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1. INTRODUCTION 

 

1.1. Drug-induced liver injury (DILI) 

DILI represents one of the most frequent adverse drug reactions (ADR) in clinical practice (1). 

It is also one of the most common causes of acute liver failure, and reasons for drug restriction 

or withdrawal from the market (2, 3). Nowadays, the extensive use of numerous drugs, multiple 

co-existing morbidities, polypharmacy, polypragmasy, and the development of various new 

drugs, all affect the effectiveness and safety of drug prescription and consumption (4). 

Accordingly, DILI is becoming an increasingly significant health problem in Western countries 

(5). DILI classification, along with its main phenotypes are summarized in Figure 1.1. 

 

Figure 1. 1. Three main types (categories) of DILI and numerous different phenotypes, with 

emphasis on fatty liver, are shown in this scheme. DILI- drug-induced liver injury 

Data sources: Benic et al., 2021 (6), Hoofnagle and Björnsson, 2019 (7), European Association 

for the Study of the Liver, 2019 (8), Kuna et al., 2018 (9) 

 

Various interrelated factors are considered risk factors for DILI including gender, genetic 

factors, advanced age, drug dose, concomitant drugs, nutrition, excessive alcohol consumption, 

diabetes mellitus, pre-existing liver disease, kidney failure, and HIV infection (10). Due to a 

lack of adequate diagnostic tools, the true incidence varies significantly among studies and 
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populations. A temporal link between drug administration and higher levels of liver enzymes 

and/or alkaline phosphatase, the exclusion of other causes of liver injury, and a seldom repeated 

drug challenge are all used to diagnose DILI (11, 12). No standardized clinical test has been 

established for this condition (11, 13). In general, DILI stands for a wide range of clinical 

symptoms, including abnormally high liver enzymes, hepatitis, hepatocellular carcinoma 

cirrhosis of the liver, necrosis, cholestasis, fatty liver, and liver necrosis (14-16). The clinical 

symptoms of DILI, on the other hand, are not specific enough and are insufficient to 

differentiate DILI  from other hepatic illnesses, and unfortunately, no one is immune at any age, 

but the risk is higher in adults (3). Cirrhosis, caused by drugs that stimulate fibrogenesis and 

the synthesis of extracellular matrix molecules (ECM) is known as drug-induced cirrhosis (17). 

Fatty liver induced by drugs (DIFLD, drug-induced fatty liver disease), as one of the phenotypes 

of DILI, will be discussed in further chapters in detail, especially with emphasis on non-

alcoholic fatty liver disease (NAFLD). 

1.2. Drug-induced fatty liver disease (DIFLD)  

DIFLD is a specific type of fatty liver disease. The most prevalent histological feature of this 

type of DILI are steatotic changes with internal lipid accumulation in the hepatocytes (18, 19). 

Despite being necessary for diagnosis, this histologic finding is not specific (20). Drug-induced 

steatohepatitis (DISH) is the result of DIFLD which is often accompanied by oxidative stress 

and inflammation (21). Tamoxifen (TAM), an anti-estrogenic medication used to treat and 

prevent breast cancer, was found to frequently be associated with hepatic steatosis, but not 

cirrhosis or steatohepatitis, according to Satapathy et al. (22). They also emphasized that 

chronic exposure to amiodarone (AMD), 4,4'-diethylamino ethoxy hexestrol, or perhexiline 

maleate rarely results in cirrhosis (22-24). It is well known that phospholipidosis, which occurs 

after prolonged use of some medications, develops in a dose-dependent manner. But it does not 

result in steatohepatitis. More investigation is required to clarify the mechanisms by which 

drug-induced steatosis (DIS) results in steatohepatitis and, ultimately, fibrosis. (25).  

Loss of hepatocytes due to chronic liver injury can be followed by activation of hepatic stellate 

cells (HSCs) and then fibrosis of liver tissue. Various drugs may also accelerate the 

development of steatohepatitis (26). In the early stages of cirrhosis, necrosis and bridging 

fibrosis are caused by AMD-induced acute and chronic liver injury without steatosis. (24). 

AMD-induced hepatotoxicity is well known to cause histological steatosis, phospholipidosis, 

and fibrosis. The histology in this case report showed no steatosis or phospholipidosis despite 

years of amiodarone use (24). This means that the diagnosis of DILI should not be ruled out 
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due to the lack of previously recognized histopathologic features like steatosis and 

phospholipidosis. It is necessary to conduct more research and confirm this conclusion. 

Amiodarone has been linked to the development of the potentially fatal liver condition cirrhosis 

in several studies (27-29). However, it was found that these side effects were relatively 

infrequent, occurring at a rate of 1-3 percent. Numerous researchers have argued in favor of 

monitoring of ongoing liver damage in high-risk patients receiving amiodarone (27, 28, 30). A 

cationic amphiphilic structure is present in the majority of drugs that cause steatosis and 

steatohepatitis (31). In the sections that follow, the effects of these drugs on liver tissue will be 

covered in more detail. The drugs are divided into three main categories: those that can 

sporadically cause steatosis/steatohepatitis, like carbamazepine, those that can independently 

cause steatosis and steatohepatitis, like perhexiline and amiodarone, and those that can 

accelerate latent non-alcoholic steatohepatitis (NASH) (18). 

1.2.1. Epidemiology of DIFLD 

In population-based studies, reported annual incidences of DILI have recently ranged widely 

from 2,7 to 19,1 cases per 100 000 (32). As a result, it is unknown how common DIFLD actually 

is in the general population (32). DIS and DISH are uncommon, but well-researched forms of 

DILI, respectively. 

Around 27% of cases of DILI have some form of steatosis with histological damage, according 

to DILIN (Drug-Induced Liver Injury Network) (33). Only one case in the study by Kleiner et 

al. had the predominant pattern of microvesicular steatosis while other cases displayed both 

macrovesicular steatosis and inflammation (33). In the prospective study by Kleiner et al., 

diagnostic classification in DILIN was based on previously published descriptions of pathologic 

changes in DILI (33, 34). Standard hepatopathological diagnostic criteria were applied to 

identify injury patterns (35). Although there was a significant amount of DIFLD in these DILI 

cases, the pre-existing fatty liver may have distorted the DILIN prevalence. After removing 

diagnostic challenges and flaws in systematic reporting, the true data on DIFLD epidemiology 

may become more apparent. 

1.2.2. Histology of DIFLD  

DIFLD can manifest as DISH or as pure macro- or microvesicular DIS. Histologically, 

macrovesicular DIS is characterized by the buildup of large lipid vesicles (mostly triglycerides) 

in hepatocytes. This results in the relocation of the nucleus to the cell's periphery (33, 36). 

