. Polyphenols in Lipid Metabolism 
 

Natural polyphenols represent a broad group of plant-derived secondary metabolites, 

varying from small molecules to complex compounds, all characterized by at least one 

aromatic ring bearing one or more hydroxyl groups. Chemically, they are classified into 

several categories based on their structure, including flavonoids, phenolic acids, and 

other types. Flavonoids and phenolic acids make up the majority, comprising around 

60% and 30% of natural polyphenols, respectively [66-68].  

As naturally occurring phytochemicals, they are usually found in plant-based foods, 

including fruits, vegetables, whole grains, and drinks like coffee and tea. Considering 

polyphenols are the primary dietary antioxidants, similar to vitamins, they are largely 

responsible for the well-known health benefits associated with fruit- and vegetable-rich 

diets in preventing various diseases. Additionally, research suggests that polyphenols 

may also affect de novo lipogenesis [69, 70].  

Some natural products, including turmeric, red grapes, milk thistle, and green tea 

polyphenols have been found to exert hepatoprotective properties by inhibiting 

oxidative stress, inflammation, and stabilizing cell membranes [71-74]. However, it 

remains unclear whether polyphenols can effectively prevent the progression of 

MASLD to MASH. 
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1.3.1. (−)-Epicatechin 

 

(−)-Epicatechin (EPI) is a type of flavonoid known for its wide range of health benefits. 

It is predominantly found in green tea and cocoa beans, two of the most widely 

consumed beverages worldwide [75]. As shown in Figure 1.1., EPI is a flavan-3-ol 

containing 5 hydrogen-bond donor groups (–OH), which contribute to its antioxidant 

capacity. 

 

Figure 1.1. Chemical structure of (−)-epicatechin (EPI), highlighting its five hydroxyl 

groups. Structure drawn using ACD/ChemSketch. 

The intake of EPI has been linked to beneficial effects on lipid metabolism, particularly 

in reducing hyperlipidemia. Additionally, EPI appears to positively influence a range of 

metabolic irregularities commonly associated with obesity and diets high in fats and 

sugars. These improvements usually include better lipid profiles, enhanced insulin 

sensitivity, and reduced markers of inflammation, highlighting EPI’s potential role in 

managing metabolic disorders [76, 77].  
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This therapeutic potential is further supported by its high bioavailability, with 

approximately 95% of the compound being absorbed, as evidenced by its urinary 

excretion and systemic circulation predominantly in the form of phase II metabolites. 

In animal studies, EPI has shown a strong ability to reduce liver damage and oxidative 

stress, suggesting that it may offer more effective and safer liver protection compared 

to other catechins found in green tea. Furthermore, EPI has demonstrated beneficial 

effects on several cardiometabolic parameters, including the reduction of elevated lipid 

levels and obesity-related markers [78-80]. 

Considering the beneficial effects of EPI in cardiometabolic and liver-related disorders, 

this study aimed to evaluate EPI’s potential as a preventive and therapeutic agent in 

the progression of MASLD to MASH using an in vitro model. 
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2. RESEARCH OBJECTIVES 
 

The main research objectives of this study are: 

1. To establish a liver steatosis model in HepG2 cells using oleic acid. 

2. To assess the preventive and therapeutic effects of (−)-epicatechin in the MASLD 

model by determining cellular metabolic activity. 

3. To evaluate the effect of (−)-epicatechin on reducing fat accumulation and lipid 

storage in HepG2 cells by measuring MTTP levels, visualizing lipid changes, and 

quantifying triacylglycerols. 

4. To investigate the effect of (−)-epicatechin on PPARα, PPARγ, and GSH levels to 

assess its potential for regulating lipogenesis, oxidative stress, and lipid homeostasis. 

5. To examine the preventive and therapeutic effects of (−)-epicatechin on the levels 

of proteins involved in pro-inflammatory and pro-fibrotic processes, TNF-α and TGF-

β1. 

6. To determine the antioxidant activity of (−)-epicatechin in the MASLD model using 

the DPPH method. 

7. To identify functional groups in HepG2 cells using FTIR analysis, with a particular 

focus on changes characteristic of lipid peroxidation and oxidative stress. 

8. To quantify lipid peroxidation in HepG2 cells induced by oleic acid using ATR-FTIR 

spectroscopy by analyzing the absorption intensity of characteristic bands. 

9. To compare the preventive and therapeutic effects of (−)-epicatechin in the MASLD 

model to determine the optimal treatment option. 
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3. MATERIALS AND METHODS 
 

3.1. Materials 
 

3.1.1. Chemicals 

 

Sodium oleate and (−)-epicatechin were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). 

3.1.2. HepG2 Cell Culture 
 

HepG2 cell line was purchased from American Type Culture Collection (ATCC; 

Manassas, VA, USA). This cell line exhibits an epithelial-like morphology and was 

isolated from a male caucasian 15-year-old with hepatoblastoma. HepG2 cells were 

sub-cultured in 10 cm Petri dishes in Dulbecco’s Modified Eagle’s Medium (DMEM, 

low glucose with L-glutamine) containing 1% penicillin/streptomycin (P/S) and 10% 

fetal bovine serum (FBS), which were purchased from Capricorn Scientific 

(Ebsdorfergrund, Germany). Before the experiments, the cells were seeded in multi-

well plates and incubated for 24 hours at 37 °C with 5% CO2 in DMEM (low glucose) 

supplemented with 1% P/S but without FBS.  

3.2. Study Design 
 

The study was designed as a controlled in vitro experiment consisting of two main 

models after establishing the optimal periods of treatment with oleic acid (OA) and (−)-

epicatechin (EPI) to obtain appropriate models. The selection of OA and EPI 

concentrations was based on preliminary experiments including MTS assays. OA at 

1.5 mM was chosen because it caused constant cell metabolic activity reduction during 

24 and 48 hours of treatment, while acceptable metabolic activity of HepG2 cells was 

maintained. EPI concentrations of 10, 30, and 50 µM were selected as they showed 

no cytotoxic effects and exhibited concentration-dependent improvements in metabolic 

activity when compared to the OA only group. 

In the Preventive model, HepG2 cells were divided into six groups as shown in Table 

3.1.: 
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Table 3.1. Experimental groups in the Preventive model. 

Group Treatment Purpose 
Biological 

replicates (N) 

UT 
Untreated cells cultured in 

DMEM + FBS + ethanol 

Negative (vehicle) 

control 
3 

OA 1.5 mM OA for 24 h 
Positive control 

(steatosis model) 
3 

EPIc 50 µM EPI for 4 h 
Assess EPI’s effect 

alone 
3 

EPI 10/OA 
10 µM EPI pretreatment (4 

h) + 1.5 mM OA (24 h) 

Evaluate preventive 

effect of 10 µM EPI 
3 

EPI 30/OA 
30 µM EPI pretreatment (4 

h) + 1.5 mM OA (24 h) 

Evaluate preventive 

effect of 30 µM EPI 
3 

EPI 50/OA 
50 µM EPI pretreatment (4 

h) + 1.5 mM OA (24 h) 

Evaluate preventive 

effect of 50 µM EPI 
3 

 

In the Therapeutic model, HepG2 cells were also divided into six groups as shown in 

Table 3.2.: 

Table 3.2. Experimental groups in the Therapeutic model. 

Group Treatment Purpose 
Biological 

replicates (N) 

UT 
Untreated cells cultured in 

DMEM + FBS + ethanol 

Negative (vehicle) 

control 
3 

OA 
1.5 mM OA (12 h) + 0.75 

mM OA (24 h) 

Positive control 

(steatosis model) 
3 
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EPIc 50 µM EPI for 24 h 
Assess EPI’s effect 

alone 
3 

OA/EPI 10 

1.5 mM OA pretreatment 

(12 h) + 10 µM EPI post-

treatment (24 h) in the 

presence of 0.75 mM OA 

Evaluate therapeutic 

effect of 10 µM EPI 
3 

OA/EPI 30 

1.5 mM OA pretreatment 

(12 h) + 30 µM EPI post-

treatment (24 h) in the 

presence of 0.75 mM OA 

Evaluate therapeutic 

effect of 30 µM EPI 
3 

OA/EPI 50 

1.5 mM OA pretreatment 

(12 h) + 50 µM EPI post-

treatment (24 h) in the 

presence of 0.75 mM OA 

Evaluate therapeutic 

effect of 50 µM EPI 
3 

 

3.3. Methods 
 

3.3.1. (−)-Epicatechin and Oleic Acid Preparation 

 

(−)-Epicatechin (EPI) was dissolved in 70% ethanol to obtain a stock solution of 1.0 × 

105 µM EPI. The solution was kept in a refrigerator at 4 °C and was stored for up to 30 

days for experiments to prevent the degradation of the compound. For the 

experiments, an aliquot of the EPI stock solution was dissolved in DMEM without FBS 

to obtain 10, 30, and 50 µM EPI solutions and the experiments were carried out 

immediately. For the oleic acid (OA) stock solution, sodium oleate was dissolved in a 

solution containing 1200 µL of ethanol and 800 µL FBS to obtain a 100 mM solution of 

OA. The stock solution of OA was also kept in a refrigerator at 4 °C and was stored for 

up to 7 days for experiments to prevent the degradation of the compound. For the 

experiments, an aliquot of the OA stock solution was dissolved in DMEM without FBS 
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to obtain 1.0, 1.5, and 2.0 mM OA solutions and the experiments were carried out 

immediately.  

3.3.2. Establishment of the MASLD Model 
 

To evaluate the cytotoxic effects of OA, three different concentrations – 1.0, 1.5, and 

2.0 mM – were tested over two exposure periods of 24 and 48 hours. The aim of this 

experiment was to identify the optimal OA concentration and incubation time for 

inducing steatosis in HepG2 cells. The experiment was conducted using a 96-well plate 

to facilitate high-throughput analysis. After the treatment period, 20 µL of MTS reagent 

(Promega, Madison, WI, USA) was added to each well to assess cell metabolic activity. 

The cells were then incubated for an additional 2 hours at 37 °C. Absorbance was 

subsequently measured at 490 nm using a microplate reader (iMarkTM Microplate 

Absorbance Reader; Bio-Rad, Hercules, California, USA) to determine cell viability 

based on mitochondrial activity. The optimal concentration chosen for further 

experiments was 1.5 mM OA with a treatment period of 24 hours. 

3.3.3. Establishment of the Preventive Model 
 

To establish a Preventive model, HepG2 cells were pretreated with various 

concentrations of EPI: 10, 30, and 50 µM for different durations. The following time 

points were initially tested:  

• 4 h EPI pretreatment followed by 24 h 1.5 mM OA treatment 

• 8 h EPI pretreatment followed by 24 h 1.5 mM OA treatment 

• 24 h EPI pretreatment followed by 24 h 1.5 mM OA treatment 

Following the pretreatment, EPI-containing medium was completely removed, and 

cells were then exposed to OA for 24 hours to induce steatosis. As a negative control, 

UT cells were maintained in a medium containing FBS and ethanol, the latter of which 

was used as a solvent for OA. EPI was dissolved in medium with 0.07% ethanol, and 

an additional control group (EPIc) consisting of cells pretreated with 50 µM EPI was 

included to assess the effect of EPI alone. In the EPIc group, after pretreatment, the 

medium was replaced with solvent-containing medium identical to that used in the UT 

group. OA-treated cells served as the positive control for steatosis induction. After the 

treatment period, 20 µL of MTS reagent was added to each well to assess cell 
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metabolic activity. The cells were then incubated for an additional 2 hours at 37 °C. 

Absorbance was measured at 490 nm using a microplate reader to determine cell 

metabolic activity which was used to establish the optimal EPI pretreatment period for 

a Preventive model. The optimal period chosen for further experiments was a 4 hour 

EPI pretreatment followed by a 24 hour OA treatment. 

3.3.4. Establishment of the Therapeutic Model 
 

To establish a Therapeutic model, HepG2 cells were first exposed to 1.5 mM OA for 

either 12 or 24 hours to induce steatosis, followed by treatment with 10, 30, and 50 µM 

EPI for either 12 or 24 hours. The following treatment combinations were tested:  

• 12 h 1.5 mM OA pretreatment followed by 12 h EPI treatment in the presence 

of 0.75 mM OA 

• 12 h 1.5 mM OA pretreatment followed by 24 h EPI treatment in the presence 

of 0.75 mM OA 

• 24 h 1.5 mM OA pretreatment followed by 24 h EPI treatment in the presence 

of 0.75 mM OA 

In the second phase of the experiment, the OA concentration was reduced to 0.75 mM, 

in combination with EPI, to limit MASLD development to the steatosis stage established 

in the Preventive model. As in the Preventive model, the UT control group was 

maintained in a medium containing FBS and ethanol, which served as the OA solvent. 

EPI was dissolved in a medium containing 0.07% ethanol, and the EPI control group 

(EPIc) consisted of cells treated with 50 µM EPI alone to evaluate its independent 

effects. In the EPIc group, prior to adding the 50 µM EPI alone, the medium contained 

the same solvent used in UT group. OA-treated cells served as the positive control. 

Following 12- and 24-hour OA treatment, cells were post-treated with EPI in the 

presence of OA. After the treatment period, 20 µL of MTS reagent was added to each 

well to assess cell metabolic activity. The cells were incubated for an additional 2 hours 

at 37 °C, and absorbance was measured at 490 nm using a microplate reader to 

determine cell metabolic activity, which was used to determine the optimal OA and EPI 

treatment period for a Therapeutic model. The optimal period chosen for further 

experiments was a 12-hour OA pretreatment followed by a 24-hour EPI treatment in 

the presence of OA. 
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3.3.5. Free Radical Scavenging Capacity 

 

3.3.5.1. Preparation of Cell Extracts 
 

For the measurement of the free radical scavenging capacity of EPI, a commercially 

available DPPH Free Radical Scavenging Capacity Colorimetric Assay Kit 

(Elabscience, Houston, TX, USA) was used according to the manufacturer’s protocol. 

Initially, the cells cultured in 6-well plates were gently washed with PBS twice to remove 

any residual media or extracellular debris. The cells were then resuspended in PBS 

and centrifuged at 1000 rpm for 4 minutes. After centrifugation, the PBS was discarded, 

and 1.0 × 107 cells were obtained from the cell pellet from each group. The cells were 

then resuspended in 500 µL of 80% ethanol. To homogenize the cells, the suspension 

was subjected to three freeze-thaw cycles and vortexing to ensure complete cell lysis 

and release of intracellular contents. After lysis, the samples were centrifuged at 

10000×g for 10 minutes at 4 °C and supernatant from each group was collected for the 

determination of the free radical scavenging capacity of EPI in each sample. After the 

preparation of the cell suspension, the samples were stored at –80 °C for further use. 

3.3.5.2. Reagent Preparation 

 

1 vial of Chromogenic Agent (DPPH) was dissolved in 12 mL absolute ethanol and 

was left for 2 hours at room temperature in the dark to fully dissolve prior to 

experiments. The Chromogenic Agent was stored at 4 °C protected from light and used 

within 2 weeks. Working standard solutions were prepared according to manufacturer's 

instructions on the day of the experiment. 