Aminotransferases are typically mildly elevated in steatohepatitis, as they are in other causes 

of the disease (37). Triglycerides are linked to insulin resistance development, decreased very-
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low density lipoprotein (VLDL) secretion, stimulation of de novo lipogenesis, direct activation 

of transcription factors like SREBF1 and PPAR, and deterioration of mitochondrial fatty acid 

oxidation (mtFAO) (22, 38-41). Hepatocytes that have undergone microvesicular steatosis have 

a lot of small lipid vesicles in their cytoplasm, but their nucleus is still present in the middle of 

the cell (42). Microvesicular steatosis is brought on by severe impairment of the mtFAO results 

in increased free fatty acids esterification into triglycerides, associated with the development of 

steatosis (22, 43). Hyaline Mallory bodies, lobular inflammation, balloon degeneration, and 

occasionally perisinusoidal fibrosis are all histopathological characteristics of steatohepatitis 

(18, 36, 44). Additionally, oxidative stress and increased production of reactive oxygen species 

(ROS) which primarily arise due to modification of the mitochondrial respiratory chain, play a 

significant role in DIFLD (38, 45). Drug-induced mitochondrial damage frequently leads to 

microvesicular steatosis (46, 47). Small fat droplets in the cytoplasm can mark this type of 

steatosis which can progress to macrovesicular steatosis. Macrovesicular steatosis frequently 

manifests as a mixture of large and small droplets. (48, 49). DIS/DISH can manifest as micro- 

or macrovesicular steatosis/steatohepatitis depending on the specific pathogenic mechanism of 

each lipotoxic drug. However, the majority begin acutely with microvesicular injury (19, 50). 

DIFLD may have a variable latency before clinical manifestations (19). Hepatic cell injury and 

liver inflammation are typically confirmed by liver biopsy for DIS/DISH diagnosis (50). 

1.2.3. Risk factors for occurrence of DIFLD 

Some drugs can increase the risk for developing cirrhosis or progressing from NAFLD to 

NASH, especially in combination with environmental and genetics factors (38). Obesity and 

NAFLD may increase the risk of certain drug hepatotoxicity (51). The induction of oxidative 

stress, decreased mtFAO, increased de novo lipogenesis, and hampered egress of very low-

density lipoprotein (VLDL) from liver cells are some of the potential mechanisms by which 

some medications are able to speed up the progression of NAFLD (52). 

Most frequently, DIFLD is a result of the direct effects of drugs on the liver, and commonly 

prolonged drug consumption. DISH, for instance, can result from the prolonged use of 

medications like amiodarone, perhexiline, and diethylaminoethyl hexestrol. Additionally, when 

irinotecan, tamoxifen, and methotrexate are added to therapy, additional risk factors like obesity 

and cardiometabolic risks are more likely to appear resulting in an exacerbation of steatosis or 

steatohepatitis. Steatohepatitis, NASH, or DIFLD can also result from antiepileptic drugs, 

steroids, and insulin resistance and hypertriglyceridemia (22). Adipose tissue dysfunction, 

insulin resistance, lipid aggregation, endoplasmic reticulum stress, and oxidative stress are all 
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associated with the progression of fatty liver injury. Additionally, fatty liver may be related to 

increased plasma endotoxin levels and increased gut permeability (53-55). Genetics, in addition 

to environmental risk factors, is a major factor in the development of simple steatosis (56). 

Numerous genetic, epidemiological, and twin studies have demonstrated that the risk of 

NAFLD is strongly inherited (56). To be effective, clinical algorithms related to the fatty liver 

must take into account extrinsic (environmental chemicals, alcohol, diet, and drug-drug 

interactions) as well as intrinsic (gender, age, ethnicity, liver, and renal condition) risk factors 

(57). Even though environmental risk factors are primarily responsible for the development of 

simple steatosis, there is mounting evidence that genes play a role in the development of NASH. 

There is a significant variation in phenotypic penetrance among individuals with similar risk 

factors, and a strong heritability of sensitivity to NAFLD has been observed in a number of 

studies (twin, epidemiological, and familial) (56). More research is required to better 

understand how genetic variations and other risk factors contribute to the development of 

DIFLD and NAFLD. Studies on the role of genetics in DIFLD are still in their early stages. 

1.2.4. Drugs that cause DIFLD 

Amiodarone, tamoxifen, glucocorticoids, methotrexate, nonsteroidal anti-inflammatory drugs, 

estrogens, paracetamol, metoprolol, and 5-fluorouracil, are drugs that have been shown to cause 

macrovesicular liver steatosis (36, 58-60). Aspirin, glucocorticoids, ibuprofen, valproic acid 

zidovudine, and tetracycline are among the medications linked to microvesicular steatosis (19, 

42). Tamoxifen amiodarone, valproic acid, perhexiline, and propranolol are drugs linked to 

DISH (42, 61). It is critical to understand which specific drug can increase the risk of developing 

severe chronic liver disease or can cause acute liver damage on a background of fatty liver. The 

accumulation of fat in the liver is not always stable, and DIS/DISH are reversible (62). It is 

frequently unclear whether fatty liver disease is a direct result of an impact on hepatic cells or 

a side effect of weight gain brought on by drugs like antidepressants or antipsychotics. Drugs 

can be also classified according to their ability to induce acute liver injury, or progression of 

pre-existing non-alcoholic steatosis (NAS) to more severe stages of disease, as shown in Table 

1.1. 
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Table 1. 1. Classification of Drugs According to Their Ability to Cause Hepatotoxicity: 

Acute Liver Injury or Progression of Pre-Existing Fatty Liver Disease. 

Drugs capable of inducing 

acute liver injury 

Drugs capable of causing 

exacerbation of pre-

existing fatty liver or 

NASH 

Drugs capable of 

promoting transition of 

pre-existing fatty liver 

disease into NASH, fibrosis, 

or cirrhosis 

amiodarone, acetaminophen, 

aspirin, isoflurane, 

ibuprofen, halothane, 

fosipronil, valproic acid, 

vitamin a, tetracycline, 

losartan, omeprazole, 

troglitazone, sorafenib, 

telithromycin, 

piperacillin/tazobactam 

nucleoside reverse 

transcriptase inhibitors 

tamoxifen, androgenic 

steroids, benzbromarone, 

corticosteroids, nucleoside 

reverse transcriptase 

inhibitors, rosiglitazone, 

tetracycline, methotrexate, 

phenobarbital, irinotecan 

tamoxifen, corticosteroids, 

androgenic steroids, 

benzbromarone, irinotecan, 

methotrexate 

Data sources Kolaric et al.  (25) and Allard et al. (38) 

1.2.5. Mechanisms of DIFLD development  

Induction of oxidative stress in hepatocytes and the production of free radicals are thought to 

be the primary mechanisms in the development of DIFLD (42, 63). According to research by 

Kim et al., amiodarone increased the levels of acetylcarnitine in the short-, medium-, and long-

chain acylcarnitines in the rat livers (64). The effect of amiodarone on mtFAO through blocking 

the activity of CPT1 enzyme (carnitine palmitoyltransferase-1) directly inhibiting the 

mitochondrial -oxidation of acyl-CoA to acetyl-CoA and by inhibiting complexes I and II of 

the MRC is the most likely cause of these disturbances in liver tissue (65, 66). Another 

demonstrated mechanism of amiodarone-induced DIFLD is the induction of de novo 

lipogenesis by increasing the expression of genes SREBF1 (sterol regulatory element binding 

transcription factor 1c), ACLY (ATP-citrate synthase), THRSP, SCD1 (acyl-CoA desaturase), 

and FASN, which are all involved in the process of lipogenesis (67). Additionally, Anthérieu et 

al. showed in vitro that amiodarone administration caused the overexpression of the ADFP 

(adipose differentiation-related protein) and PLIN4 (Perilipin-4) genes which are involved in 
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the formation of lipid droplets (67). Similar to amiodarone, tamoxifen is a cationic amphiphilic 

substance that accumulates in liver tissue and damages the liver (31). It also affects the mtFAO 

and causes de novo lipogenesis (68). The upregulation of SREBF1 and its downstream 

lipogenesis target genes is one potential mechanism for the induction of hepatic steatosis (19). 