3.3.5.3. DPPH Free Radical Scavenging Capacity Assay Procedure 
 

The experiment was performed using a 96-well microplate. A volume of 80 µL of each 

control, blank, standard solution, and sample was added to the wells in triplicate, 

followed by the addition of 100 µL of the Chromogenic Agent to each well. The plate 

was then incubated on a shaker at room temperature for 10 minutes, after which the 

absorbance was measured at 490 nm using a microplate reader. The standard curve 

was made as y = ax + b and the results were shown as: 

DPPH free radical scavenging capacity (μmol VC/L)  
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=
 (𝐴blank – (𝐴sample  −  𝐴control) –  𝑏)

𝑎
 

DPPH free radical scavenging rate (%)   

=
 (𝐴blank – (𝐴sample  −  𝐴control))

𝐴blank
 × 100% 

 

3.3.6. Intracellular GSH Concentration 
 

3.3.6.1. Preparation of Cell Extracts 
 

For the measurement of intracellular glutathione (GSH) levels, a commercially 

available Glutathione Assay Kit (Sigma-Aldrich, St. Louis, MO, USA) was used in 

accordance with the manufacturer’s protocol. Initially, the cells cultured in 6-well plates 

were gently washed with PBS twice to remove any residual media or extracellular 

debris. The cells were then resuspended in PBS and centrifuged at 1000 rpm for 4 

minutes. After centrifugation, the PBS was discarded, and 1.0 × 107 cells were obtained 

from the cell pellet from each group. The cells were then resuspended in 5% 5-

sulfosalicylic acid (SSA), which is used for the facilitation of protein precipitation and 

stabilization of GSH. After the preparation of the cell suspension, the samples were 

stored at –80 °C for further use. On the day of the experiment, the suspension was 

subjected to three freeze-thaw cycles and vortexing to ensure complete cell lysis and 

efficient release of intracellular contents. After lysis, the supernatant from each group 

was used for the quantitative determination of total GSH levels in each sample.  

3.3.6.2. Reagent Preparation 
 

The potassium phosphate buffer solution with EDTA was used as a solvent and was 

prepared by mixing 2.4 mL of the 500 mM Assay Buffer and 9.6 mL of deionized water. 

A working solution was prepared by mixing 8 mL of the diluted Assay Buffer solution, 

228 µL of 6 units/mL of glutathione reductase enzyme, and 228 µL of 1.5 mg/mL 

Ellman's Reagent (DTNB, 5,5-dithio-bis-(2-nitrobenzoic acid)). The START solution for 

this assay was prepared by diluting 10 µL of 40 mg/mL nicotinamide adenine 

dinucleotide phosphate (NADPH) up to 2.5 mL with the diluted Assay Buffer solution 

to obtain a final concentration of 0.16 mg/mL NADPH. 
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3.3.6.3. GSH Assay Procedure 
 

Following cell lysis, the resulting supernatant from each experimental group was 

collected and used for the quantitative determination of total GSH levels. To perform 

the assay, multiple replicates of 10 µL aliquots from each group’s supernatant were 

carefully pipetted into individual wells of a 96-well plates. Subsequently, 150 µL of the 

assay's working solution was added to each well. DTNB from the working solution 

reacts with GSH to produce a yellow-colored product, 5-thio-2-nitrobenzoic acid (TNB). 

The intensity of the yellow color is directly proportional to the amount of GSH present 

in the sample. The 96-well plates containing the reagents were then incubated at room 

temperature for 5 minutes to allow for the reaction between GSH in the samples and 

the chromogenic reagent. Following this incubation, 50 µL of the diluted NADPH 

solution was added to each well to initiate the enzymatic recycling reaction. Here, 

NADPH acts as a cofactor for glutathione reductase enzyme which reduces oxidized 

glutathione (GSSG) back to its reduced form (GSH). The plates were then placed on 

a tilting shaker and incubated for an additional 5 minutes at room temperature. After 

the incubation, the 96-well plates were transferred to a microplate reader, and the 

absorbance was measured at 412 nm. The absorbances of glutathione standard (STD) 

solutions were used to calculate the intracellular concentration of GSH (nmol/mL) in 

each sample, following the given equation: 

nmol

mL
GSH =

∆𝐴(412, sample)

∆𝐴(412, 1 nmole STD) × 𝑉 (sample)
 

 

3.3.7. ELISA Quantification of Protein Levels 
 

The concentrations of PPARα, PPARγ, MTTP, TNF-α, and TGF-β1 in HepG2 cell 

extracts were determined using commercially available sandwich ELISA kits (Elk 

Biotechnology, Denver, CO, USA), according to the manufacturer’s instructions. After 

the treatment in 6-well plates, the cells were transferred to 2 mL microcentrifuge tubes 

and vortexed to obtain a cell lysate. Lysates were centrifuged at 10000 × g for 10 

minutes at 4 °C to remove cellular debris. The supernatant was collected and stored 

at 4 °C until use. 
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A 96-well microplate pre-coated with a capture antibody specific to the target protein 

was equilibrated to room temperature. Standards were prepared by serial dilution of 

the standard stock solution provided in the kit and 100 µL of standards and cell lysate 

samples were added to the appropriate wells in triplicates. The plate was covered and 

incubated at 37 °C for 80 minutes. The wells were then washed 3 times with the 

provided wash buffer which was followed by the addition of an antibody conjugated 

with biotin to each well and incubation at 37 °C for 50 minutes. After another round of 

washing, Streptavidin-HRP Working Solution was added to each well and incubated 

for 50 minutes at 37 °C. Wells were washed again, and TMB substrate solution was 

added to each well. Plates were incubated in the dark at room temperature for up to 

20 minutes and Stop solution was added to terminate the reaction, Absorbance was 

measured at 450 nm using a microplate reader. The concentrations of proteins in the 

samples were calculated from the standard curve and expressed as pg/mL. Values 

below the detection limit were reported as 0 pg/mL. 

3.3.8. Visualization of Lipid Droplets and Fatty Changes 
 

3.3.8.1. Preparation of Oil-Red-O Working Solution 
 

The visualization of lipid droplets and fatty changes in both models was conducted 

using an Oil-Red-O staining method as described in [81]. The Oil-Red-O stock solution 

was prepared by dissolving 0.5 grams of Oil-Red-O powder in 200 mL of isopropyl 

alcohol. The stock solution was mixed and left at a room temperature prior to 

conducting the experiment. The Oil-Red-O working solution was made by diluting the 

stock solution with deionized water in a ratio of 3 : 2. This solution was left to rest for 

15 minutes and was filtered using a filter paper to obtain a clear solution without a 

precipitate to avoid additional precipitation during staining. 

 3.3.8.2. Cell Fixation 
 

The experiment was conducted in 24-well multi-well plates. After the treatment, the 

medium was removed from the cells and the cells were carefully washed with 

phosphate buffered saline (PBS) two times to remove the remaining medium from the 

wells. 250 µL of 10% formalin solution was added to each well and the cells were 

incubated at 4 °C for 1 hour to ensure proper fixation. After the fixation, the 10% 

formalin solution was discarded and the cells were washed with PBS twice. 
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3.3.8.3. Oil-Red-O Staining  
 

PBS was removed from the cells and 250 µL of Oil-Red-O working solution was added 

to each well. The cells were then incubated for 15 minutes to ensure proper staining. 

After the staining, the working solution was discarded and the cells were washed with 

60% isopropyl alcohol. This was followed by washing the cells twice with PBS and 

leaving them in PBS for the visualization. The visualization of lipid droplets and fatty 

changes was conducted using a fluorescent microscope (Invitrogen™ EVOS™ M3000 

Imaging System; Fisher Scientific, Waltham, MA, United States) at 20× magnification. 

3.3.8.4. Oil-Red-O Extraction and Quantification 
 

The PBS was removed from the stained cells. 250 µL of 99% isopropyl alcohol was 

added to each well and the multi-well plates were placed on a tilting board for 5 minutes 

to extract the Oil-Red-O solution from the wells. The extracted Oil-Red-O solutions 

were transferred to 96-well plates and their absorbance was measured at 490 nm on 

a microplate reader as described in [81]. 

3.3.9. Measurement of Triacylglycerol Concentrations 
 

The quantification of intracellular triacylglycerol concentrations was performed using 

an enzymatic colorimetric GPO-PAP method (Glycerol-3-Phosphate Oxidase-4-

Aminoantipyrine; Greiner Diagnostic, Bahlingen, Germany). This method is based on 

the enzymatic hydrolysis of triacylglycerols to glycerol and free fatty acids by lipoprotein 

lipase. Subsequently, glycerol is phosphorylated by glycerol kinase in the presence of 

ATP to form glycerol-3-phosphate, which is then oxidized by glycerol-3-phosphate 

oxidase (GPO) to produce dihydroxyacetone phosphate and hydrogen peroxide. In the 

final step, hydrogen peroxide reacts with 4-aminoantipyrine and 4-chlorophenol under 

the catalytic action of peroxidase to form a quinoneimine dye, the intensity of which is 

proportional to the triacylglycerol concentration and is measured 

spectrophotometrically.  

After the treatment in 6-well plates, the cells were washed in PBS and transferred to 

250 µL microcentrifuge tubes in 100 µL PBS. The microcentrifuge tubes were then 

vortexed for 2 minutes to obtain a cell lysate. 10 µL of the cell lysate from each group 

was mixed with 1 mL of the Reagent R that contains, among all agents, glycerol-3-
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phosphate oxidase and 4-aminoantipyrine. The resulting solutions were incubated for 

5 minutes at room temperature and transferred to 96-well plates. The absorbance was 

measured at 490 nm on a microplate reader and the results were expressed in mg/mL. 

 

3.3.10. Extraction of Lipids from Cell Extracts Using the Folch Method for Lipid 

Content Assessment 
 

This protocol was used for the determination of conjugated dienes, lipid 

hydroperoxides, and the ATR-FTIR assessment of the extent of lipid peroxidation. After 

treatment, cells were washed once with PBS, detached and collected for centrifugation 

at 1000 rpm for 4 minutes. After the centrifugation, the PBS was removed from the 

pellets and cells were resuspended in 1 mL of PBS which was followed by another 

centrifugation at 1000 rpm for 4 minutes. The remaining PBS was discarded and 1.0 × 

107 cells from each group were collected for lipid extraction. 

Lipid extraction was performed using the Folch method [82]. Chloroform : methanol (2 

: 1, v/v) was added to each cell pellet in a 7:1 solvent-to-sample ratio (v/v), and the 

mixture was vortexed vigorously for 5 minutes to fully lyse the cells and solubilize lipids. 

To separate proteins from the samples, deionized water was added at a 2 : 7 ratio, 

followed by brief vortexing for 10 seconds. Samples were then centrifuged at 3000 rpm 

for 10 minutes to separate the two phases. From each sample, 1 mL of lower 

chloroform-rich phase, containing the lipids, was carefully collected and transferred to 

2 mL microcentrifuge tubes. To evaporate the solvent from the samples, the samples 

were placed in an incubator at 37 °C for 8 hours and relatively clear lipid extracts were 

obtained. The lipid extracts were then stored at –20 °C and the experiments were 

performed within a week. By this method, ~20 mg of lipids per 1.0 × 107 cells were 

obtained. 

3.3.11. Spectrophotometric Determination of Conjugated Dienes in Lipid 

Extracts 
 

Lipid extracts were resuspended in 500 µL of 100% isopropyl alcohol to avoid using 

chloroform as it can interfere with absorbance readings in the UV range. The samples 

were vortexed for 1 minute which was followed by 3 minutes of gentle shaking of the 

samples to obtain full dissolution of lipid extracts. To determine the amount of 
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conjugated dienes (CD), the solutions were transferred to cuvettes and the absorbance 

was measured at 234 nm on an UV-VIS spectrophotometer (AvaSpec-ULS2048LTEC 

SensLine Thermo-Electric Cooled Spectrometer; Avantes, Apeldoorn, The 

Netherlands). CD content was expressed as relative absorbance units at 234 nm 

(A234), normalized to total lipid content as A234 / mg lipid. 

3.3.12. Determination of Lipid Hydroperoxides Using the Ferrothiocyanate 

Method 
 

Lipid extracts resuspended in 500 µL of 100% isopropyl alcohol were vortexed for 1 

minute which was followed by 3 minutes of gentle shaking of the samples to obtain full 

dissolution of lipid extracts. To determine the amount of lipid hydroperoxides (LOOH), 

50 µL of 4.5 mM FeSO4 solution in 0.2 M HCl : 3% NH4SCN solution in methanol (1 : 

1, v/v)  were added to the samples which were transferred to cuvettes and the 

absorbance was measured at 480 nm on an UV-VIS spectrophotometer. LOOH 

content was expressed as relative absorbance units at 480 nm (A480), normalized to 

total lipid content as A480 / mg lipid. 

Also, to assess the relative degree of lipid peroxidation progression, the ratio of 

LOOH/CD was calculated and compared among the groups. Higher LOOH/CD ratio 

indicated increased propagation of lipid peroxidation, while a lower ratio suggested 

early- stage lipid oxidative stress [83]. 

3.3.13. Determination of Functional Groups Involved in Lipid Peroxidation 
 

3.3.13.1. Preparation of Cell Pellets 
 

After treatment, cells were washed once with PBS, followed by discarding the PBS and 

detaching the cells, and brief resuspending in deionized water to remove the remaining 

PBS from the samples. The cells were then collected for centrifugation at 1000 rpm for 

4 minutes. After the centrifugation, the solvent was removed from the pellets and cells 

were resuspended in 1 mL of deionized water which was followed by another 

centrifugation at 1000 rpm for 4 minutes. The remaining water was discarded and 1.0 

× 107 cells from each group were collected. To evaporate the remaining solvent from 

the samples, the samples were placed in an incubator at 37 °C for 24 hours. The cell 
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samples were then stored at a room temperature and the experiments were performed 

within two days. 

3.3.13.2. FTIR Spectroscopic Detection of Functional Groups Involved in Lipid 

Peroxidation 
 

The infrared (IR) spectra of the prepared samples were recorded with a FTIR 8400s 

SHIMADZU (Kyoto, Japan) spectrophotometer using diffuse reflectance Fourier 

transform infrared spectroscopy (DRIFTS) in the wavelength range from 400 to 4000 

cm–1 with a resolution of 4.0 cm–1. All sample spectra were recorded using a powdered 

sample mixed with anhydrous potassium bromide (KBr) at an approximate ratio of 5 : 

100. The data were recorded and processed using the computer program IR Solution 

1.30.106. The results obtained are presented as a dependence of the transmission (T) 

on the wavenumber (ṽ). The band assignments were based on previously reported 

literature values [64, 84-87]. 

3.3.14. Assessment of Lipid Peroxidation by ATR-FTIR Spectroscopy 
 

3.3.14.1. Sample Preparation and ATR-FTIR Spectroscopy Analysis 
 

Lipid extracts were resuspended in chloroform to normalize the lipid content of each 

sample to 20 mg of lipids per mL. 20 μL of this solution were placed directly on the 

diamond ATR crystal. After the evaporation of solvent, the infrared spectra were 

recorded using the ATR (Attenuated Total Reflectance) technique with a diamond 

crystal as the optical element on Agilent Cary 630 FTIR spectrophotometer (Agilent 

Technologies, Santa Clara, CA, USA. The crystal was carefully cleaned with ethanol 

before and after each recording to remove residues from previous samples and to 

avoid contamination. Prior to each measurement, a background spectrum was 

recorded to which all experimental spectra were related. The measurements were 

carried out at room temperature. Atmospheric CO2 and humidity had no influence on 

the data quality due to the stable contact between the sample and the surface of the 

diamond crystal. 
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3.3.14.2. Percent Relative Intensity of C=O and =C–H Vibrational Stretching as 

an Indicator of Lipid Peroxidation Extent 
 

The percent relative intensity (% Irel) of the carbonyl group (C=O) stretching vibration 

and =C–H stretching vibration was calculated from ATR-FTIR spectra obtained in 

transmittance mode. For each spectrum, the transmittance values at the baseline 

(Tbaseline) and the minimum transmittance at the band peak (Tminimum) were used for the 

determination of % Irel according to: 

% 𝐼rel =  
𝑇baseline − 𝑇minimum

𝑇baseline
 × 100 % 

where results are expressed as a percentage, representing the relative drop in 

transmittance at the absorption band with respect to the baseline. The calculated 

percent relative intensities were then used to generate graphical representations 

comparing treatment groups when normalized according to the percent relative 

intensities of the asymmetric CH2 stretching vibrations. The band assignments were 

based on previously reported literature values [64, 84-87]. 

 

3.3.15. Statistical Analysis 
 

Statistical analysis was performed with a predetermined significance level of α = 0.05. 

One-way and two-way analysis of variance (ANOVA) were applied, depending on the 

number of factors involved in the experimental design, followed by Tukey’s post hoc 

test for multiple comparisons. Results are presented as arithmetic means ± standard 

deviation for each control and experimental group. Differences between two 

independent groups of normally distributed numerical data were tested using one-way 

or two-way ANOVA, while in cases where variables did not follow a normal distribution, 

the non-parametric equivalent Mann-Whitney U test was applied. Correlations between 

mean parameter values were evaluated using Pearson’s correlation coefficients (r). All 

experiments were performed on parallel cultures in three independent biological 

replicates, where each measurement was conducted in triplicates. 
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4. RESULTS 
 

4.1. Establishment of the MASLD Model 
 

To establish an in vitro model of MASLD in HepG2 cells, the cytotoxic effects of OA 

were evaluated at three concentrations (1.0, 1.5, and 2.0 mM) over two exposure 

periods (24 and 48 hours) as shown in Figure 4.1. The aim was to determine the 

optimal OA concentration and incubation time capable of inducing steatosis while 

maintaining sufficient cell metabolic activity for further experiments. 

 

Figure 4.1. OA (24 vs 48 h) Comparison between the cell metabolic activities of cells 

treated with 1.0, 1.5, and 2.0 mM OA for 24 and 48 hours. Cell metabolic activity was 

assessed using the MTS assay, and results are presented as mean relative percentage 

of metabolic activities ± standard deviation. All OA groups were compared to a vehicle 

control group (UT) which was set at 100%. A two-way ANOVA revealed a significant 

effect of treatment period and concentration of OA on cell metabolic activities: 
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Treatment period (F(1,16) = 4298.70, p = 7.03 × 10-21) and Treatment type (F(3,16) = 

2659.96, p = 8.57 × 10-22) ; post-hoc Tukey HSD. 

Based on the results, a significant difference in the reduction in metabolic activity over 

24 and 48 hours of treatment was observed at both lower (1.0 mM) and higher (2.0 

mM) OA concentrations (***p < 0.001), while 1.5 mM OA induced steatosis without 

excessive variations in cytotoxicity in both 24- and 48-hour treatments (54.90 and 

55.70%, respectively). Therefore, 1.5 mM OA was selected as the optimal treatment 

condition for later experiments. 

4.2. Establishment of the Preventive Model 
 

To investigate the potential protective effects of EPI against OA-induced steatosis, a 

Preventive model was developed using HepG2 cells. The approach involved 

pretreating cells with varying EPI concentrations (10, 30, and 50 µM) for different 

durations prior to OA exposure. Three pretreatment time points were initially evaluated: 

4 hours (Figure 4.2.), 8 hours (Figure 4.3.), and 24 hours (Figure 4.4.), each followed 

by a 24-hour 1.5 mM OA treatment to induce steatosis. 

 

Figure 4.2. Comparison between the cell metabolic activity of HepG2 cells pretreated 

with EPI for 4 hours followed by a 24-hour 1.5 mM OA treatment. Cell metabolic activity 

was assessed using the MTS assay, and results are presented as mean relative 

percentage of metabolic activities ± standard deviation. One-way ANOVA F(5,12) = 
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3881.39, p = 8.02 × 10-19; post-hoc Tukey HSD. UT - untreated cells (negative vehicle 

control); OA - 1.5 mM oleic acid (positive control); EPIc - 50 µM EPI only (EPI control); 

EPI 50/OA, EPI 30/OA, and EPI 10/OA - groups pretreated with EPI for 4 hours, 

followed by a 24-hour OA treatment. The bars assigned with the asterisks (*p < 0.05, 

**p < 0.01, and ***p < 0.001) are statistically significantly different from OA alone. 

Pretreatment of HepG2 cells with EPI for 4 hours significantly improved cell metabolic 

activity following a 24-hour exposure to OA, as demonstrated by MTS assay results. 

Statistical analysis revealed that all EPI pretreatment groups, regardless of the 

concentration used (10, 30, or 50 µM), showed a highly significant increase in cell 

metabolic activity (73.40 – 77.40 %) compared to the OA-only group (***p < 0.001).  

 

Figure 4.3. Comparison between the cell metabolic activity of HepG2 cells pretreated 

with EPI for 8 hours followed by a 24-hour 1.5 mM OA treatment. Cell metabolic activity 

was assessed using the MTS assay, and results are presented as mean relative 

percentage of metabolic activities ± standard deviation. UT - untreated cells (negative 

vehicle control); OA - 1.5 mM oleic acid (positive control); EPIc - 50 µM EPI only (EPI 

control); EPI 50/OA, EPI 30/OA, and EPI 10/OA - groups pretreated with EPI for 8 

hours, followed by a 24-hour OA treatment. One-way ANOVA F(5,12) = 181.43, p = 

7.14 × 10-11; post-hoc Tukey HSD. The bars assigned with the asterisks (*p < 0.05, **p 

< 0.01, and ***p < 0.001) are statistically significantly different from OA alone. 
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Pretreatment of HepG2 cells with EPI for 8 hours significantly improved cell metabolic 

activity following a 24-hour exposure to OA, as demonstrated by MTS assay results. 

Statistical analysis also revealed that all EPI pretreatment groups, regardless of the 

concentration used (10, 30, or 50 µM), showed a highly significant increase in cell 

metabolic activity (70.90 – 83.20%) compared to the OA-only group (***p < 0.001).  

 

 

Figure 4.4. Comparison between the cell metabolic activity of HepG2 cells pretreated 

with EPI for 24 hours followed by a 24-hour 1.5 mM OA treatment. Cell metabolic 

activity was assessed using the MTS assay, and results are presented as mean 

relative percentage of metabolic activities ± standard deviation. UT - untreated cells 

(negative vehicle control); OA - 1.5 mM oleic acid (positive control); EPIc - 50 µM EPI 

only (EPI control); EPI 50/OA, EPI 30/OA, and EPI 10/OA - groups pretreated with EPI 

for 24 hours, followed by a 24-hour OA treatment. One-way ANOVA F(5,12) = 375.83, 

p = 9.49 × 10-13; post-hoc Tukey HSD. The bars assigned with the asterisks (*p < 0.05, 

**p < 0.01, and ***p < 0.001) are statistically significantly different from OA alone. 

Pretreatment of HepG2 cells with EPI for 24 hours significantly improved cell metabolic 

activity following a 24-hour exposure to OA, as demonstrated by MTS assay results. 

Statistical analysis again revealed that all EPI pretreatment groups, regardless of the 
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concentration used (10, 30, or 50 µM), showed a highly significant increase in cell 

metabolic activity (74.10 – 81.10%) compared to the OA-only group (***p < 0.001).  

As shown in the figures, all EPI concentrations across the tested pretreatment 

durations showed comparable, statistically significant increases in cell metabolic 

activity relative to OA-treated cells alone. However, a 4-hour EPI pretreatment was 

selected for further experiments, as extending the pretreatment period proved 

technically challenging due to the need to maintain HepG2 cells in FBS-free conditions. 

4.3. Establishment of the Therapeutic Model 
 

To evaluate the potential of EPI as a therapeutic agent against OA-induced steatosis, 

a post-treatment experimental model was developed in HepG2 cells. Steatosis was 

first induced by exposing cells to 1.5 mM OA for either 12 or 24 hours, after which cells 

were treated with EPI at concentrations of 10, 30, or 50 µM (along with 0.75 mM OA) 

for an additional 12 or 24 hours. Three treatment combinations were tested: 12-hour 

OA pretreatment followed by 12-hour EPI + OA treatment (Figure 4.5.), 12-hour OA 

pretreatment followed by 24-hour EPI + OA treatment (Figure 4.6.), and 24-hour OA 

pretreatment followed by a 24-hour EPI + OA treatment (Figure 4.7.). 

 

Figure 4.5. The cell metabolic activity of HepG2 cells pretreated with 1.5 mM OA for 

12 hours, followed by treatment with 10, 30, and 50 µM EPI for 12 hours in the 
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presence of 0.75 mM OA. Cell metabolic activity was assessed using the MTS assay, 

and results are presented as mean relative percentage of metabolic activities ± 

standard deviation. UT - untreated cells (negative vehicle control); OA - 1.5 mM oleic 

acid (positive control); EPIc - 50 µM EPI only (EPI control); OA/EPI 50, OA/EPI 30, and 

OA/EPI 10 - groups pretreated with OA for 12 hours, followed by a 12-hour EPI 

treatment. One-way ANOVA F(5,12) = 1390.75, p = 3.82 × 10-16; post-hoc Tukey HSD. 

The bars assigned with the asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001) are 

statistically significantly different from OA alone. 

Treatment of HepG2 cells with 1.5 mM OA for 12 hours, followed by treatment with EPI 

for 12 hours in the presence of 0.75 mM OA showed a significant increase in the cell 

metabolic activity, as demonstrated by MTS assay results. Statistical analysis revealed 

that all EPI treatment groups, regardless of the concentration used (10, 30, or 50 µM), 

showed a highly significant increase in cell metabolic activity (52.60 – 56%) with ***p 

< 0.001 compared to the OA-only group (45.80%).  

 

 

Figure 4.6. The cell metabolic activity of HepG2 cells pretreated with 1.5 mM OA for 

12 hours, followed by treatment with 10, 30, and 50 µM EPI for 24 hours in the 

presence of 0.75 mM OA. Cell metabolic activity was assessed using the MTS assay, 

and results are presented as mean relative percentage of metabolic activities ± 



Ocje
na

 ra
da

 

u t
ije

ku
!

30 
 

standard deviation. UT - untreated cells (negative vehicle control); OA - 1.5 mM oleic 

acid (positive control); EPIc - 50 µM EPI only (EPI control); OA/EPI 50, OA/EPI 30, and 

OA/EPI 10 - groups pretreated with OA for 12 hours, followed by a 24-hour EPI 

treatment. One-way ANOVA F(5,12) = 2427.76, p = 1.36 × 10-17; post-hoc Tukey HSD. 

The bars assigned with the asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001) are 

statistically significantly different from OA alone. 

Treatment of HepG2 cells with 1.5 mM OA for 12 hours, followed by treatment with EPI 

for 24 hours in the presence of 0.75 mM OA showed a significant increase in the cell 

metabolic activity, as demonstrated by MTS assay results. Statistical analysis revealed 

that all EPI treatment groups, regardless of the concentration used (10, 30, or 50 µM), 

showed a highly significant increase in cell metabolic activity (54.60 – 57.60%) with 

***p < 0.001 compared to the OA-only group (45.80%).  

 

Figure 4.7.  The cell metabolic activity of HepG2 cells pretreated with 1.5 mM OA for 

24 hours, followed by treatment with 10, 30, and 50 µM EPI for 24 hours in the 

presence of OA. Cell metabolic activity was assessed using the MTS assay, and 

results are presented as mean relative percentage of metabolic activities ± standard 

deviation. UT - untreated cells (negative vehicle control); OA - 1.5 mM oleic acid 

(positive control); EPIc - 50 µM EPI only (EPI control); OA/EPI 50, OA/EPI 30, and 

OA/EPI 10 - groups pretreated with OA for 24 hours, followed by a 24-hour EPI 

treatment. One-way ANOVA F(5,12) = 54.35, p = 7.94 × 10-08; post-hoc Tukey HSD. 
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The bars assigned with the asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001) are 

statistically significantly different from OA alone. 

Treatment of HepG2 cells with 1.5 mM OA for 24 hours, followed by treatment with EPI 

for 24 hours in the presence of 0.75 mM OA showed a significant increase in the cell 

metabolic activity, as demonstrated by MTS assay results. Statistical analysis revealed 

that only 30 (*p < 0.05) and 50 µM EPI (**p < 0.01) showed a highly significant increase 

in cell metabolic activity (81 and 82.70%, respectively) compared to the OA-only group 

(70.90%). However, in this case, OA failed to induce a significant decrease in cell 

metabolic activity so this model was excluded. 

Based on the results, a 12-hour 1.5 mM OA pretreatment followed by a 24-hour EPI 

treatment in the presence of 0.75 mM OA showed slightly better metabolic activity than 

a 12-hour EPI treatment. Therefore, this combination was chosen as the optimal 

therapeutic condition for further experiments. 

4.4. Free Radical Scavenging Capacity and Scavenging Rate 
 

To determine the free radical scavenging capacity and rate of EPI, a DPPH assay was 

performed on three EPI concentrations (10, 30, and 50 µM) used in the experiment, 

where 1.5 mM OA was used as a negative control as it exerts no radical scavenging 

capacity (Figure 4.8.).  
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Figure 4.8. Free radical scavenging capacity (a) and scavenging rate (b) of 1.5 mM 

OA and EPI alone. The absorbance was measured at 490 nm and results are 

presented as mean values of free radical scavenging capacity (µmol VC/L) and 

scavenging rate (%) ± standard deviation. Undetectable values were assigned as 0 

µmol VC/L and 0%. OA - 1.5 mM oleic acid alone (negative control); EPI 10, EPI 30, 

and EPI 50 - 10, 30, and 50 µm EPI alone. One-way ANOVA F(3,8) = 310.79, p = 1.28 

× 10-08; post-hoc Tukey HSD. The bars assigned with the asterisks (*p < 0.05, **p < 

0.01, and ***p < 0.001) are statistically significantly different from OA alone. 

The results show that EPI at concentrations of 10, 30, and 50 µM exhibits expected 

levels of free radical scavenging capacity and scavenging rate compared to OA alone, 

which served as the negative control. Both scavenging capacity (µmol VC/L) and rate 

(%) showed a concentration-dependent increase in EPI scavenging capacity and rate 

for all tested EPI concentrations (***p < 0.001). 

Moreover, the free radical scavenging capacity and rate of EPI in HepG2 cells, as well 

as the overall scavenging capacity and rate of endogenous antioxidants in HepG2 cells 

after treatment, were determined (Figure 4.9.).  
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Figure 4.9. Free radical scavenging capacity and rate of EPI in HepG2 cells, and 

overall free radical scavenging capacity and rate of antioxidants in HepG2 cells after 

the treatment. The absorbance was measured at 490 nm and results are presented as 

mean values of free radical scavenging capacity (µmol VC/L) and scavenging rate (%) 

± standard deviation. (a) Preventive model: One-way ANOVA F(5,12) = 37.30, p = 6.61 

× 10-07; post-hoc Tukey HSD. UT - untreated cells (negative vehicle control); OA - 1.5 

mM oleic acid (positive control); EPIc - 50 µM EPI only (EPI control); EPI 50/OA, EPI 

30/OA, and EPI 10/OA - groups pretreated with EPI for 4 hours, followed by a 24-hour 

OA treatment. (b) Therapeutic model: One-way ANOVA F(5,12) = 16.94, p = 4.52 × 

10-05; post-hoc Tukey HSD. UT - untreated cells (negative vehicle control); OA - 1.5 

mM oleic acid (positive control); EPIc - 50 µM EPI only (EPI control); OA/EPI 50, 

OA/EPI 30, and OA/EPI 10 - groups pretreated with OA for 12 hours, followed by EPI 

treatment for 24 hours in the presence of 0.75 mM OA. The bars assigned with the 

asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001) are statistically significantly different 

from OA alone. 
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The results show that 10 and 30 µM EPI significantly modulate the free radical 

scavenging capacity and scavenging rate in HepG2 cells in the Preventive model only 

(***p < 0.001). In the Preventive model, EPI pretreatment significantly enhanced the 

scavenging capacity and rate in HepG2 cells compared to OA alone, with the highest 

effects observed at 30 µM EPI, showing highly significant differences from OA alone. 