Role of various gene pathways in steatosis development is summarized in Table 1.2. 

Triglyceride accumulation promotes the expression of the microsomal triglyceride transfer 

protein (MTP), which is connected to VLDL assembly and secretion (69). The involvement of 

oxidative stress in tamoxifen hepatotoxicity was supported by numerous in vivo studies. Similar 

to amiodarone, it lowers liver glutathione GSH levels and increases oxidized glutathione and 

lipid peroxidation (63, 70).  

Table 1. 2. The roles of various gene pathways in steatosis development 

Gene pathway Role in liver 

ACSL1 - Activates FAs destined for triacylglycerol synthesis 

- Channel FAs from fatty acid oxidation to lipid synthesis 

- Reduces FAs β-oxidation through PPARG pathway 

- Increases triglyceride levels 

CEBPA - Represses liver FABP1 which is responsible for prevention of 

lipotoxicity of FAs, and regulation of FAs partition and trafficking 

- Increases the triglyceride levels through repression of FABP1 

- Induces apoptosis in HSC, followed by possible reduction of 

fibrosis 

PPARG - Enhances emergence of lipid droplets 

- Upregulates proteins linked to TAG storage, lipid uptake, and 

formation of lipid droplets, such as CD36, FABP4, perilipin 2, fat-

specific protein 27 (FSP27)/Cidec, monacylglycerol O-

acyltransferase 1  

- Can directly affect the TGF-β1/Smad signaling pathway and 

decrease HSC proliferation, resulting in reduction of fibrosis 

SREBF1 - Transcription factor in lipogenesis 

- Promotes expression of lipogenic genes such as FAS, SCD1, 

ACC, and lipin 1 

- Induces activation of ACSL1 expression 
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ACSL1- Acyl-CoA Synthetase Long Chain Family Member 1, FA- fatty acid, CEBPA- 

CCAAT/enhancer-binding protein α, FABP- fatty acid binding protein, HSC- hepatic stellate 

cells, PPAR γ- peroxisome proliferator-activated receptor gamma, TGF-β1- Transforming 

growth factor- β1, SREBF1- sterol regulatory element binding transcription factor 1c, FAS- 

fatty acid synthase, SCD1- Stearoyl-CoA Desaturase 1, ACC- Acetyl-CoA carboxylase 

Data sources: Tingting et al. (71), Li et al. (72), Kawano et al. (73), Guzman et al. (74), Tao et 

al. (75), Wandrer et al. (76), Singh et al. (77), Wang et al. (78), Ni et al. (79) 

Hepatocytes store methotrexate and, in particular, its polyglutamated metabolite which has 

hepatotoxic effects (80). Methotrexate hepatotoxic effects are thought to be caused by a number 

of mechanisms including prevention of folate from entering mitochondria which causes 

mitochondrial dysfunction, and the production of ROS, as well as induction of caspase-

dependent apoptosis (53, 81, 82). Methotrexate disruption of the intestinal epithelial barrier, 

which results in leaky gut syndrome and the development of fatty liver injury is another 

potential mechanism of hepatotoxicity (31, 53). The hepatosteatotic effects of 5-fluorouracil, 

irinotecan, and l-asparaginase are all mediated through impairment of mtFAO and enhancement 

of ROS accumulation in hepatocytes (83, 84). The mtFAO is disrupted by the branched-chain 

fatty acid valproate which causes triglycerides to accumulate and steatosis to progress (42). In 

competition with other free fatty acids (FFAs), valproate in its free acid form can act as a 

substrate for mtFAO pathways. It conjugates with CoA once it enters the hepatic mitochondria, 

leading to a deficiency in CoA (42). By causing systemic insulin resistance and weight gain, 

long-term valproate use accelerates the progression of fatty liver disease (85, 86). It is well 

known that tetracycline can cause DIFLD. The inhibition of several genes involved in mtFAO, 

including CPT-I, peroxisome proliferator-activated receptor alpha (PPAR-alpha), and fatty 

acid-binding protein 1 (FABP-1), as well as the inhibition of MTP enzyme which results in the 

accumulation of VLDL, are thought to be the mechanisms of this toxic effect. Additionally, 

ROS generation is increased by the activation of transcription factor 4 AF4 which up-regulates 

CYP2E1 (specifically by doxycycline and minocycline) (31, 39, 87, 88). Human DNA 

polymerase can be inhibited by nucleoside reverse transcriptase inhibitors (NRTI) including 

zidovudine, didanosine, stavudine, tenofovir, and abacavir. This results in a reduction in 

mitochondrial DNA replication (89, 90). Oxidative stress and fat accumulation follow as a 

result (89, 90). Table 1.3 provides a summary of all the aforementioned mechanisms involved 

in DIFLD development. 
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Table 1. 3. Drugs That Cause DIFLD and Summary of Mechanisms Responsible for Their 

Toxicity. 

Drugs that cause DIFLD Proposed mechanisms 

Amiodarone -Induces de novo lipogenesis by upregulating 

SCD1, PLIN4, SREBP1, THRSP, ADFP ACLY 

genes’ expression  

- Blocks mtFAO and activity of CPT1 enzyme, 

inhibits MRC I and II complexes, increases 

acetylcarnitine levels, 

-Decreases levels of GSH  

Tamoxifen -Induces de novo lipogenesis by upregulating 

SREBP1c and its downstream genes 

-Impairs mtFAO,  

-Stimulates VLDL accumulation and secretion 

and MTP expression  

-Decreases GSH levels 

Methotrexate - generally effects activity of mitochondria: 

generates of ROS, disrupts the intestinal 

epithelial barrier, hampers folate entry into 

mitochondria  

5-Fluorouracil, irinotecan, l-asparaginase -Impairs of mtFAO and enhances ROS 

accumulation in hepatocytes 

Valproate -Competes with other FFAs for mtFAO, decrease 

in CoA levels 

-Induces weight gain and systemic insulin 

resistance  

Tetracycline -Inhibits MTP enzyme,  

-Downregulates CPTI, FABP1 and PAARα 

genes’ expression (all genes involved in mtFAO) 

-Enhances ROS generation by activating ATF4 

NRTIs -Decreases mitochondrial DNA replication 

-Induces oxidative stress 

-Inhibits human DNA polymerase γ 

SCD1, acyl‐CoA desaturase; PLIN4, perilipin‐4; SREBF1, sterol regulatory element‐binding 

protein 1; THRSP, thyroid hormone‐inducible hepatic protein; ADFP, adipose differentiation‐

related protein; ACLY, ATP‐citrate synthase; mtFAO, mitochondrial fatty acid oxidation; CPTI, 
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carnitine palmitoyltransferase I; MRC, mitochondrial respiratory chain; GSH, glutathione; 

VLDL, very low-density lipoprotein; MTP, microsomal triglyceride transfer protein; ATF4, 

transcription factor 4; CoA, coenzyme A; FABP-1, fatty acid-binding protein 1; FFA, free fatty 

acid; ROS, reactive oxygen species; PAARα, peroxisome proliferator-activated receptor α 

Data from Kolaric et al. (25). 