This suggests a strong antioxidative potential of EPI when administered before OA 

treatment. Therefore, these results indicate that EPI, when applied preventively, can 

enhance endogenous antioxidant defenses and attenuate OA-induced oxidative 

stress. 

Furthermore, in both Preventive and Therapeutic model, OA significantly increased 

both scavenging capacity and rate (*p < 0.05 and ***p < 0.001 vs. UT, respectively) 

which could indicate that OA alone induced the activity of endogenous antioxidants in 

HepG2 cells.  

4.5. Intracellular GSH Concentration 
 

To further explore the antioxidative potential of EPI in HepG2 cells, beyond its 

previously assessed free radical scavenging capacity and scavenging rate, 

intracellular GSH levels were quantified (Figure 4.10.). GSH is a major endogenous 

antioxidant and, by measuring GSH levels, it was determined whether EPI influences 

the endogenous antioxidant defense system directly. 
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Figure 4.10. Intracellular GSH concentration in HepG2 cells treated with EPI and OA. 

The absorbance was measured at 415 nm and results are presented as mean values 

of intracellular GSH concentration (nmol/mL) ± standard deviation. (a) Preventive 

model: One-way ANOVA F(5,12) = 270.02, p = 6.78 × 10-12; post-hoc Tukey HSD. UT 

- untreated cells (negative vehicle control); OA - 1.5 mM oleic acid (positive control); 

EPIc - 50 µM EPI only (EPI control); EPI 50/OA, EPI 30/OA, and EPI 10/OA - groups 

pretreated with EPI for 4 hours, followed by a 24-hour OA treatment. (b) Therapeutic 

model: One-way ANOVA F(5,12) = 65.66, p = 2.69 × 10-08; post-hoc Tukey HSD. UT - 

untreated cells (negative vehicle control); OA - 1.5 mM oleic acid (positive control); 

EPIc - 50 µM EPI only (EPI control); OA/EPI 50, OA/EPI 30, and OA/EPI 10 - groups 

pretreated with OA for 12 hours, followed by EPI treatment for 24 hours in the presence 

of 0.75 mM OA. The bars assigned with the asterisks (*p < 0.05, **p < 0.01, and ***p 

< 0.001) are statistically significantly different from OA alone. 

The results indicate that intracellular GSH levels were significantly affected by both OA 

exposure and EPI treatment in both models. In the Preventive model, OA alone 

significantly increased GSH levels compared to untreated control group (***p < 0.001 

vs. UT), suggesting an adaptive antioxidant response to lipid overload. However, EPI 

pretreatment prior to OA exposure did not maintain these elevated GSH levels; instead, 

all EPI/OA treatments resulted in significantly lower GSH compared to OA alone (***p 

< 0.001), which could suggest a shift in redox balance due to EPI administration.  
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In the Therapeutic model, OA significantly depleted GSH (***p < 0.001 vs. UT), while 

subsequent EPI treatment partially restored GSH levels in a concentration-dependent 

manner, with OA/EPI 50 and OA/EPI 30 showing the highest recovery (*p < 0.05 vs. 

OA), while no effect was observed with OA/EPI 10.  

This variation in the effect of OA on GSH could be attributed to the difference in 

concentrations used between the two models. 

4.6. ELISA Quantification of Protein Levels 
 

4.6.1. Concentrations of proteins involved in fatty acid β-oxidation (PPARα), 

lipid storage (PPARγ), and lipid transport (MTTP) 
 

To extend the assessment of EPI’s antioxidative effects, its potential role in lipid 

metabolism by quantifying key regulatory proteins involved in fatty acid β-oxidation, 

lipid storage, and lipid transport was also examined. PPARα was measured as a 

central regulator of fatty acid catabolism, PPARγ as a key mediator of lipid storage and 

adipogenic processes, and MTTP as an essential mediator of lipid export and VLDL 

assembly. These proteins were selected to provide insight into whether EPI modulates 

lipid metabolism in HepG2 cells under conditions of OA-induced lipid accumulation. 

Figures 4.11., 4.12., and 4.13. show concentrations of mentioned proteins which were 

determined by ELISA. 
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Figure 4.11. PPARα concentration in HepG2 cells determined using ELISA assay kits. 

The absorbance was measured at 450 nm and results are presented as mean values 

of protein concentration (ng/mL) ± standard deviation. (a) Preventive model: One-way 

ANOVA F(5,12) = 67.41, p = 2.30 × 10-08; post-hoc Tukey HSD. UT - untreated cells 

(negative vehicle control); OA - 1.5 mM oleic acid (positive control); EPIc - 50 µM EPI 

only (EPI control); EPI 50/OA, EPI 30/OA, and EPI 10/OA - groups pretreated with EPI 

for 4 hours, followed by a 24-hour OA treatment. (b) Therapeutic model: One-way 

ANOVA F(5,12) = 49.45, p = 1.36 × 10-07; post-hoc Tukey HSD. UT - untreated cells 

(negative vehicle control); OA - 1.5 mM oleic acid (positive control); EPIc - 50 µM EPI 

only (EPI control); OA/EPI 50, OA/EPI 30, and OA/EPI 10 - groups pretreated with OA 

for 12 hours, followed by EPI treatment for 24 hours in the presence of 0.75 mM OA. 

The bars assigned with the asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001) are 

statistically significantly different from OA alone. 

The results show that PPARα levels were significantly influenced by both OA and EPI 

treatments in HepG2 cells. In both Preventive and Therapeutic model, OA treatment 

significantly increased PPARα concentrations compared to untreated controls (***p < 

0.001), which could indicate an upregulation of fatty acid β-oxidation pathways in 

response to lipid overload. EPI alone resulted in significantly lower PPARα levels than 

OA (***p < 0.001), while all EPI/OA and OA/EPI treatments significantly reduced 
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PPARα levels when compared to OA alone (***p < 0.001), suggesting that EPI 

modulates PPARα levels in response to OA treatment.  

 

 

Figure 4.12. PPARγ concentration in HepG2 cells determined using ELISA assay kits. 

The absorbance was measured at 450 nm and results are presented as mean values 

of protein concentration (ng/mL) ± standard deviation. (a) Preventive model: One-way 

ANOVA F(5,12) = 110.81, p = 1.30 × 10-09; post-hoc Tukey HSD. UT - untreated cells 

(negative vehicle control); OA - 1.5 mM oleic acid (positive control); EPIc - 50 µM EPI 
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only (EPI control); EPI 50/OA, EPI 30/OA, and EPI 10/OA - groups pretreated with EPI 

for 4 hours, followed by a 24-hour OA treatment. (b) Therapeutic model: One-way 

ANOVA F(5,12) = 18.26, p = 3.08 × 10-05; post-hoc Tukey HSD. UT - untreated cells 

(negative vehicle control); OA - 1.5 mM oleic acid (positive control); EPIc - 50 µM EPI 

only (EPI control); OA/EPI 50, OA/EPI 30, and OA/EPI 10 - groups pretreated with OA 

for 12 hours, followed by EPI treatment for 24 hours in the presence of 0.75 mM OA. 

The bars assigned with the asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001) are 

statistically significantly different from OA alone. 

The results show that PPARγ levels, similar to PPARα, were affected by both OA and 

EPI treatments in HepG2 cells. In both Preventive and Therapeutic model, OA 

significantly increased PPARγ concentrations compared to untreated controls (***p < 

0.001 vs. UT), which could suggest enhanced lipid storage under lipid overload. In the 

Preventive model, all EPI/OA treatments partially attenuated OA-induced PPARγ 

increase in a concentration-dependent manner, with the strongest suppression 

observed at 30 and 50 µM EPI (**p < 0.01 and ***p < 0.001, respectively). In the 

Therapeutic model, all EPI/OA treatments partially attenuated OA-induced PPARγ 

increase in a concentration-dependent manner, also with the strongest suppression 

observed at 30 and 50 µM EPI (***p < 0.001 and **p < 0.01, respectively). 
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Figure 4.13. MTTP concentration in HepG2 cells determined using ELISA assay kits. 

The absorbance was measured at 450 nm and results are presented as mean values 

of protein concentration (ng/mL) ± standard deviation. (a) Preventive model: One-way 

ANOVA F(5,12) = 48.72, p = 1.48 × 10-07; post-hoc Tukey HSD. UT - untreated cells 

(negative vehicle control); OA - 1.5 mM oleic acid (positive control); EPIc - 50 µM EPI 

only (EPI control); EPI 50/OA, EPI 30/OA, and EPI 10/OA - groups pretreated with EPI 

for 4 hours, followed by a 24-hour OA treatment. (b) Therapeutic model: One-way 

ANOVA F(5,12) = 84.10, p = 6.45 × 10-09; post-hoc Tukey HSD. UT - untreated cells 

(negative vehicle control); OA - 1.5 mM oleic acid (positive control); EPIc - 50 µM EPI 

only (EPI control); OA/EPI 50, OA/EPI 30, and OA/EPI 10 - groups pretreated with OA 

for 12 hours, followed by EPI treatment for 24 hours in the presence of 0.75 mM OA. 

The bars assigned with the asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001) are 

statistically significantly different from OA alone. 

The results indicate that MTTP levels were significantly increased by OA treatment in 

both models (***p < 0.001 vs. UT). In the Preventive model, pretreatment with EPI prior 

to OA exposure maintained MTTP concentration at levels comparable to or slightly 

lower than OA alone, with EPI 50/OA showing a modest but significant reduction (*p < 

0.05), which could suggest that preventive EPI treatment does not strongly suppress 

OA-driven MTTP upregulation. 

In the Therapeutic model, OA/EPI treatments significantly lowered MTTP levels at all 

tested concentrations, with OA/EPI 10 showing the largest reduction when compared 
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to OA alone (***p < 0.001). These results suggest that, while EPI exerts a mild 

regulatory effect on MTTP in a preventive context, it has a stronger modulatory impact 

when administered after lipid accumulation. 

4.6.2. Concentrations of proteins involved in inflammation (TNF-α) and fibrosis 

(TGF-β1) 
 

To investigate the potential of EPI to influence the inflammatory and fibrotic processes 

in HepG2 cells, the levels of potential mediators of MASLD to MASH progression, TNF-

α and TGF-β1, were determined. Concentrations of these proteins were quantified by 

ELISA to assess whether EPI influences pro-inflammatory and pro-fibrotic signaling 

pathways in OA-induced hepatic steatosis, under both preventive and therapeutic 

treatment conditions (Figure 4.14. and 4.15.). 
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Figure 4.14. TNF-α concentration in HepG2 cells determined using ELISA assay kits. 

The absorbance was measured at 450 nm and results are presented as mean values 

of protein concentration (pg/mL) ± standard deviation. Undetectable values were 

assigned a concentration of 0 pg/mL. (a) Preventive model: One-way ANOVA F(5,12) 

= 10.78, p = 4.15 × 10-04; post-hoc Tukey HSD. UT - untreated cells (negative vehicle 

control); OA - 1.5 mM oleic acid (positive control); EPIc - 50 µM EPI only (EPI control); 

EPI 50/OA, EPI 30/OA, and EPI 10/OA - groups pretreated with EPI for 4 hours, 

followed by a 24-hour OA treatment. (b) Therapeutic model: One-way ANOVA F(5,12) 

= 28.24, p = 3.05 × 10-06; post-hoc Tukey HSD. UT - untreated cells (negative vehicle 

control); OA - 1.5 mM oleic acid (positive control); EPIc - 50 µM EPI only (EPI control); 

OA/EPI 50, OA/EPI 30, and OA/EPI 10 - groups pretreated with OA for 12 hours, 

followed by EPI treatment for 24 hours in the presence of 0.75 mM OA. The bars 

assigned with the asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001) are statistically 

significantly different from OA alone. 

The results indicate that TNF-α levels were significantly increased by OA treatment in 

both models (***p < 0.001 vs. UT) with 76.01 pg/mL TNF-α in the Preventive model, 

and 37.2 pg/mL TNF-α in the Therapeutic model, which suggests a higher degree of 

inflammation in the Preventive model. 

In the Preventive model, pretreatment with EPI prior to OA exposure significantly 

reduced TNF-α levels compared to OA alone at all tested concentrations, with EPI 

10/OA showing the highest reduction, followed by EPI 50/OA, and EPI 30/OA (***p < 

0.001). In the Therapeutic model, OA/EPI treatments also significantly lowered TNF-α 

levels compared to OA, with OA/EPI 30 demonstrating the greatest decrease (***p < 

0.001), while OA/EPI 50 and OA/EPI 10 showed moderate but significant reductions. 

These results suggest that EPI exhibits an anti-inflammatory effect by reducing OA-

induced TNF-α production, with similar effects observed in both models. However, 

there was a slight increase in the TNF-α levels in EPI control groups (EPIc) in both 

models which might suggest that 50 µM EPI concentration without OA treatment could 

induce slight inflammation. However, these concentrations were too low to draw a 

conclusion.  



Ocje
na

 ra
da

 

u t
ije

ku
!

43 
 

 

 

Figure 4.15. TGF-β1 concentration in HepG2 cells determined using ELISA assay kits. 

The absorbance was measured at 450 nm and results are presented as mean values 

of protein concentration (pg/mL) ± standard deviation. (a) Preventive model: One-way 

ANOVA F(5,12) = 105.66, p = 1.71 × 10-09; post-hoc Tukey HSD. UT - untreated cells 

(negative vehicle control); OA - 1.5 mM oleic acid (positive control); EPIc - 50 µM EPI 

only (EPI control); EPI 50/OA, EPI 30/OA, and EPI 10/OA – groups pretreated with EPI 

for 4 hours, followed by a 24-hour OA treatment. (b) Therapeutic model: One-way 

ANOVA F(5,12) = 177.53, p = 8.12 × 10-11; post-hoc Tukey HSD. UT - untreated cells 

(negative vehicle control); OA - 1.5 mM oleic acid (positive control); EPIc - 50 µM EPI 

only (EPI control); OA/EPI 50, OA/EPI 30, and OA/EPI 10 - groups pretreated with OA 
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for 12 hours, followed by EPI treatment for 24 hours in the presence of 0.75 mM OA. 

The bars assigned with the asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001) are 

statistically significantly different from OA alone. 

The results indicate that TGF-β1 levels were significantly increased by OA treatment 

in both models (***p < 0.001 vs. UT). 

In the Preventive model, pretreatment with EPI prior to OA exposure resulted in 

significantly lower or similar TGF-β1 concentrations compared to OA alone, with EPI 

50/OA and EPI 10/OA showing similar moderate reductions (***p < 0.001). EPI 30/OA, 

on the other hand, failed to decrease TGF-β1 levels. In the Therapeutic model, OA/EPI 

treatments significantly reduced TGF-β1 levels at all concentrations compared to OA 

alone, with EPI 50 and EPI 30 showing the greatest decrease (***p < 0.001) and EPI 

10 producing a moderate but still significant reduction (*p < 0.05). 

These results suggest that EPI can attenuate OA-induced pro-fibrotic effects by 

lowering TGF-β1 levels, with stronger effects observed when administered after lipid 

accumulation rather than as a preventive treatment. 

4.7. Visualization of Lipid Droplets and Fatty Changes 
 

To assess the effect of EPI on lipid accumulation in HepG2 cells, the visualization of 

lipid droplets and evaluation of fatty changes were performed using the Oil Red O 

staining method. This method was used for both qualitative and quantitative 

assessment of neutral lipids (mostly cholesterol esters and triacylglycerols) deposition 

induced by OA treatment (Figure 4.16. and 4.17.). 
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Figure 4.16. Visualization of lipid droplets and quantification of relative Oil Red O-

stained area of cells (%) in the Preventive model. (a) Relative Oil Red O-stained area 

of cells (%) determined by the absorbance of extracted Oil Red-O solution measured 

at 490 nm. Undetectable values were set at 0%. (b) Visualization of lipid droplets in 

HepG2 cells. Images were acquired using Invitrogen™ EVOS™ M3000 Imaging 

System at 20× magnification. A - UT, B - OA, C - EPIc, D - EPI 50/OA, E - EPI 30/OA, 

F - EPI 10/OA. One-way ANOVA F(5,12) = 1229.74, p = 7.99 × 10-16; post-hoc Tukey 

HSD. The bars assigned with the asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001) are 

statistically significantly different from OA alone. 

The results indicate that OA treatment increased the relative Oil Red O-stained area 

(67%) in HepG2 cells compared to the untreated control (***p < 0.001 vs. UT), which 

confirms OA-induced intracellular lipid accumulation. In the Preventive model, all 
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EPI/OA treatments significantly reduced lipid accumulation compared to OA alone 

(***p < 0.001), with EPI 30/OA showing the lowest relative stained area. 

Microscopic images also support the quantitative results. Image B (OA) displays 

extensive, dense red staining, while images D (EPI 50/OA) and E (EPI 30/OA) show 

visibly reduced droplet density and size compared to OA, suggesting strong preventive 

effects, whereas image F (EPI 10/OA) shows moderate lipid droplet presence, 

consistent with its higher quantified value. These results suggest that EPI can 

effectively prevent OA-induced lipid accumulation in a concentration-dependent 

manner, with the most pronounced effects observed at 30 and 50 µM. 

 

Figure 4.17. Visualization of lipid droplets and quantification of relative Oil Red O-

stained area of cells (%) in the Therapeutic model. (a) Relative Oil Red O-stained area 

of cells (%) determined by the absorbance of extracted Oil Red-O solution measured 
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at 490 nm. Undetectable values were set at 0%. (b) Visualization of lipid droplets in 

HepG2 cells. Images were acquired using Invitrogen™ EVOS™ M3000 Imaging 

System at 20× magnification. A - UT, B - OA, C - EPIc, D - OA/EPI 50, E - OA/EPI 30, 

F - OA/EPI 10. One-way ANOVA F(5,12) = 2353.80, p = 1.64 × 10-17; post-hoc Tukey 

HSD. The bars assigned with the asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001) are 

statistically significantly different from OA alone. 

Similar to the Preventive model, OA treatment in the Therapeutic model increased the 

relative Oil Red O-stained area (72.80%) in HepG2 cells compared to the untreated 

control (***p < 0.001 vs. UT). All OA/EPI treatments significantly reduced lipid content 

compared to OA alone (***p < 0.001), with OA/EPI 50 and OA/EPI 30 producing the 

lowest relative stained areas, followed by OA/EPI 10, which showed slightly higher 

relative stained area. 

In this case, the microscopic images also support the quantitative results, where image 

B (OA) is densely filled with red-stained droplets. Images D (OA/EPI 50) and E (OA/EPI 

30) display visibly reduced droplet density and coverage compared to OA, and image 

F (OA/EPI 10) shows more pronounced lipid droplet presence, consistent with its 

higher measured value. These results suggest that EPI is capable of reducing lipid 

accumulation even after OA-induced steatosis is established, with the strongest effects 

observed at 50 and 30 µM. 

When comparing the two models, both preventive and therapeutic EPI treatments 

significantly reduced OA-induced lipid accumulation. However, EPI treatment in the 

Preventive model resulted in lower lipid levels. This suggests that, even though EPI is 

effective in both models, its liporegulatory action is more pronounced when 

administered prior to lipid overload. 

4.8. Measurement of Triacylglycerol Concentrations 
 

To support the results obtained by Oil Red O staining, triacylglycerol concentrations 

were measured by GPO-PAP enzymatic method. This method was used to determine 

a total triacylglycerol content in HepG2 cells which can be correlated with the relative 

Oil Red O- stained area of the cells (%) in both the Preventive and Therapeutic model 

(Figure 4.18.). 
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Figure 4.18. Triacylglycerol concentrations in HepG2 cells treated with OA and EPI. 

The absorbance was measured at 490 nm and the results were expressed as mean 

values of triacylglycerol concentrations (mg/mL) ± standard deviation. (a) Preventive 

model: One-way ANOVA F(5,12) = 1024.65, p = 2.38 × 10-15; post-hoc Tukey HSD. 

UT - untreated cells (negative vehicle control); OA - 1.5 mM oleic acid (positive control); 

EPIc - 50 µM EPI only (EPI control); EPI 50/OA, EPI 30/OA, and EPI 10/OA - groups 

pretreated with EPI for 4 hours, followed by a 24-hour OA treatment. (b) Therapeutic 

model: One-way ANOVA F(5,12) = 5665.14, p = 8.45 × 10-20; post-hoc Tukey HSD. 

UT - untreated cells (negative vehicle control); OA - 1.5 mM oleic acid (positive control); 

EPIc - 50 µM EPI only (EPI control); OA/EPI 50, OA/EPI 30, and OA/EPI 10 - groups 

pretreated with OA for 12 hours, followed by EPI treatment for 24 hours in the presence 
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of 0.75 mM OA. The bars assigned with the asterisks (*p < 0.05, **p < 0.01, and ***p 

< 0.001) are statistically significantly different from OA alone. 

The results indicate that triacylglycerol concentrations were significantly increased by 

OA treatment in both models (***p < 0.001 vs. UT). 

In the Preventive model, all EPI/OA combinations significantly reduced triacylglycerol 

concentrations relative to OA alone (***p < 0.001), with EPI 30/OA showing the lowest 

triacylglycerol concentration. In the Therapeutic model, all OA/EPI treatments also 

significantly decreased triacylglycerol concentrations compared to OA alone (***p < 

0.001), with all three concentrations showing similar reductions. 

This could suggest that EPI effectively attenuates OA-induced triacylglycerol 

accumulation in HepG2 cells, with similar effects in both models. Even though this 

method confirms that EPI effectively reduces triacylglycerol levels, the difference 

between the two models was not observed. 

4.9. Extraction of Lipids from Cell Pellets Using the Folch Method for Lipid 

Content Assessment 
 

The Folch method was used to isolate lipids from HepG2 cells in order to assess 

differences in lipid masses between experimental groups. After the extraction, samples 

were dried to obtain lipid residues, which were then weighed. Table 4.1. shows a mass 

of total lipids extracted from 1.0 × 107 HepG2 cells, where each experimental group 

included a total of 7 independent replicates. 

Table 4.1. Mass of total lipids extracted from 1.0 × 107 HepG2 cells in the Preventive 

and Therapeutic model using the Folch method. The results are expressed as mean 

mass of total lipids ± standard deviation (SD). No statistically significant difference was 

noted between any of the groups (N = 7). 

 Experimental group Mass of lipids (mg) ± SD 

P
re

v
e

n
ti

v
e

 

m
o

d
e

l 

UT 21.18 ± 3.62 

OA 22.33 ± 5.54 

EPIc 20.38 ± 2.63 
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EPI 50/OA 21.36 ± 2.73 

EPI 30/OA 19.63 ± 1.54 

EPI 10/OA 20.27 ± 1.94 

T
h

e
ra

p
e

u
ti

c
 m

o
d

e
l 

UT 22.18 ± 4.56 

OA 21.27 ± 5.88 

EPIc 22.04 ± 4.71 

OA/EPI 50 18.16 ± 3.60 

OA/EPI 30 18.82 ± 3.07 

OA/ EPI 10 19.22 ± 3.42 

 

The results indicate that total lipid masses showed only minor variations between 

experimental groups in both the Preventive and Therapeutic model. In the Preventive 

model, OA treatment resulted in a slightly higher mean lipid mass compared to UT, 

while EPIc alone showed a lower value. Among the experimental groups, EPI 30/OA 

showed the lowest mean lipid mass, even though differences across groups remained 

insignificant. 

In the Therapeutic model, OA treatment did not increase lipid mass compared to UT, 

while EPIc group had a similar value to the control group. All OA/EPI treatments 

showed slight reductions in lipid mass compared to OA, with OA/EPI 50 having the 

lowest mean value. 

However, statistical analysis revealed no significant differences between any of the 

experimental groups, indicating that neither OA nor EPI treatments, in either model, 

caused statistically significant measurable changes in the total lipid mass in both 

models. 

4.10. Spectrophotometric Determination of Conjugated Dienes and Lipid 

Hydroperoxides in Lipid Extracts 
 

To further investigate the effects of EPI on oxidative stress associated with OA-induced 

steatosis, spectrophotometric assays were performed to quantify CDs and LOOHs in 
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lipid extracts obtained from HepG2 cells (Figure 4.19. and 4.20.). CDs represent 

primary products of lipid peroxidation, while LOOHs are later oxidative derivatives that 

reflect the propagation phase of lipid peroxidation.  

 

 

Figure 4.19. Spectrophotometric determination of conjugated dienes (CDs) content in 

lipid extracts of HepG2 cells at 234 nm. The results were expressed as relative 

absorbance units at 234 nm (A234), normalized to total lipid content as A234/mg lipid. (a) 

One-way ANOVA F(5,12) = 40.90, p = 3.95 × 10-07; post-hoc Tukey HSD. UT - 
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untreated cells (negative vehicle control); OA - 1.5 mM oleic acid (positive control); 

EPIc - 50 µM EPI only (EPI control); EPI 50/OA, EPI 30/OA, and EPI 10/OA - groups 

pretreated with EPI for 4 hours, followed by a 24-hour OA treatment. (b) Therapeutic 

model: One-way ANOVA F(5,12) = 20.41, p = 1.73 × 10-05; post-hoc Tukey HSD. UT - 

untreated cells (negative vehicle control); OA - 1.5 mM oleic acid (positive control); 

EPIc - 50 µM EPI only (EPI control); OA/EPI 50, OA/EPI 30, and OA/EPI 10 - groups 

pretreated with OA for 12 hours, followed by EPI treatment for 24 hours in the presence 

of 0.75 mM OA. The bars assigned with the asterisks (*p < 0.05, **p < 0.01, and ***p 

< 0.001) are statistically significantly different from OA alone. 

The results show that OA treatment increased relative CD content compared to the 

untreated control in both the Preventive and Therapeutic model (*p < 0.05 and **p < 

0.01 vs. UT, respectively). 

In the Preventive model, EPI 50/OA significantly reduced CD levels compared to OA 

alone (***p < 0.001), while EPI 30/OA maintained values similar to OA alone, and EPI 

10/OA exhibited a mild, statistically significant decrease (*p < 0.05).  

In the Therapeutic model, only OA/EPI 50 showed a significant increase in CD content 

(*p < 0.05), while all other treatment groups showed no statistically significant 

differences. EPIc treatment alone also elevated CD content compared to OA, however, 

this was not statistically significantly different. These results could indicate that, in a 

therapeutic context, the highest EPI concentration does not reduce, but may even 

slightly increase CD levels. 
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Figure 4.20. Spectrophotometric determination of lipid hydroperoxides (LOOHs) 

content in lipid extracts of HepG2 cells at 480 nm. The results were expressed as 

relative absorbance units at 480 nm (A480), normalized to total lipid content as A480/mg 

lipid. (a) Preventive model: One-way ANOVA F(5,12) = 42.55, p = 3.17 × 10-07; post-

hoc Tukey HSD. UT - untreated cells (negative vehicle control); OA - 1.5 mM oleic acid 

(positive control); EPIc - 50 µM EPI only (EPI control); EPI 50/OA, EPI 30/OA, and EPI 

10/OA - groups pretreated with EPI for 4 hours, followed by a 24-hour OA treatment. 

(b) Therapeutic model: One-way ANOVA F(5,12) = 40.61, p = 4.11 × 10-07; Mann-

Whitney U (Bonferroni-corrected p-value). UT - untreated cells (negative vehicle 

control); OA - 1.5 mM oleic acid (positive control); EPIc - 50 µM EPI only (EPI control); 

OA/EPI 50, OA/EPI 30, and OA/EPI 10 - groups pretreated with OA for 12 hours, 

followed by EPI treatment for 24 hours in the presence of 0.75 mM OA. The bars 

assigned with the asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001) are statistically 

significantly different from OA alone. 

In both models, OA significantly increased the LOOH content compared to the 

untreated controls (***p < 0.001 vs. UT). 

In the Preventive model, EPI 30/OA significantly reduced LOOH levels (***p < 0.001), 

while EPI 10/OA showed only partial but still significant reduction (**p < 0.01) 
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compared to OA. In the Therapeutic model, only OA/EPI 50 significantly decreased the 

levels of LOOH when compared to OA (**p < 0.01). 

However, to assess these results, the overall LOOH/CD ratio was further examined. 

4.10.1. LOOH/CD Ratio in Lipid Extracts 
 

The two previously measured parameters were used to determine the extent of 

oxidative damage to cellular lipids. This analysis was used to assess whether EPI 

treatment, in both the Preventive and Therapeutic model, could attenuate OA-induced 

lipid peroxidation by comparing their LOOH/CD ratios. Table 4.2. shows LOOH/CD 

ratio of lipid extracts from the Preventive and Therapeutic model. 

Table 4.2. LOOH/CD ratio of lipid extracts from the Preventive and Therapeutic model 

expressed as a mean value ± SD (N = 3). Preventive model: One-way ANOVA F(5,12) 

= 18.20, p = 3.13 × 10-05; Therapeutic model: One-way ANOVA F(5,12) = 18.20, p = 

3.13 × 10-05; post-hoc Tukey HSD.  The values assigned with the asterisks (*p < 0.05, 

**p < 0.01, and ***p < 0.001) are statistically significantly different from OA alone. 

 
Experimental group LOOH/CD ratio ± SD 

P
re

v
e
n

ti
v

e
 m

o
d

e
l 

UT      0.016 ± 0.007 *** 

OA 0.091 ± 0.005 

EPIc     0.024 ± 0.005 ** 

EPI 50/OA 0.106 ± 0.034 

EPI 30/OA     0.038 ± 0.005 ** 

EPI 10/OA 0.065 ± 0.004  

T
h

e
ra

p
e
u

ti
c

 m
o

d
e
l 

UT      0.028 ± 0.014 *** 

OA 0.078 ± 0.012 

EPIc      0.020 ± 0.004 *** 

OA/EPI 50     0.039 ± 0.004 ** 

OA/EPI 30 0.069 ± 0.006 

OA/ EPI 10 0.080 ± 0.007 
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In both models, OA treatment significantly increased the LOOH/CD ratio compared to 

UT, indicating enhanced progression from primary (CD) to secondary (LOOH) lipid 

peroxidation products (***p < 0.001).  

In the Preventive model, EPI treatment at 30 μM significantly reduced the ratio (**p < 

0.01), bringing it closer to control levels, while EPIc also showed a strong protective 

effect (**p < 0.01). EPI 50/OA unexpectedly presented a slightly higher ratio than OA 

alone, however, this was not statistically significant. In the Therapeutic model, 

posttreatment with EPI was most effective at 50 μM (**p < 0.01), while 30 μM and 10 

μM showed no statistically significant change compared to OA.  

4.11. Determination of Functional Groups Involved in Lipid Peroxidation by 

FTIR Spectroscopy 
 

Fourier transform infrared spectroscopy (FTIR) was used to investigate the effects of 

different concentrations of EPI on OA-induced steatosis in HepG2 cells. In addition, 

this method was used to observe possible structural and biochemical changes induced 

in both models. FTIR spectroscopy provides an insight into molecular interactions and 

biochemical changes by detecting characteristic absorption bands in the mid-infrared 

region (4000 – 400 cm−1) that correspond to the vibrations of functional groups in 

important cellular macromolecules such as lipids, proteins and carbohydrates. 
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Figure 4.21. IR spectrum (4000 – 400 cm–1) of pure sodium oleate used in the OA 

group. 