 

1.2.6. Current and future directions in the treatment of DIFLD 

The removal of the potential offending agent is a fairly common suggestion for the management 

of DILI and potentially DIFLD. Up to 95% of the patients experience improvement with prompt 

withdrawal of the harmful drugs, but a few will still develop chronic liver disease (91). The 

FDA published criteria for drug withdrawal that are summed up in the following 

recommendations in 2009 (91, 92). ALT or AST levels higher than 3, but followed by nausea, 

fever, fatigue, vomiting, rash, tenderness or pain (right upper abdominal quadrant), and possibly 

eosinophilia; ALT or AST levels higher than 8 upper limit of normal (ULN); > 5 ULN (for a 

period of two weeks); > 3 ULN combined with INR > 1.5 and total bilirubin > 2 ULN (91). The 

dose should be changed to manage the primary disease if there is no suitable substitute for the 

hepatotoxic drug, especially in intrinsic DILI (91). When treating DILI and DIFLD, 

glucocorticoids are occasionally prescribed, but only after thorough risk-benefit analysis. 

Patients who exhibit significant autoimmune or hypersensitive symptoms even after drug 

withdrawal can benefit from them (91). In 15 DILI patients, UDCA (ursodeoxycholic acid) has 

been shown to have a hepatoprotective effect (including for cholangiocytes), and prevent 

cellular apoptosis, and stimulate hepatobiliary secretion (93). The improvement of the liver 

function abnormalities, the alleviation of symptoms like fatigue, pruritus, and jaundice, and the 

improvement of liver tests all contribute to the effectiveness of UDCA in DILI cases and may 

even postpone the need for liver transplantation (94-99). The protective effects of UDCA have 

been demonstrated in cohort studies and case reports after administration of the hepatotoxic 

drugs such as: chlorpromazine, cyclosporine, amoxicillin-clavulanate, ticlopidine, 

flucloxacillin, paraquat, and methotrexate (96, 100-104). The therapeutic effects of UDCA have 

been supported by individual, rare case reports. One of those is a pediatric report of toxicity of 

amoxicillin/clavulanic acid four years after the liver transplantation, in which UDCA showed 

positive effect. N-acetylcysteine (NAC), vitamins C and E, and other antioxidants ameliorated 

the hepatotoxic effects of amiodarone (63). Further clinical trials on humans are needed to 

confirm these observations.  
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1.3. Non-alcoholic fatty liver disease (NAFLD)  

The main cause of chronic liver disease in Europe and the United States is NAFLD, a well-

known disease with a high prevalence affecting a quarter of the adult population of the world. 

(105). Type 2 diabetes mellitus (T2DM), obesity, and genetic polymorphisms that increase 

susceptibility are all closely related to the prevalence of NAFLD (106). NAFLD progresses to 

develop into NASH in about one-third of cases. Consequently, it is estimated that between 3 

and 5% of people worldwide have NASH (107). About 20% of NASH patients eventually 

develop cirrhosis. NASH is likely to become the leading cause of liver transplantation in the 

United States given the strong correlation between NAFLD and obesity and T2DM (108). When 

other causes of hepatic steatosis such as excessive alcohol consumption, drugs, infections, and 

other liver pathologies, have been ruled out, NAFLD is diagnosed if the number of liver cells 

that contain visible fat exceeds 5 % (109, 110). Patients are identified as having NAFLD when 

they exhibit the hepatic manifestation of metabolic syndrome, which is identified when three 

or more of the following conditions are present: high glucose, hypertension, obesity, high 

triglyceride levels, and low HDL (high-density lipoprotein) cholesterol (111). Non-alcoholic 

fatty liver, non-alcoholic steatohepatitis (NASH), cirrhosis, and cryptogenic cirrhosis are 

among the subtypes of NAFLD (109). Steatosis in NAFLD is caused by triglyceride 

accumulation in the hepatocytes. Hepatocellular damage, lobular inflammation, and hepatocyte 

death result from this. At this point, the illness is referred to using the term NASH. The 

metabolic syndrome is thought to manifest in the liver as NAFLD. When NAFLD is left 

untreated, it can eventually progress to NASH. The abnormalities in fat accumulation in the 

liver are linked to all of the etiologies of NAFLD of which the most are shown in Figure 1.2. 

Hepatic steatosis can be caused by a number of different factors, including increased dietary fat 

delivery to the liver, which may result from increased consumption of fatty foods or 

abnormalities in gut physiology, increased availability of FAs in adipose tissue, insulin 

resistance induced hyperinsulinemia which triggers de novo synthesis of lipids, or drugs 

consumption as aforementioned (112). 
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Figure 1. 2. Most common etiologies of NAFLD, and progression to more severe stages of 

liver disease are shown in this scheme. NAFLD- non-alcoholic fatty liver disease  

Data source: Ghazanfar et al. (106) 

1.4. NAFLD and DIFLD overlap 

Dual etiology fatty liver disease is the term used to describe fatty liver injury that progresses as 

a result of preexisting NAFLD combined with drug administration (20). A growing number of 

clinical reports have suggested that certain medications may be more hepatotoxic in obese 

NAFLD patients than in lean patients (38). DILI in NAFLD manifests in two specific clinical 

circumstances (38, 51). First, more serious and frequent acute liver injury can be caused by 

antibiotics like piperacillin-tazobactam, telithromycin, and some analgesics and antipyretics 

like acetaminophen. It seems that some drugs such as amiodarone and statins do not frequently 

cause hepatotoxicity in NAFLD patients (38). Antiretroviral medications, corticosteroids, and 

methotrexate are examples of drugs that seem to alter or exacerbate necroinflammation, pre-

existing steatosis, and fibrosis as well as simple fatty liver to NASH. (65, 83). A list of the drugs 

and their ability to cause or worsen fatty liver is shown in Table 1.1. Because NAFLD is 

associated with altered activities of metabolizing enzymes like cytochromes P450, some drugs 

can result in more severe acute liver injury. According to the aforementioned, NAFLD is 

frequently associated with higher glucuronide formation, decreased CYP3A4 activity, and 

increased CYP2E1 activity. These enzymes are in charge of the metabolism of drugs like 

acetaminophen and lorazepam. Since the mechanisms by which drugs and xenobiotics are more 
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hepatotoxic in NAFLD are not well understood, more in vitro and in vivo research is necessary 

to successfully address this issue, especially in light of the global obesity epidemic (113, 114).  