The IR spectrum of pure sodium oleate (C18H33NaO2) shows several distinct absorption 

bands that are characteristic of its molecular structure (Figure 4.21.). The most 

prominent peaks are observed at 2920.32 cm−1 and 2850.88 cm−1, which correspond 

to the asymmetric and symmetric stretching vibrations of the C−H bonds of the −CH2 

groups, respectively. These vibrations are characteristic of long-chain fatty acids and 

indicate the presence of aliphatic hydrocarbon chains [86, 88]. In addition, the 

absorption band at 1560.46 cm−1 can be assigned to the asymmetric stretching 

vibration of the carboxylate (COO−) group, which confirms the deprotonation of the 

fatty acid in the sodium oleate structure [89]. The peaks at 1462.09 cm−1, 1446.66 cm−1 

and 1425.44 cm−1 correspond to a mixture of CH2 bending (scissoring) and COO− 

symmetric stretching, further confirming the presence of ionized carboxylate functional 

groups [89, 90]. The presence of these characteristic bands supports the identification 

of sodium oleate as an anionic surfactant with a well-defined molecular structure. 
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Figure 4.22. IR spectrum (4000 – 400 cm–1) of pure EPI used in the EPIc control 

group and other experimental groups. 

The IR spectrum of pure EPI shows characteristic absorption peaks associated with its 

polyphenolic structure (Figure 4.22.). In the region between 3458.48 cm−1 and 3167.22 

cm−1, a broad absorption band corresponding to the O−H stretching vibrations is 

observed, indicating the presence of hydroxyl functional groups. These hydroxyl 

groups play a crucial role in the ability of EPI to form hydrogen bonds and interact with 

other biomolecules. In addition, a strong absorption band at 1624.12 cm–1 is attributed 

to aromatic C=C stretching vibrations within the flavanol ring system, confirming the 

presence of an aromatic structure. Absorption bands between 1143.83 cm–1 and 

1045.45 cm–1 correspond to C–O stretching vibrations, characteristic of ether and 

phenolic hydroxyl functions commonly found in flavonoid structures [91, 92]. The 

presence of these bands confirms the molecular integrity of EPI and indicates its 

possible interactions with other biomolecules, particularly through hydrogen bonding 

and π-π interactions with aromatic amino acids in proteins. 
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4.11.1. Preventive Model 
 

 

Figure 4.23. Overlaid IR spectra (4000 – 400 cm–1) of groups in the Preventive model: 

untreated cells (UT, blue) and (−)-epicatechin control group (EPIc, purple); along with 

OA group (yellow) and experimental groups: EPI 50/OA (red), EPI 30/OA (orange), 

and EPI 10/OA (brown). 

The IR spectrum of the UT sample, which consists of a mixture of ethanol and fetal 

bovine serum (FBS), is dominated by vibrational bands associated with the primary 
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biochemical components in FBS, including proteins, lipids, and carbohydrates. Among 

the observed absorption bands, a significant peak at 1058 cm−1 corresponds to the 

stretching vibrations of C−O bonds characteristic of alcohols and polysaccharides. This 

peak indicates the presence of glycoproteins and other carbohydrate-based 

biomolecules possibly originating from the serum. In addition, an absorption band at 

2850 cm−1 is attributed to symmetric −CH2 stretching vibrations originating mainly from 

the lipid components in the sample. A strong absorption band at 1521 cm−1 is 

associated with the amide II vibration arising from N−H bending and C−N stretching in 

proteins. The presence of this band indicates the contribution of serum proteins to the 

overall IR spectrum. The identification of these characteristic absorption bands 

confirms that the UT sample contains a complex mixture of biomolecules to which 

serum proteins, lipids and carbohydrates make a significant contribution.  

In the spectrum of the EPIc sample, a broad absorption band corresponding to the OH 

group was observed at 3275.24 cm−1. In addition, a maximum was observed at 

1624.12 cm−1 corresponding to the absorption band of the aromatic C=C group, as in 

the spectrum of pure EPI. This confirms the presence of EPI in the EPIc sample. 

In the spectrum of the OA sample, a broad absorption band at 3277.17 cm−1 was 

detected, corresponding to O–H stretching vibrations and likely associated with 

hydrogen bonding. A sharp maximum at 2924.14 cm−1 is attributed to the asymmetric 

stretching vibration of methylene (–CH₂–) groups in the alkyl chain. In addition, a band 

at 1558.54 cm−1 corresponds to the asymmetric stretching vibration of the carboxylate 

(COO−) group, consistent with the band observed in pure sodium oleate at 1560.46 

cm−1. These spectral features confirm the presence of sodium oleate in the OA sample.  

Samples EPI 10/OA, EPI 30/OA and EPI 50/OA differ only in the concentration of EPI 

added (10 µM, 30 µM and 50 µM respectively). The stacked IR spectrum of these 

samples is shown in Figure 4.23. It shows how HepG2 cells respond to treatment with 

EPI, as indicated by different absorption bands. Although the spectra show similarities, 

some differences can be observed. The EPI 50/OA sample, which contains the highest 

concentration of EPI (50 µM), lacks the characteristic peak at 3005 cm−1 associated 

with the =C−H stretching vibrations of unsaturated lipids. 
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4.11.2. Therapeutic Model 
 

 

Figure 4.24. Overlaid IR spectra (4000 – 400 cm–1) of groups in the Therapeutic model: 

untreated cells (UT, blue) and (−)-epicatechin control group (EPIc, purple); along with 

OA group (yellow) and experimental groups: OA/EPI 50 (red), OA/EPI 30 (orange), 

and OA/EPI 10 (brown). 
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A distinct spectral characteristic emerged at higher concentration: a weak but clear 

vibration at approximately 3005 cm–1, corresponding to =C–H stretching vibrations of 

unsaturated lipids, was observed in the OA/EPI 50 sample in the Therapeutic model. 

Notably, this band was absent in the corresponding Preventive model sample (EPI 

50/OA), in which the same concentration was applied in reverse order. The presence 

of this band in the Therapeutic model indicates preservation of unsaturated lipid 

structures when EPI is administered after OA exposure, whereas its absence in the 

Preventive model suggests decomposition or oxidative modification of unsaturated 

lipid chains. In addition to the lipid-associated band, other characteristic regions 

remained largely unchanged across both models and concentrations. The broad O–H 

stretching region (3450–3200 cm–1) reflected hydrogen-bonded hydroxyl groups from 

phenolic compounds and water; aliphatic C–H stretching modes (2924 and 2851 cm–

1) indicated overall lipid content and chain packing; and the carbonyl stretching region 

around 1716 cm–1, associated with aldehydes and ketones (lipid peroxidation 

products), remained detectable across treatments, though without substantial relative 

shifts between preventive and therapeutic approaches at lower doses. Protein-

associated Amide I (1647 cm–1) and Amide II (1558–1521 cm–1) bands also retained 

similar profiles, suggesting that protein secondary structure was not significantly 

altered under the tested conditions. Table 4.3. shows the main vibrations observed in 

the negative and positive control samples from both models. 

Table 4.3. Band assignments (wavenumber (cm−1)) of the IR spectrum of the control 

groups from both models: UT, EPIc, OA. 

UT EPIc OA 

 

C-O stretching (1058) 

 

C=C group (1624) 

Symmetric stretching vibrations 

of the COO− group (1425) 

 

Symmetric –CH2 stretching 

(2850) 

 

Asymmetric –CH2 stretching 

(2924) 

Asymmetric and symmetric 

stretching vibrations of –CH2 

(2920, 2850) 
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N-H bending and C-N stretching 

of proteins (1521) 

Asymmetric stretching vibration 

of COO− (1560) 

Asymmetric stretching vibration 

of COO− (1560) 

 

Table 4.4. contains a comparison between the main absorption bands described in the 

literature [64] and those determined in this study. One possible explanation for the 

disappearance of the 3005 cm−1 band in the EPI 50/OA sample is the possible toxicity 

of this concentration when combined with sodium oleate. The stretching vibrations of 

the carbonyl group at 1716 cm−1 also confirm that significant chemical transformations 

have taken place in all three samples. 

 

Table 4.4. Band assignments of the IR spectrum of the experimental groups from the 

Preventive and Therapeutic model. 

 

Spectral bands assignment 

Wavenumber (cm−1) 

EPI 10/OA 

OA/EPI 10 

EPI 30/OA 

OA/EPI 30 

EPI 50/OA 

OA/EPI 50 
Literary values 

N-H stretching of proteins 

 

3275 

 

 

3275 

 

 

3275 

 

3278 

CH stretching: unsaturated lipids 

 

3005 

 

 

3005 

 

- / 3005  3008 

CH3 asymmetric stretching 

(mainly lipids) 

 

2955 

 

 

2955 

 

 

2955 

 

2955 

CH2 asymmetric stretching 

(lipids) 

 

2924 

 

 

2924 

 

 

2924 

 

2920 

CH2 symmetric stretching (lipids) 

 

2825 

 

 

2825 

 

 

2825 

 

2851 

C=O stretching (carbonyl) 

 

1716 

 

 

1716 

 

 

1716 

 

1740 

C=O stretching of proteins    1683 
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1647 

 

1683 

 

1684 

 

N-H bending and C-N stretching 

of proteins 

 

1558 

 

 

1558 

 

 

1541 

 

1540 

PO2
− symmetric stretching 

nucleic acids and phospholipids 

 

1084 

 

 

1080 

 

 

1057 

 

1078 

 

The FTIR spectroscopy results show significant chemical changes after the addition of 

EPI. In the Preventive model, in the sample with the highest EPI concentration (EPI 

50/OA), the absence of the band corresponding to the =C−H group of unsaturated 

lipids could suggest lipid degradation. These results suggest that EPI may contribute 

to lipid degradation by promoting the formation of carbonyl-containing degradation 

products such as aldehydes [64, 93, 94]. 

4.12. Assessment of Lipid Peroxidation by ATR-FTIR Spectroscopy 
 

4.12.1. Preventive Model 
 

The spectra of lipids extracted from untreated cells (UT) and cells treated with EPI and 

OA were compared using ATR-FTIR spectroscopy in the Preventive model. Significant 

differences were observed in spectral regions associated with lipids and 

phenolic/aromatic compounds, while protein-related bands remained relatively stable 

(Figure 4.25.). The most pronounced changes occurred in the lipid-associated regions. 

The characteristic CH2 stretching vibrations at 2920 and 2850 cm−1, together with the 

ester carbonyl stretching band at 1740 cm−1, showed a decrease in intensity after EPI 

treatment. 
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Figure 4.25. ATR-FTIR spectra (4000 – 650 cm–1) of groups in the Preventive model: 

untreated cells (UT, blue) and (−)-epicatechin control group (EPIc, purple); along with 

OA group (yellow) and experimental groups: EPI 50/OA (red), EPI 30/OA (orange), 

and EPI 10/OA (brown). 

In the spectra of OA-treated cells, lipid-associated bands clearly dominated. Prominent 

absorptions included the asymmetric and symmetric stretching of aliphatic CH2 groups 

at 2923 and 2852 cm−1, as well as the ester carbonyl stretching band at 1740 cm−1. 
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These bands indicate an increased accumulation of neutral lipids. Additionally, the 

signal at 3010 cm−1, assigned to =C–H stretching of unsaturated chains, was evident, 

confirming the presence of unsaturated fatty acids.  

In the Preventive model, pretreatment with EPI resulted in a gradual reduction of lipid 

bands relative to OA alone. The representative ATR-FTIR bands and their molecular 

assignments in lipids extracted from HepG2 cells in the Preventive model are shown 

in Table 4.5. 

Table 4.5. Representative ATR-FTIR bands and their molecular assignments in lipids 

extracted from HepG2 cells in the Preventive model. 

Wavenumber 

(cm−1) 
Assignment 

3300–3200 O–H/N–H stretching (water, proteins, phenolic OH) 

3010 =C–H stretching of unsaturated lipids 

2958–2962 Asymmetric CH3 stretching 

2922–2925 Asymmetric CH2 stretching (long-chain lipids) 

2871–2874 Symmetric CH3 stretching 

2851–2854 Symmetric CH2 stretching 

1735–1744 
C=O stretching of esters (triacylglycerols, cholesteryl 

esters) 

1650–1654 Amide I (protein C=O stretching) 

1540–1548 Amide II (protein N–H bending, C–N stretching) 

1464–1468 CH2 scissoring (lipid marker) 

1444–1452 Asymmetric CH₃ bending 

1410–1420   Symmetric COO⁻ stretching (free fatty acid salts) 

1365–1375 Symmetric CH3 bending 

1220–1242 Asymmetric PO₂⁻ stretching (phospholipids, nucleic acids) 

1080–1095 Symmetric PO₂⁻ stretching + C–O (carbohydrates) 

1035–1065 C–O stretching (polysaccharides) 
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4.12.2. Therapeutic Model 
 

The spectra of lipids extracted from untreated cells (UT) and cells treated with EPI and 

OA were compared using ATR-FTIR spectroscopy in the Therapeutic model. 

Significant differences were observed in spectral regions associated with lipids and 

phenolic/aromatic compounds, while protein-related bands remained relatively stable 

(Figure 4.26.).  
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Figure 4.26. ATR-FTIR spectra (4000 – 650 cm–1) of groups in the Therapeutic model: 

untreated cells (UT, blue) and (−)-epicatechin control group (EPIc, purple); along with 

OA group (yellow) and experimental groups: OA/EPI 50 (red), OA/EPI 30 (orange), 

and OA/EPI 10 (brown). 

The UT spectrum (blue line) displayed the typical hepatocyte profile, with dominant 

protein bands Amide I (1650 cm−1) and Amide II (1545 cm−1), alongside weaker lipid-

associated vibrations, including CH2 stretching at ~2920 and 2850 cm−1 and the C=O 

band at 1740 cm−1. In the spectrum of EPI-treated cells (purple line), no increase in 

lipid signals was observed, whereas distinct phenolic-related vibrations became 

evident. These included a broad O–H stretching band between 3200 – 3500 cm−1, 

aromatic C=C stretching in the 1600 – 1500 cm−1 region, and C–O vibrations at 1250 

– 1150 cm−1. 

In the Therapeutic model, spectra of OA-treated lipids extracted from HepG2 cells 

showed intense lipid-related bands, including asymmetric and symmetric CH2 

stretching vibrations at 2922 and 2852 cm−1, and a pronounced ester carbonyl (C=O) 

band at 1740 cm−1, reflecting accumulation of neutral lipids. Following EPI 

posttreatment, concentration-dependent spectral shifts were observed. A progressive 

decrease in the intensities of CH2 stretching bands indicated reduction in total aliphatic 

lipid content. Only minor changes among groups were noted for the unsaturation band 

(3010 cm−1). Protein-associated amide I (1650 cm−1) and amide II (1540 cm−1) bands 

remained relatively stable, suggesting that lipid reduction occurred without major 

cytotoxicity or protein depletion. The representative ATR-FTIR bands in the 

Therapeutic model were similar to the Preventive model; their molecular assignments 

in lipids extracted from HepG2 cells are shown in Table 4.6. 

Table 4.6. Representative ATR-FTIR bands and their molecular assignments in lipids 

extracted from HepG2 cells in the Therapeutic model. 