1.5. In vitro models of NAFLD and DIFLD 

Due to aforementioned significant increase in NAFLD and DILI prevalence, various in vitro 

models were established in order to better understand these diseases. Primary cell cultures, such 

as hepatocytes, HSCs, Kupffer cells seem to represent relevant models and mimic in vivo 

settings for the assessment of these disease (115). However, the downside of these are the 

ethical issues, limited number of sample of human liver, isolation problem, varying 

reproducibility in experiments and limited culture time (115, 116). HepG2, Huh7, H4IIE, L-02, 

SK-Hep-1, and HepaRG are immortalized cell lines derived from hepatocellular carcinoma that 

have the advantage of having a stable phenotype, an extended replicative capacity, and the 

ability to be grown and standardized more easily (9, 115). Other approach to study these disease 

involves not just hepatocytes, but also other cells involved in disease development and 

progression, per example co-culture models of human hepatocytes and Kupffer cells (AML-12) 

or macrophages (RAW 264.7) (115). This is important, especially because in order to establish 

reliable in vitro model of more severe stages of NAFLD and DIFLD (steatohepatitis, fibrosis 

etc.) that could be comparable to in vivo models, cells other than hepatocytes are needed. 

Therefore, hepatocyte cell cultures are most suitable for study of steatosis. As demonstrated by 

Gupta et al., Huh7 and Hep-G2 cells possess GLP-1 receptor, which makes the study of GLP-

1 (glucagon-like peptide-1) analogs direct effects on hepatocytes possible (117). More recently, 

3D culturing, per example with H35 rat hepatoma cell line, has been shown as a promising tool 

in study cell-to-cell cross talk in the disease progression. Its advantages are better mimicking 

of the in vivo liver architecture, and liver specific function and differentiation, but 3D cultures 

are difficult to cultivate, and more research is necessary to standardize it (115). Numerous 

drugs, as aforementioned, are capable of causing DILI and DIFLD, and their administration to 

cell cultures allows in vitro study of their effects. For establishing in vitro NAFLD model, 

palmitic and oleic acid (OA) are most often used (116).  

1.6. GLP-1 analogs in NAFLD  

1.6.1. GLP-1 analogs classes and mechanism of action 

GLP-1 (glucagon-like peptide-1) receptor agonists, also known as incretin mimetics or GLP-1 

analogs, are a class of drugs used to treat T2DM in adults. Exenatide, lixisenatide, liraglutide, 

albiglutide, dulaglutide, and semaglutide are a few examples of drugs in this class listed in 

Table 1.4.  
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Table 1. 4. Classification of GLP-1 analogs  

Backbone Drug Dosing frequency 

Human GLP-1 Dulaglutide weekly 

Albiglutide weekly 

Liraglutide daily 

Semaglutide weekly 

Exendin-4 Exenatide extended release weekly 

Exenatide twice daily 

Lixisenatide daily 

Data source Costello et al. (118). 

GLP-1 analogs mimic GLP-1 which is released from the foregut after meal and has a strong 

blood glucose-lowering effect (119). Numerous effects of GLP-1 in different organs are listed 

in Table 1.5. All of these actions result in decreased levels of glycated hemoglobin, weight 

loss, a decrease in systolic blood pressure, and improved β-cell function (119). 

Table 1. 5. List of the main actions of GLP-1 in various organs. 

GLP-1 analogs increase GLP-1 analogs decrease 

Neuroprotection Appetite 

Memory Glucose production in liver 

Myocardial contractility Insulin sensitivity in liver 

Heart rate Gastric emptying 

Myocardial injury secondary to ischemia Gastric acid secretion 

Glucose uptake by muscles Pancreatic glucagon secretion  

Glucose storage in muscles β- cell apoptosis in pancreas 

Insulin sensitivity in muscles  

Pancreatic insulin secretion  

Insulin biosynthesis in pancreas  

New β-cell formation  

Data source Armstrong et al. (119) 

1.6.2. Hepatoprotective effects of GLP-1 analogs in NAFLD in clinical trials 

Various studies have been performed to assess the direct effect GLP-1 analogs on liver and 

hepatocytes. Enhancement of liver function, and a decrease in liver fat content have been 
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confirmed by demonstration of presence of GLP-1 receptor in hepatocytes by Gupta et al. (117). 

The most commonly assessed GLP-1 analogs is liraglutide. Armstrong et al. conducted a study 

(120) to assess the effect of 48 weeks-long liraglutide (LIRA) treatment in patients with NASH 

(120). Results suggested that LIRA contributed to resolution of NASH, and also to a smaller 

extent reduced the progression to fibrosis rate (120). Other studies reported a greater decrease 

in AST and ALT levels together with reduction of liver fat content and body weight, in patients 

treated with LIRA compared to patients treated with other antidiabetic drugs (such as 

pioglitazone, metformin, gliclazide). This supported use of LIRA over the other agents in 

treatment of NAFLD (121-123). Another GLP-1 agonist with proven antisteatotic effect is 

exenatide. Compared to insulin and metformin, its effectiveness was greater in lowering AST, 

ALT, and gamma-glutamyl transferase (GGT), and also body weight (124, 125). More studies 

are needed to evaluate histological outcomes in NASH patients treated with exenatide. Dong et 

al. confirmed the possible beneficial effects of exenatide and LIRA in treatment of patients with 

biopsy proven NASH (126). Newer GLP-1 analog, semaglutide, showed a significant effect in 

body weight reduction, improved glycemic control, decreased ALT and other markers of 

inflammation, and cardiovascular risk in overweight and T2DM patients (127-131). Capehorn 

et al. compared the safety and efficacy of semaglutide vs LIRA in patients with T2DM, and 

showed a greater effect of semaglutide on reduction of body weight and HbA1c, with higher 

rates form gastrointestinal adverse effect (128). However, more studies are needed to assess its 

effect on liver fat content and possible role in NAFLD treatment. 

1.6.3. Hepatoprotective effects of GLP-1 analogs in NAFLD in animal and in vitro 

models  

  

Li et al. demonstrated in vivo and in vitro the beneficial effects of exenatide in NAFLD animal 

model and related cell culture model (132). Exenatide significantly reduced the body weight, 

AST, and ALT, total cholesterol, low-density lipoprotein, and FAs in high fat diet (HFD)-

induced obese rabbits (132). Also, exenatide significantly reversed the HFD-induced lipid 

accumulation and inflammatory changes that were accompanied by decreased fat mass and 

obesity associated gene (FTO) mRNA and protein expression according to histological 

analysis. 

Møllerhøj et al. showed therapeutic benefits of semaglutide in NASH mice model (133). 

Semaglutide improved steatosis scores, reduced number of lipid-laden hepatocytes, the number 

of inflammatory loci, and the expression of galectin-3 (inflammation marker particularly 

produced by activated macrophages) (133). 
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Numerous effects in liver make LIRA a most promising GLP-1R agonist for NAFLD 

prevention and/or treatment. These include a decrease in lipid over-accumulation by 

upregulating autophagy, decrease in oxidative stress and apoptosis of liver cells, reduction in 

activation and proliferation of HSCs through RAGE/NOX2, adjustment of lipid metabolism via 

SHP1/AMPK/SREBF1 signalling pathway, reduction in lipotoxicity-induced oxidative stress, 

possibly by modulation of NRF2, decrease in expression of main elements involved in 

peroxisomal b-oxidation (ACOX1), lipogenesis (phospho-ACC), and lipid flux/storage 

(PPARG) (134-139). Considering the role of the SREBF1 and PPARG signalling pathways in 

NAFLD and DIFLD development, and hepatoprotective action of LIRA, analysis of their 

expression, and expression of other signalling pathways connected to them (such as ACSL1 ) 

could help better understand their effects on hepatocytes (73, 138, 139).  
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2. HYPOTHESIS 

 

GLP-1 analogs reduce liver injury in a cell model of drug-induced fatty liver disease.  
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3. RESEARCH OBJECTIVES 

The main objectives of this study were: 

 

1. To establish a human liver, Huh7, cell culture model of hepatocyte steatosis that occurs 

in drug-induced fatty liver disease (DIFLD) by incubation with amiodarone and 

tamoxifen. 