Wavenumber 

(cm−1) 
Assignment 

3300–3200 O–H/N–H stretching (water, proteins, phenolic OH) 

3010 =C–H stretching of unsaturated lipids 

2958–2962 Asymmetric CH3 stretching 
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2922–2925 Asymmetric CH2 stretching (long-chain lipids) 

2871–2874 Symmetric CH3 stretching 

2851–2854 Symmetric CH2 stretching 

1735–1744 
C=O stretching of esters (triacylglycerols, cholesteryl 

esters) 

1650–1654 Amide I (protein C=O stretching) 

1540–1548 Amide II (protein N–H bending, C–N stretching) 

1464–1468 CH2 scissoring (lipid marker) 

1444–1452 Asymmetric CH₃ bending 

1410–1420   Symmetric COO⁻ stretching (free fatty acid salts) 

1365–1375 Symmetric CH3 bending 

1220–1242 Asymmetric PO₂⁻ stretching (phospholipids, nucleic acids) 

1080–1095 Symmetric PO₂⁻ stretching + C–O (carbohydrates) 

1035–1065 C–O stretching (polysaccharides) 

 

4.12.3. Relative Lipid Peroxidation Quantification 
 

To quantify the relative lipid peroxidation extent, the results from ATR-FTIR 

spectroscopy were used to identify characteristic vibrational bands associated with 

lipid oxidative modifications. This enabled to directly detect the molecular alterations, 

particularly changes in carbonyl (C=O) and unsaturated (=C−H) stretching vibrations 

indicative of lipid peroxidation normalized according to total aliphatic lipid content 

(asymmetric CH2 stretching at 2922 – 2925 cm–1). 

Figure 4.27. and 4.28. present the percent relative intensities of C=O and =C−H 

stretching, and quantitative differences between experimental groups. Even though 

there were no statistically significant differences, some changes were still visible and 

are consistent with previous results obtained by determining the triacylglycerol content 

and LOOH/CD ratio. 
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Figure 4.27. Percent Relative Intensity (% Irel) of C=O and =C−H vibrational stretching 

in the Preventive model. The results are expressed as mean % Irel ± standard deviation 

(SD). UT - untreated cells (negative vehicle control); OA - 1.5 mM oleic acid (positive 

control); EPIc - 50 µM EPI only (EPI control); EPI 50/OA, EPI 30/OA, and EPI 10/OA - 

groups pretreated with EPI for 4 hours, followed by a 24-hour OA treatment. No 

statistically significant difference was noted between any of the groups (N = 3). 

In the Preventive model, the lipids from OA group showed an increase in % Irel of C=O 

stretching and a slight decrease in the unsaturation % Irel which indicates an increase 

in lipid peroxidation extent. Also, a decrease in % Irel of =C−H stretching indicates a 

lower percent of unsaturated fatty acids. EPI 30/OA and EPI 10/OA showed a decrease 

in the % Irel (C=O), while their % Irel (=C−H) was relatively similar the OA group. Group 

EPI 50/OA showed a greater decrease in the unsaturation than the OA group, however, 

these changes were not seen in the control EPIc group. 
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Figure 4.28. Percent Relative Intensity (% Irel) of C=O and =C−H vibrational stretching 

in the Therapeutic model. The results are expressed as mean % Irel ± standard 

deviation (SD). UT - untreated cells (negative vehicle control); OA - 1.5 mM oleic acid 

(positive control); EPIc - 50 µM EPI only (EPI control); OA/EPI 50, OA/EPI 30, and 

OA/EPI 10 - groups pretreated with OA for 12 hours, followed by EPI treatment for 24 

hours in the presence of 0.75 mM OA. No statistically significant difference was noted 

between any of the groups (N = 3). 

In the Therapeutic model, the lipids from OA group also showed a prominent increase 

in % Irel of C=O stretching. However, there was no decrease in the unsaturation % Irel 

which could indicate that OA in this case did not affect the degree of unsaturation of 

total lipids. All of the experimental groups (OA/EPI 50, OA/EPI 30, and OA/EPI 10) 

showed a decrease in the % Irel (C=O), while their % Irel (=C−H) remained similar to the 

OA group.  

 

4.13. Correlation Analysis of Experimental Parameters  
 

To evaluate the relationships among measured variables, a correlation analysis was 

performed. Pearson correlation coefficients (r) and corresponding p-values were 

calculated to assess the strength and significance of associations between the 

experimental parameters (Table 4.7.).  
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Table 4.7. Correlation analysis of experimental parameters from both models. 

PARAMETERS 

Correlation r (p) | (n = 6) 

Preventive model Therapeutic model 

TG 

ORO 0.990 (0.0002) 0.978 (0.0007) 

% Irel (C=O) 0.947 (0.0041) 0.943 (0.0048) 

% Irel (=C–H) -0.604 (0.2039) -0.555 (0.2526) 

PPARα 0.830 (0.0408) 0.939 (0.0055) 

PPARγ 0.978 (0.0007) 0.869 (0.0248) 

MTTP 0.844 (0.0348) 0.982 (0.0005) 

LOOH/CD 

GSH 0.049 (0.9256) -0.830 (0.0409) 

TNF-α 0.754 (0.0840) 0.765 (0.0760) 

TGF-β1 0.528 (0.2820) 0.760 (0.0800) 

% Irel (C=O) 0.847 (0.0360) 0.774 (0.0710) 

% Irel (=C–H) -0.682 (0.1360) -0.394 (0.4390) 

GSH 

RSC -0.681 (0.1361) -0.970 (0.0014) 

TNF-α 0.101 (0.8484) -0.852 (0.0314) 

TGF-β1 0.117 (0.8251) -0.655 (0.1580) 

% Irel (C=O) 0.302 (0.5612) -0.974 (0.0010) 

% Irel (=C–H) 0.524 (0.2858) 0.443 (0.3787) 

RSC – Radical Scavenging Capacity 
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Because the strongest correlations between the two models involved TGs and % Irel 

(C=O), ORO quantification, PPARα, PPARγ, and MTTP; the corresponding scatter 

plots are presented in Figure 4.29.  

 

Figure 4.29. Scatter plots of key correlations between the two models: (a) Preventive 

model and (b) Therapeutic model. 

In the Preventive model, TG demonstrated a strong positive correlation with ORO 

quantification of neutral lipids, indicating that an increase in the % of neutral lipids 

mostly corresponds to an increase in TG levels. A strong positive correlation was also 

observed with % Irel (C=O), which is consistent with the FTIR-detected increase in 

carbonyl-associated lipid bands under steatotic conditions. In addition, TG showed 

strong positive associations with the regulatory proteins PPARα, PPARγ, and MTTP, 

suggesting an upregulation of these proteins in response to lipid accumulation. 

These results were also consistent in the Therapeutic model, which, unlike the 

Preventive model, shows strong negative correlations between GSH levels and RSC, 

TNF-α, and % Irel (C=O). In this case, higher GSH levels could represent enhanced 

intracellular antioxidant capacity, accompanied by reduced inflammatory signaling and 

a lower extent of lipid peroxidation, as indicated by decreased TNF-α and % Irel (C=O) 

in Figures 4.14. and 4.28., respectively. 
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5. DISCUSSION 
 

5.1. In Vitro Models for MASLD and EPI Treatment Options 
 

In vitro models have become indispensable for studying metabolic dysfunction-

associated steatotic liver disease (MASLD), as they enable mechanistic insights and 

preclinical testing under controlled conditions. The most widely used approach involves 

cell lines such as HepG2 or Huh7 treated with fatty acids, usually oleic or palmitic acid, 

to induce steatosis and oxidative stress, thereby replicating key early features of 

MASLD [95-98].  

In this work, a HepG2 cell line was used to induce a model of steatosis using sodium 

oleate (oleic acid). The best results were obtained by using 1.5 mM sodium oleate 

which caused a continuous, not statistically significantly different reduction in cell 

metabolic activity over a 24- and a 48-hour treatment (Figure 4.1.). The same 

concentration of sodium oleate was used in various other studies on hepatic steatosis 

models [78, 99, 100]. 

After the establishment of the appropriate MASLD model, a polyphenol EPI was used 

at various concentrations (50, 30, and 10 µM) to determine the effect of EPI on the 

overall cell metabolic activity using two different models: Preventive and Therapeutic 

model. The idea was to determine whether EPI acts as a preventive or therapeutic 

solution to MASLD, and to determine the optimal concentration as well as the potential 

cytotoxicity at higher concentrations. Although polyphenols are generally considered 

safe, they are frequently consumed as dietary supplements at concentrations far 

exceeding recommended dietary levels [101-104]. 

Therefore, the concentration-dependent effects of EPI were evaluated showing overall 

higher cell metabolic activities in both models when compared to OA. This confirmed 

that all tested concentrations were safe (based on the MTS results), however, 

additional experiments were conducted to further evaluate their safety and 

effectiveness in the context of MASLD, as well as under conditions where EPI was 

administered alone. Even though many in vitro studies of polyphenols use relatively 

low concentrations around 10 µM, such levels may be insufficient to assess potential 

toxicity or safety, since higher or prolonged exposures often show different or adverse 

effects [105, 106].   
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5.2. Overall Antioxidant Capacity and GSH Levels in HepG2 Cells 
 

To assess the overall antioxidant activity, a DPPH assay was performed on HepG2 

cells. Some changes were seen in the Preventive model only, such as the increase in 

the radical scavenging ability in the OA group and EPI 30/OA and EPI 10/OA group 

(Figure 4.9.). This could be accounted for the cytotoxicity of OA which showed only a 

slight increase, while a greater increase was shown in the mentioned tested groups. 

The overall radical scavenging capacity of cells is rarely assessed using a DPPH 

assay. However, there are still some studies that showed that treatment with 

antioxidants increases radical scavenging capacity in HepG2 cells co-treated with OA 

or without OA treatment [107, 108].  

Furthermore, to correlate the results obtained by the DPPH assay, the concentration 

of GSH was measured in cell lysates. One interesting thing can be noted when 

comparing the two models: in the Preventive model (24-h 1.5 Mm OA) the OA group 

exhibited an increase in the GSH levels, while the GSH levels in the same group (12-

h 1.5 mM OA + 24-h 0.75 mM OA) from the Therapeutic model were decreased when 

compared to the untreated (UT) group (Figure 4.10.). All of the tested EPI 

concentrations from both models maintained the same concentration-dependent 

decrease in GSH levels when compared to the UT group. The results from other in 

vitro studies show that GSH levels decrease or increase in response to different OA 

concentrations and periods of treatment [109-111].  

As polyphenols can act both as anti- and pro-oxidants [112], it is important to consider 

the mechanisms leading to this type of behavior, as well as dose-dependent behavior. 

Some polyphenols like quercetin are known to increase the GSH production by 

increasing the expression of gamma- glutamylcysteine synthetase (γ-GCS) which co-

catalyzes GSH biosynthesis [113]. Similar effects are seen with naringenin, EGCG, 

and curcumin which can cause a mild increase in GSH levels in response to oxidative 

stress [114-116]. Also with marigold tea polyphenols, consisting of catechin, rutin, 

salicylic acid, gallic acid, sinapic acid, chlorogenic acid, cinnamic acid, and ellagic acid 

where the polyphenolic extracts caused an increase in GSH levels and decreased 

oxidative stress [117].  

In our study, EPI demonstrated the opposite effect by reducing GSH levels. However, 

this does not have to indicate a negative outcome or cytotoxicity. Because both 
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increases and decreases in GSH can be associated with beneficial cellular responses, 

this reduction could reflect ROS elimination by EPI which reduced the cellular demand 

for GSH and lead to its downregulation. This mechanism could occur via suppression 

of ROS-dependent activation of Nuclear factor erythroid 2-related factor 2 (Nrf-2). 

Under normal conditions, Nrf-2 is known to upregulate γ-GCL. When ROS are reduced 

by antioxidant activity, Nrf-2 activation could decrease, leading to lower γ-GCL 

expression and reduced GSH production, even in the absence of oxidative stress [113, 

118]. Therefore, this GSH downregulation by EPI could be interpreted as a 

consequence of reduced oxidative stress, not an impaired antioxidant capacity, as 

supported by the results of a DPPH assay and overall LOOH/CD ratio.  

 

5.3. Proteins Involved in Lipid Metabolism, Inflammation, and Fibrogenesis 
 

To extend the assessment of EPI’s antioxidative effects, its potential role in lipid 

metabolism by quantifying key regulatory proteins involved in fatty acid β-oxidation, 

lipid storage, and lipid transport was also examined. PPARα was measured as a 

central regulator of fatty acid catabolism (Figure 4.11.), PPARγ as a key mediator of 

lipid storage and adipogenic processes (Figure 4.12.), and MTTP as an essential 

mediator of lipid export and VLDL assembly (Figure 4.13.). These proteins were 

selected to provide insight into whether EPI modulates lipid metabolism in HepG2 cells 

under conditions of OA-induced lipid accumulation. In all tested OA groups from both 

models, an increase in PPARα, PPARγ, and MTTP was noted when compared to the 

UT group. The results obtained from PPARγ and MTTP assessment were consistent 

with other studies which also showed an increase in these protein/gene levels when 

OA was applied [27, 119-121].  

However, another study showed that OA treatment demonstrated a decrease in 

PPARα expression when 1.0 mM OA was used on HepG2 cells [122], although gene 

expression does not necessarily reflect the total amount of protein present in cell 

lysates [123, 124]. 

Treatment with EPI in both models showed a decrease in all protein levels when 

compared to the OA group, although the lowest (10 µM) EPI concentration showed 

only slight decreasing effects when compared to higher (30 and 50 µM) concentrations. 
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Due to the lack of studies on 30 and 50 µM, this effect could not be compared in general 

context. However, studies using ~10 µM concentrations of polyphenols or other 

antioxidants in vitro, along with OA, did show the same or increased expression of 

PPARα and PPARγ, but this varied greatly based on the type of antioxidant used [99, 

125].  

Considering that the results obtained by EPI treatment were not consistent with other 

studies mostly relying on gene expression, this reduction in PPARα and PPARγ levels 

could be due to a decrease in hepatocellular lipotoxic stress rather than a 

downregulation of metabolic capacity. In this case, by reducing overall triacylglycerols, 

intracellular ROS and lipid peroxidation, as seen with lower LOOH/CD ratios, EPI could 

reduce the demand for β-oxidation mediated by PPARα and lipid storage processes 

via PPARγ. At the same time, this could reduce the requirement for triacylglycerol 

export via VLDL assembly mediated by MTTP, as indicated by lower triacylglyerol 

content in EPI-treated groups. Therefore, EPI-induced reductions in PPARα, PPARγ, 

and MTTP could mostly reflect alleviation of hepatocellular lipotoxic stress.  

According to EPI’s effect on MTTP, its effect is similar to other studies on polyphenols. 

For example, an acylated flavonol glycoside, trans-tiliroside, inhibited VLDL/apoB 

secretion and suppressed MTTP activity in HepG2 cells [126]. Moreover, a decrease 

in MTTP levels due to EPI treatment was consistent with studies using naringenin and 

taxifolin where MTTP secretion was inhibited when these polyphenols were applied to 

assess lipid homeostasis in HepG2 cells [127, 128].  

However, most other studies noted an increase in the expression of PPARs, or in some 

cases their protein levels. Resveratrol, in combination with HFD, caused an increase 

in both the expression and protein levels of PPARγ [129]; naringenin cationic lipid-

modified nanoparticles activated PPAR signalling pathways while also reducing TNF-

α protein levels [130]; and combined mangiferin and EGCG treatment increased 

PPARα expression in sodium-palmitate PPAR-α expression when administered along 

with sodium palmitate [131]. These results indicate that polyphenols exert 

heterogeneous effects on PPAR signaling, which emphasizes the importance of taking 

the structural differences into account when interpreting their biological actions, as 

decreased levels of PPARs were proven beneficial in the context of EPI treatment. 
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To investigate the potential of EPI to influence the inflammatory and fibrotic processes 

in HepG2 cells, the levels of potential mediators of MASLD to MASH progression, TNF-

α and TGF-β1, were determined (Figure 4.14. and 4.15.). While HepG2 cells are one 

of the most frequently used in vitro models for studying lipid metabolism and steatosis, 

their use in assessing inflammatory and fibrogenic responses should be carefully 

interpreted, by considering co-cultures models, as indicated in [132, 133]. As a 

hepatoma-derived cell line, HepG2 cells lack non-parenchymal populations such as 

Kupffer cells and hepatic stellate cells, which are the main sources and mediators of 

inflammation and fibrosis in vivo.  