2. To establish a human liver, Huh7, cell culture model of hepatocyte steatosis that occurs 

in non-alcoholic fatty liver disease (NAFLD) by incubation with fatty acids. 

3. To measure the hepatotoxic effect of amiodarone and tamoxifen, and the protective 

effect of GLP-1 analogs in the DIFLD model by determining cell survival compared to 

the NAFLD model. 

4. To measure the hepatotoxic effect of amiodarone and tamoxifen, and the protective 

effect of GLP-1 analogs in the DIFLD hepatocyte steatosis model by microscopic 

visualization and Oil-Red-O staining, compared to the NAFLD hepatocyte steatosis 

model. 

5. By measuring triglyceride levels, evaluate the effects of amiodarone, tamoxifen, and 

GLP-1 analogs on fat accumulation in Huh7 cells, compared to the NAFLD hepatocyte 

steatosis model. 

6. To determine the expression level of genes involved in the process of lipogenesis and 

mitochondrial dysfunction in the DIFLD hepatocyte steatosis model after treatment with 

amiodarone and tamoxifen and GLP-1 analogs using RT-PCR method. 

7. To investigate the correlation of expression of genes involved in the process of 

lipogenesis and mitochondrial dysfunction with cell survival parameters and the amount 

of triglycerides and GSH in the DIFLD hepatocyte steatosis cell culture model. 
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4. MATERIAL AND METHODS 

4.1. Study design 

The study was designed as a randomized controlled trial. Experiments were conducted in two 

series. First series of experiments included twelve groups of cells: group A, Huh7 cells grown 

in DMEM as a negative control; groups B-D, Huh7 cells treated with increasing concentrations 

of LIRA (5, 10, and 20 nM), groups E cells treated with OA, groups F-H Huh7 cells treated 

with OA and increasing concentrations of LIRA, group I Huh7 cells treated with 20 µM AMD, 

groups J-L Huh7 cells treated with AMD and increasing concentrations of LIRA. Second series 

of experiments included 5 groups of cells: cells treated with 2 µM TAM, and Huh7 cells treated 

with TAM and increasing concentrations of LIRA. 

4.2. Material 

4.2.1. Chemicals 

Amiodarone, sodium oleate, and Oil-Red-O were purchased from Sigma-Aldrich (St. Louis, 

MO, USA), tamoxifen was purchased from Acros Organics (New Jersey, USA), liraglutide 

(Victoza) was purchased from Novo Nordisk (Denmark). 

4.2.2. Cell culture  

Prof. George Y Wu, University of Connecticut Health Centre in Farmington, United States of 

America generously provided us with a Huh7 cell line. Huh7 cell line is an immortal cell line 

composed of epithelial-like tumorigenic cells and established from a well-differentiated 

hepatocyte-derived cellular carcinoma cell line (its origin is a liver tumor from a male patient). 

Cells were sub-cultivated in 10 cm dishes in Dulbecco’s Modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS/ Thermo Fisher Scientific Cat. No. 16000036) 

and 1% penicillin/streptomycin solution (Thermo Fisher Scientific Inc., Waltham, MA, USA) 

at 37°C in a humidified atmosphere of 5% CO2 v/v in air.  

Thawing and culturing cells protocol: 

1. Tubes with frozen cells were taken from a liquid nitrogen tank. 

2. These tubes were defrosted for 2 minutes in the water bath heated up to 37°C. 

3. The defrosted cell suspension was transported by sterile pipette into 9 ml of growth 

medium in the Falcon tube. 

4. The cell suspension was centrifuged at room temperature at 140 x g for 4-minutes. 

5. Supernatant was discarded and cells were resuspended in 3 ml of pipetted fresh medium. 
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6. 10 µl of cell suspension was mixed with the same volume of Erythrosin B color solution 

(ratio 1:1, viable cells remained colorless, protocol explained further in text), counted 

in the Neubauer chamber, cell concentration was calculated, and cell suspension was 

diluted to obtain the final concentration of 100 000 cells/ml. 

7. Diluted cell suspension was transferred to 100 mm Petri dish. 

8. The next day the growth medium was replaced with the same volume of a fresh medium. 

9. Cells were grown to 75-85% confluence and passaged every 3-4 days. 

10. After reaching the required confluent state, cells were detached from the surface using 

trypsin. First, cell medium was removed, then 3 ml of trypsin per Petri dish was added, 

afterwards cells were incubated in above described conditions in the incubator for 3 

minutes. 

11. 3 ml of a fresh growth medium was added to trypsin/cell suspension to block the 

enzyme, and everything was transferred to a sterile Falcon tube, centrifuged at room 

temperature at 140 x g for 4-minutes. 

12. The supernatant was removed and the cell pellet was resuspended in 10 ml of a fresh 

medium and added to the new plates. 

13. Cells were counted in the Neubauer chamber to obtain the final concentration of 150 

000 cells/mL and cell suspension was transferred to the Petri dish. 

4.2.3. Drugs and oleic acid preparation 

Amiodarone hydrochloride and TAM were dissolved in dimethyl sulfoxide (DMSO) to 10 mM 

concentration, and stock solutions were stored at -20°C. Finally, AMD was prepared in five 

different concentrations (5 µM, 10 µM, 20 µM, 40 µM, 80 µM), TAM was prepared in four 

different concentrations (0,5 µM, 1 µM, 2 µM, 4 µM,). Oleic acid (OA) stock solution was 

prepared by dissolving sodium oleate powder in 6% bovine serum albumin (BSA) to 200 mM 

concentration and homogenized with an ultrasonic homogenizer (Bandelin Sonoplus 2070) for 

15s. OA was diluted to the final concentration of 0,5 mM (working solution, WS). LIRA 

original stocks (concentration 6 mg/ml, 1,5996 mM) were kept at -20°C. For experiments, 

LIRA WS were prepared in three different concentrations (5 nM, 10 nM, 20 nM). To obtain the 

studied concentrations, all these agents were finally dissolved in DMEM without FBS. 
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4.3. Methods 

4.3.1. NAFLD and DIFLD cell culture models 

Huh7 cells were cultured as previously described and grown overnight in a 96-well plate at 

density 2x105 cells/cm2. Cells incubated only in medium without FBS were used as a negative 

control. Cells were exposed to increasing concentrations of OA, AMD, and TAM for 24 h for 

up to 72 h in triplicates, respectively. To determine the effect of drugs on cell viability an MTT 

(3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay was used and the results 

were read on a microplate reader (iMarkTM Microplate Absorbance Reader; Bio-Rad, 

Hercules, California, USA). The MTT assay is a colorimetric assay for evaluating cell 

metabolic activity and proliferation. Conversely, when metabolic events lead to apoptosis or 

necrosis, the reduction in cell viability can be determined by MTT. Metabolically active cells 

reduce the yellow tetrazolium MTT, in part by the action of dehydrogenase enzymes, to 

generate reducing equivalents such as NADPH and NADH (140). The resulting intracellular 

purple formazan can be solubilized, and the absorbance of this colored solution quantified by 

measuring at a certain wavelength (usually between 500 and 600 nm) by a spectrophotometer 

(140). MTT stock solution was prepared as follows: 100 mg of tetrazolium bromide powder 

(Cruz chemicals, Dallas, Texas, USA) was dissolved in 20 mL of 1×PBS, followed by 

sterilization of solution using 0,2 µm syringe PES filter (Nalgene ™ Thermo Fisher Scientific 

Waltham, Massachusetts, United States. Aliquots (1 mL) were frozen at -20 °C and protected 

from the UV light. At the end of the experiment 10 µl of MTT solution was added to each well 

resulting in a 0,5 mg/ml concentration of MTT. Cells were incubated for 4 hours in an incubator 

(above-mentioned conditions) resulting in the clearly visible purple precipitate. 100 µl of MTT 

solvent (0,04 M HCl in isopropanol) was pipetted into each well and by repeated pipetting in 

and out formazan purple crystals were dissolved (140). Absorbance was read at 595 nm on a 

microplate reader. Absorbance values that are lower compared to the control cells (set as 100%) 

signify a reduction in the rate of cell proliferation (expressed as a percentage of control). The 

optimal concentration IC20 (inhibitory concentration which induces 20 % cytotoxicity) and time 

period for further experiments were then selected as follows: 0,5 mM OA (for NAFLD model), 

20 µM AMD, and 2 µM TAM (for DIFLD models), and time period of 24 h of incubation. 

These results were also confirmed by the Erythrosin B color exclusion test and Neubauer 

Hemocytometer counting. According to previous protocol, the cells were grown overnight and 

treated with toxic drugs and oleic acid in 24-well plates. At the end of the experiment, cells 

were trypsinized and cell viability was determined using Erythrosin B color exclusion test and 
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Neubauer Hemocytometer counting. Live cells possess intact cell membranes that exclude 

certain dyes including Erythrosin B, whereas dead cells do not (141). A cell suspension (after 

trypsinization) was simply mixed with the dye (10 µl of cell suspension and 10 µl of dye), and 

pipetted on the hemocytometer. Cells were counted using a hemocytometer (a device that 

consists of a thick glass microscope slide with a rectangular indentation that creates a chamber) 

placed on the stage of the light microscope. Clear cytoplasm is present in viable cells whereas 

dead cells have a red cytoplasm. Finally, the concentration of viable and dead cells was 

calculated using this equation: total viable cells (ml)= total viable cells counted x dilution 

factor/number of squares x 10000 (cells/ml).                                                                                                                                  

The results were expressed as a percentage relative to negative control (set as 100%) of at least 

three independent experiments. 

4.3.2. Measurement of the Hepatoprotective Effect of LIRA in NAFLD and DIFLD Cell 

Culture Models 

LIRA workings solutions were added as a co-treatment to the abovementioned NAFLD and 

DIFLD models. First, the cells were grown overnight in 96 well and 6- well plates at a density 

of 2x105 cells/cm2. The cell groups for the determination of the hepatoprotective effect of LIRA 

were designed as explained earlier in 4.1. Study design section. After 24 h of incubation, cell 

survival and viability were determined by MTT colorimetric assay and Erythrosin B color 

exclusion test as described above. Results were expressed as a percentage relative to the 

negative control of at least three independent experiments.  

4.3.3. Visualization of fat accumulation 

After incubating and treating cells in 24-well plates with cover slides, previously prepared 

following the protocol by Zjalic et al. (142) and coated with poly-D-lysine (Sigma Aldrich, St. 

Louis, MO, USA), as described above, medium was pipetted out, and 1 ml of 4 % 

paraformaldehyde (PFA, cooled at 4°C) per well was added. After fixing the cells for 30 - 45 

min at 4 °C, fixative was removed and cells were rinsed twice with cooled phosphate buffered 

saline (PBS). PBS was removed and cells were allowed to air dry. Meantime, previously 

prepared Oil-Red-O stock (ORO, 0,5 % ORO stock consists of 0,5 g ORO diluted in 100 ml of 

99% isopropanol, kept at 4 °C in aluminium foil) was used to prepare ORO WS. ORO was 

mixed at 6:4 ratio with distilled H2O (dH2O) and let stand for 10 min (WS is stable for no longer 

than 2 hours).  ORO (ChemCruz, Huissen, The Netherlands) is a lysochrome (fat-soluble dye) 

diazo dye used for staining of neutral triglycerides and lipids in different tissue samples. It has 

the appearance of a red powder with maximum absorption at 518 (359) nm. 0,2 micron syringe 
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filter was used to add ORO to cells (1 ml/well). ORO was left at room temperature (RT) for 10 

min, then removed from the wells. After rinsing two times with PBS, cells were mounted in the 

fluorescent mounting medium with 4’,6’-diamidino-2-phenylindole (DAPI) (Abcam, 

Cambridge, UK).  The cells were visualized using a microscope (Axioskop 2 MOT Inverted 

microscope, Carl Zeiss, Göttingen Germany) with an Olympus D70 camera, controlled through 

the computer program DP Manager 1.2.1.107 and DP Controller 1.2.1.108. Lipids appeared red 

and the nuclei appeared blue. ImageJ-Fiji software was used to count cell nuclei and measure 

integrated density relative to the cell count. 

4.3.4. Measurement of triglyceride levels 

The cells were incubated and treated as described above in 6-well plates, and on the second day 

of experiment the accumulation of triglycerides in cells was measured by Triglyceride GPO - 

PAP method (Glycerol 3 phosphate oxidase - 4-Amino-antipyrine, Greiner Diagnostic, 

Bahlingen, Germany). On the last day of experiment, medium was pipetted out of the wells, 

and 1 ml per well of TG GPO-PAP was added. Cell scraper was used to detach cells from the 

surface, and suspensions were transferred to 1,5 ml. All tubes were vigorously vortexed for at 

least 5 seconds, and then incubated at 37 ºC in the incubator for 15 minutes. Afterward, samples 

were centrifuged at 1000 g RT for 5 minutes. 200 µl per well of each supernatant was transferred 

to wells in 96-well plate. Standards were prepared as serial dilutions (original stock 200 mg/dl 

as first standard, 200 µl of this stock was transferred to first tube- S1, 100 µl was pipetted to 

other tube and mixed with 100 µl PBS (S2) until the final S6 (62,5 mg/dl). 5 µl of each standard 

was transferred to wells in 96-well plate, and mixed with 200 µl of TG GPO-PAP reagent. 

Finally, absorbance was read on a microplate reader (wavelength 492-550). Triglyceride 

standards were used in order to quantify absolute concentration of triglycerides. Results were 

expressed as absolute values (mg/dl). 