However, the results of this study did show an increased TNF-α and TGF-β1 levels in 

both OA models. This is consistent with other studies where either OA or palmitic acid 

induced an increase in both TNF-α and TGF-β1 in HepG2 and Huh7 MASLD models 

[111, 122, 134, 135].  

Treatment with EPI in both models showed a decrease in all protein levels when 

compared to the OA group. This is consistent with other studies where OA + 

polyphenols combination such as quercetin, oleocanthal, and epigallocatechin-3-

gallate, along with plant antioxidant extracts, caused a decrease in HepG2/LX-2 cell 

levels of TNF-α and TGF-β1 [136-138]. 

Therefore, this confirms EPI as a concentration-dependent regulator of lipid 

metabolism, inflammation, and fibrogenesis, although its potential role in vivo still 

needs to be assessed. 

5.4. Intracellular Lipid Accumulation 
 

To assess the impact of EPI on lipid accumulation, mostly referring to neutral lipids like 

triacylglycerols, in HepG2 cells, the visualization of lipid droplets and evaluation of fatty 

changes were performed using the Oil Red O staining method and quantification. The 

microscopic images revealed similar decreases in lipid accumulation in the 

experimental groups, where 10 µM EPI concentration was the least effective, while OA 

in both models seemed to have similar relative accumulation of lipids, which was 

further confirmed by ORO quantification (~70% when compared to UT, Figure 4.16. 

and 4.17.).  
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These results were further confirmed by the GPO-PAP method where the levels of 

triacylglycerols were assessed. All experimental groups exhibited reduced 

triacylglycerol concentrations compared with the OA groups, both of which contained 

approximately 4.5 mg/mL triacylglycerols (Figure 4.18.). 

Furthermore, as indicated by correlation analysis of experimental parameters from 

both models, a lower triacylglycerol content is also followed by a lower PPARα, PPARγ, 

and MTTP protein levels. This indicates that a decrease in triacylglcerols reduces the 

cellular requirement for lipid oxidation, storage, and export. This is also consistent with 

the reduced oxidative stress and lower TNF-α levels reported with kaempferol 

treatment. Moreover, in that case, the expression of PPARγ, C/EBPβ, and SREBP-1c 

was also decreased [139].  

These methods were also used in other in vitro models for lipid accumulation 

assessment [140-144]. In this case, the use of ORO staining, along with GPO-PAP, 

was proven as a good method for lipid accumulation assessment which also positively 

correlated with the PPARα, PPARγ, and MTTP protein levels (Table 4.7. and Figure 

4.29.). 

5.5. Lipid Peroxidation Extent 
 

The overall lipid content of HepG2 cells was evaluated by comparing the total mass of 

extracted lipids, where no statistically significant differences were observed. Although 

lipid accumulation occurred, it may have represented only a minor fraction relative to 

the abundant structural lipids in cell membranes. As a result, the increase in neutral 

lipid droplets was likely too small to substantially alter the overall lipid content of the 

cells. Furthermore, for the initial assessment of lipid peroxidation extent in the two 

models, the levels of CD and LOOH were determined, along with their overall 

LOOH/CD ratio.  

The studies assessing the lipid peroxidation in this context are limited, generally 

assessing only CDs for the initiation of lipid peroxidation and malondialdehyde (MDA) 

for latter products, rather than the overall combination of the initiation (CD) and 

propagation products (LOOH) [145-148]. 

As the lipid total masses between the samples did have some differences (Table 4.1.), 

the results were presented as per mg of lipid. The overall LOOH/CD ratio did reveal 
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that EPI 30/OA and EPI 10/OA in the Preventive model decreased the overall ratio, 

with EPI 50/OA showing a slight (not statistically significant) increase. Similar effects 

were seen in the Therapeutic model, however, OA/EPI 50 group showed the greatest 

decrease in LOOH/CD ratio. As no relevant studies were available for direct 

comparison, additional analyses using FTIR and ATR-FTIR were performed. 

FTIR spectroscopy was first used to determine the functional groups associated with 

lipid peroxidation in dried cell samples (Figure 4.23. and 4.24.). These spectra 

revealed similar changes in all OA controls and experimental groups with EPI. 

However, an important observation was that the EPI 50/OA group in the Preventive 

model lacked the =C−H stretching band at 3005 cm−1 which could indicate that this 

concentration in the combination with OA showed some cytotoxicity, as seen with the 

LOOH/CD ratio for the same group, which was increased relative to the OA only group. 

This could indicate that 50 µM EPI pretreatment in the combination with OA caused a 

decrease in the portion of unsaturated lipids, however, its pretreatment without OA did 

not show adverse effects in this context.  

Although the studies using FTIR spectroscopy to assess these changes in dried cell 

samples are limited in the context of MASLD, some studies did involve ATR-FTIR 

spectroscopy to assess changes in lipid profiles of extracted lipids or tissues [63, 149-

152]. The results from ATR-FTIR did show similar changes in functional groups 

associated with lipid accumulation and peroxidation.  

To quantify the relative lipid peroxidation extent, the results from ATR-FTIR 

spectroscopy were used to identify characteristic vibrational bands to indirectly detect 

the changes in carbonyl (C=O) and unsaturated (=C−H) stretching vibrations indicative 

of lipid peroxidation normalized according to total aliphatic lipid content. These results 

revealed that all experimental EPI groups in the Preventive and Therapeutic model 

reduced percent relative intensities of C=O stretching when compared to OA group, 

which possibly indicates a decrease in the lipid peroxidation extent caused by EPI.  

Although the effect of polyphenols was not tested via ATR-FTIR in the context of 

MASLD, the results of other studies demonstrated an increase in the C=O stretching 

as an indicator of increased lipid (per)oxidation and steatosis extent in various models 

[63, 64]. 
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Furthermore, a slight decrease in the relative percent of unsaturation was revealed in 

OA group from the Preventive model only. The EPI 50/OA group again revealed a 

decrease in the unsaturation (Figure 4.27.) which corresponds to the results obtained 

by the FTIR assessment (the absence of a band at 3005 cm–1, Table 4.4.), as well as 

the overall higher LOOH/CD ratio (Table 4.2.).  

A decrease in the portion of unsaturated lipids is often noted in different MASLD 

models. These studies reported a relative increase in the content of saturated lipids 

with a depletion of unsaturated lipids [153, 154]. One study even reported that the 

higher unsaturation was associated with less fibrosis in MASLD [155]. However, these 

findings still need to be further addressed in the context of exploring how polyphenols, 

such as EPI, influence hepatocyte function in more complex experimental models. 

Moreover, a strong correlation was observed between biochemical parameters and 

spectroscopic markers (Table 4.7.), supporting this method for assessing both 

steatosis and lipid peroxidation. LOOH/CD was positively correlated with % Irel (C=O) 

in the Preventive model (r = 0.847, 0.0360) and Therapeutic model (r = 0.774, 0.0710), 

indicating that an increase in the LOOH/CD ratio corresponds to an increased lipid 

peroxidation extent. Also, an increase in the level of triacylglycerols corresponded to 

an increased % Irel (C=O) in the Preventive model (r =0.947, 0.0041) and Therapeutic 

model (r = 0.943, 0.0048). Therefore, this shows that ATR-FTIR spectroscopy could 

be considered reliable for monitoring lipid alterations in hepatic steatosis models. 

5.6. Study Limitations 
 

Several important limitations of the present study should be acknowledged, along with 

directions for future research aimed at better defining the translational potential of EPI 

in MASLD. Future studies should incorporate more physiologically relevant models, 

such as 3D spheroid cultures and co-culture models, including Kupffer cells and 

hepatic stellate cells. Considering that HepG2 cells are hepatocyte-derived, the 

interpretation of cytokines such as TNF-α and TGF-β1 should be viewed primarily as 

hepatocyte-associated responses rather than true fibrogenesis. 

Furthermore, extending research into in vivo models will be essential to determine the 

pharmacokinetics, bioavailability, and concentration-dependent effects of EPI, as well 

as its potential synergy with other dietary polyphenols or therapeutic agents. Another 
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important direction should be to investigate how EPI modulates signaling pathways 

beyond lipid metabolism and oxidative stress, particularly those linked to mitochondrial 

function, and ER stress in MASLD progression. Also, integration of comparative 

studies across different polyphenols, combined with spectroscopic approaches such 

as ATR-FTIR, could be used to identify structure-activity relationships that define their 

efficacy in the possible prevention of MASLD progression.  
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6. CONCLUSIONS 
 

• All tested concentrations of EPI, with possible exception to 50 µM EPI in the 

Preventive model, were confirmed as safe in HepG2 cells, with no major 

cytotoxic effects observed (Preventive model - 73.40 – 77.40 %, Therapeutic 

model - 54.60 – 57.60% cell metabolic viability relative to UT group) 

• OA was confirmed as cytotoxic (Preventive model - 68%, Therapeutic model - 

45.8% cell metabolic viability of OA relative to UT group). 

• Only 10 and 30 µM EPI in the Preventive model increased the radical 

scavenging activity of HepG2 cells (74.84 and 75.88 µmol CV/L, respectively) 

relative to OA (66.31 µmol CV/L) and UT (61.63 µmol CV/L). 

• OA alone elevated GSH in the Preventive model (49.74 vs 37.94 nmol/mL for 

UT) but depleted its levels in the Therapeutic model (27.01 vs 57.06 nmol/mL 

for UT). 

• OA treatment increases PPARα, PPARγ, and MTTP levels, while EPI 

decreases those levels in a concentration-dependent manner, with the lowest 

concentration (10 µM) showing only slight effects compared to 30 and 50 µM 

EPI. 

• OA treatment increases both TNF-α and TGF-β1, indicating activation of 

inflammatory and fibrogenic pathways, while EPI reduces their levels, 

confirming its anti-inflammatory and antifibrotic potential. 

• OA induced significant neutral lipid accumulation, confirmed by ORO staining 

and triacylglycerols quantification (~4.5 mg/mL vs 1 – 1.5mg/mL in the UT 

group), while EPI reduced lipid accumulation in a concentration-dependent 

manner, where preventive 30 µM EPI concentration showed stronger 

reductions. 

• Total lipid mass did not differ significantly between groups, suggesting that 

droplet accumulation contributed only a small fraction relative to structural 

membrane lipids. 

• EPI at 10 and 30 µM decreased the LOOH/CD ratio in the Preventive model, 

while 50 µM showed signs of cytotoxicity (increased LOOH/CD ratio and loss of 

=C−H band at 3005 cm−1). 
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• In the Therapeutic model, 50 µM EPI was proven the most effective with the 

lowest LOOH/CD ratio when compared to OA. 

• FTIR/ATR-FTIR confirmed changes in lipid unsaturation and carbonyl signals, 

supporting EPI’s modulation of oxidative lipid damage in the Preventive and 

Therapeutic model (TG vs % Irel (C=O), r = 0.947 and 0.943; LOOH/CD vs % Irel 

(C=O), r = 0.774 and 0.847; respectively). 
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8. SUMMARY 
 

This doctoral thesis investigates the antioxidative and liporegulatory effects of (−)-

epicatechin (EPI) in an in vitro model of metabolic dysfunction-associated steatotic liver 

disease (MASLD). Using HepG2 cells treated with oleic acid to induce steatosis, both 

Preventive (pretreatment with EPI) and Therapeutic (posttreatment with EPI) models 

were established. The study focused on evaluating EPI’s role in modulating oxidative 

stress, lipid metabolism, and signaling pathways, which are possibly implicated in the 

progression of MASLD. 

EPI significantly improved cell metabolic activity, reduced lipid accumulation, and 

regulated triacylglycerol storage. It enhanced antioxidant defenses by regulating 

glutathione (GSH) levels and demonstrated free radical scavenging capacity. 

Furthermore, EPI influenced key proteins in lipid metabolism (PPARα, PPARγ, MTTP) 

and inflammatory/fibrotic processes (TNF-α, TGF-β1), suggesting its ability to mitigate 

lipotoxicity, oxidative damage, and pro-fibrotic signaling. Lipid peroxidation markers, 

including conjugated dienes (CDs) and lipid hydroperoxides (LOOHs), were quantified, 

while ATR-FTIR spectroscopy confirmed changes in characteristic functional groups 

associated with oxidative stress. 

Overall, the results demonstrate that EPI exerts hepatoprotective effects by reducing 

oxidative stress and improving lipid homeostasis. Its preventive application showed 

stronger benefits compared to therapeutic treatment, highlighting its potential as a 

candidate for early intervention in MASLD to attenuate progression toward metabolic 

dysfunction-associated steatohepatitis (MASH). 
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9. SAŽETAK 
 

U okviru ovog doktorskog rada ispitani su antioksidacijski i liporegulacijski učinci (−)-

epikatehina (EPI) u in vitro modelu masne bolesti jetre povezane s metaboličkom 

disfunkcijom (MASLD). Upotrebom HepG2 stanica tretiranih oleinskom kiselinom za 

indukciju steatoze, uspostavljeni su preventivni (EPI – pretretman) i terapijski (EPI – 

posttretman) modeli. Istraživanje je bilo usmjereno na procjenu uloge EPI-a u 

modulaciji oksidacijskog stresa, metabolizma lipida i signalnih putova koji su 

potencijalno uključeni u progresiju MASLD-a. 

EPI je značajno poboljšao vijabilnost stanica, smanjio nakupljanje lipida i regulirao 

pohranu triacilglicerola. Pojačana je i antioksidativna obrana regulacijom razine 

glutationa (GSH) gdje je EPI pokazao izrazitu sposobnost uklanjanja slobodnih 

radikala. Nadalje, EPI je utjecao na ključne proteine uključene u metabolizam lipida 

(PPARα, PPARγ, MTTP) i upalne/fibrotične procese (TNF-α, TGF-β1), što upućuje na 

njegovu sposobnost smanjenja lipotoksičnosti, oksidativnog oštećenja i profibrotične 

signalizacije. Kvantificirani su biljezi lipidne peroksidacije, uključujući konjugirane diene 

(CD) i lipidne hidroperokside (LOOH), dok je ATR-FTIR spektroskopija potvrdila 

promjene karakterističnih funkcionalnih skupina povezanih s oksidacijskim stresom. 

Zaključno, rezultati pokazuju da EPI ostvaruje hepatoprotektivne učinke smanjenjem 

oksidacijskog stresa i poboljšanjem lipidne homeostaze. Njegova preventivna primjena 

pokazala je snažnije učinke u odnosu na terapijsku, što naglašava njegov potencijal 

kao kandidata za ranu intervenciju u MASLD-u radi ublažavanja progresije prema 

metaboličkom disfunkcijom povezanoj steatohepatitisu (MASH).  
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[2] 8th Biennial International Conference on Liver Diseases (June 2024, Osijek, 

Croatia) 

Role: Organizing Committee Member 

[3] 7th Annual International Conference on Liver Diseases (7th AIC–Liver–2022) 

(September 2022, Osijek, Croatia) 

Role: Organizing Committee Member 

 

Projects: 

[DAADRAC HR-RS00053] Development of Anticancer Agents for Drug-Resistant 

Cancers (01.07.2024 – 31.12.2025)  

Role: Project Collaborator 

[IP13-FDMZ-2024] Impact of Polyphenols on Lipid Metabolism, Inflammation, and 

Fibrosis in 2D and 3D HepG2 Cell Models (01.10.2024 – 30.09.2025) 

Role: Project Collaborator 

[IP6-FDMZ-2023] Effect of epicatechin on markers of lipogenesis and mitochondrial 

activity in a cellular model of hepatic steatosis (01.10.2023 – 30.09.2024) 

Role: Project Collaborator 

 

 