4.3.5. Measurement of Cellular Glutathione (GSH) Concentration 

GSH in its reduced form (90-95 % of total GSH) represents the major free thiol in most living 

cells. Its role is significant in various biological processes such as detoxification of xenobiotics, 

maintenance of the oxidation state of protein sulfhydryls, and removal of hydroperoxides (143). 

Glutathione disulfide (GSSG) is a product of oxidation of GSH. Therefore, intracellular GSH 

status represents an indicator of the overall health of a cell, and of its ability to resist toxic 

challenge (144). The cells were incubated and treated as described above in 6-well plates, and 

on the second day of experiment the level of total glutathione in 12 groups of cells was measured 

by ELISA using a commercially available Glutathione Assay Kit (Sigma-Aldrich, Saint Louis, 
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MO, SAD) according to manufacturer's instructions and as briefly described by our group 

earlier (145). At the end of the experiment, cells were scraped from the dish surface, and 2 ml 

of cells in medium were pipetted into 2 ml tubes. Afterward, cells were centrifuged at 140 x g 

for 7 minutes at 4 ºC to remove the precipitated protein. Supernatants of the samples were 

discarded and pellets were resuspended in 1 ml of ice-cold 1xPBS/tube, centrifuged at 600 x g 

for 5 minutes at 4 ºC and the supernatant was discarded. Volume of the pellet was then 

measured, and 3 volumes of the 5% SSA (5 % 5-Sulfosalicylic acid) solution were added to the 

packed cell pellet, each tube was vortexed for 5-10 s, freeze and thawed twice (frozen at -80 ºC 

for 5 minutes and thawed at 37 ºC for 6 min), and left for 5 minutes in the refrigerator. The 

extract was then centrifuged at 10 000 x g for 10 minutes, 50 µl of supernatant was transferred 

to the 0,2 ml microcentrifuge tubes, and stored at 2-8 ºC before the next step (if the assay could 

not be performed within 2 hours, the content was stored at -70 ºC for up to 7 days).  

Working solutions were prepared as described below (the volumes for 48 reactions of 200 µl 

performed in 96 well plate): 

1x Assay Buffer (AB)- 2,4 ml of 5x AB was diluted five-fold by addition of 9,6 ml of distilled 

water 

Enzyme Solution- 3,8 µl of Glutathione Reductase was diluted with 1x AB to a final volume of 

250 µl 

NADPH Solution- 10 µl of NADPH Stock Solution (25 mg of NADPH was dissolved in 0,625 

ml of distilled water) was added to 2,5 ml of 1x AB 

Working Mixture (WM) - 228 µl of the Enzyme Solution, and 228 µl of DTNB Stock Solution 

(8mg of DTNB was dissolved with 5,33 ml of DMSO) was added to 8 ml of 1x AB, and mixed 

well.  

Glutathione Standard Solutions- GSH Stock Solution (10mM) was 200-fold diluted to 50 µM 

solution in 5% SSA. This was Standard 1 (S1), and S2-S5 were prepared by serial dilutions of 

the 50 µM S1 glutathione Solution in 5% SSA, to the final concentrations as follows: S2- 2 µM, 

S3- 12,5 µM, S4- 6,25 µM, S5 3,125 µM. 

Finally, 5 µl of 5% SSA, 5 µl of sample/standard, and 150 µl of WM were added to each well 

on the 96-well plate (blank consisted of 150 µl WM and 10 µl of 5% SSA), incubated at RT for 

5 minutes, and then 50 µl of NADPH Solution was added to each well and mixed by pipetting 

up and down. 
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Response is measured as intensity of yellow product, 5-thio-2-nitrobenzoic acid (TNB), which 

is a result of following reactions: 

2 GSH+DTNB→GSSG + 2 TNB 

GSSG+NADPH+H+→ (Glutathione reductase) 2 GSH + NADP+ 

The combined reaction: 

DTNB+H++NADPH→(Glutathione reductase/GSSG/GSH) 2 TNB + NADP+ 

Absorbance was measured at 412 nm using a microplate reader (iMarkTM Microplate 

Absorbance Reader; Bio-Rad, Hercules, California, USA). Results were expressed as 

percentage compared to untreated controls.  

4.3.6. Total RNA isolation and Reverse Transcription Polymerase Chain Reaction (RT-

PCR) analysis 

To evaluate the expression of various genes (ACTB, SREBF1, CEBPA, PPARG, ACSL1), total 

RNA from cells, prepared as previously described in 6-well plates, was isolated on the third 

day of experiment using NucleoZOL (Macherey-Nagel, Valencienner Str. 11, 52355 Düren, 

Germany) according to the manufacturer’s protocol. Firstly, cells were homogenized with 500 

µl NucleoZOL per well. Afterward 200 µl of DNA-RNAse free water (DEPC) was added to 

the lysate, mixed vigorously for 15s, incubated for 5 min at RT, and centrifuged for 15 min at 

12000 g in order to precipitate contaminants. 500 µl of the supernatant was then transferred to 

a new tube, mixed with 500 µl of 100% isopropranol, incubated for 10 min at RT, and 

centrifuged for 10 min at 12000g in order to precipitate total RNA. Supernatant was discarded, 

and 500 µl of 75% ethanol was added to the pellet, centrifuged for 3 min at 8000 g, and 

supernatant was discarded again. This washing procedure was repeated, and finally RNA pellets 

were dissolved in 30 µl of DEPC-water by vortexing at RT for 3 min. RNA concentration and 

purity of samples were determined by measuring absorbance on a NanoPhotometer® P-Class 

P330-30 spectrophotometer (Implen GmbH, Munich, Germany) at wavelengths of 260 nm and 

280 nm. cDNA strand was synthesized using a commercially available kit (High Capacity 

cDNA Reverse Transcription Kit, Applied Biosystems, Thermo Fisher Scientific Inc., 

Waltham, MA, USA) according to the manufacturer's instructions in reaction mixtures with a 

total volume of 20 µl on a DNA Engine® Thermal Cycler device (Bio-Rad, Hercules, 

California, USA).  The resulting cDNA was stored at -20 °C until preparation for PCR. The 

reaction mixtures for cDNA and PCR synthesis are listed in Table 4.1., and the PCR reaction 
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conditions are listed in Table 4.2. A commercially available kit (Taq PCR Core Kit, Qiagen, 

Hilden, Germany) was used to amplify the obtained cDNA using a PCR device. The synthesized 

cDNA was amplified using specific primer sequences as shown in Table 4.3. As an internal 

control to determine the possible presence of different cDNA concentrations ACTB was used. 

PCR results were visualized on a 1,7 % agarose gel stained with Diamond™ Nucleic Acid Dye 

(Promega, Madison, WI, USA) according to the manufacturer's instructions, visualized by Gel 

Imaging System (ChemiDocTM Imaging System, Bio-Rad, Hercules, California, USA), and 

semi quantified by ImageJ software (version 5.2.1. build 11, BioRad, Hercules, CA, USA) using 

QuantIF ImageJ macro (normalized to the ACTB mRNA levels). Results are shown as 

percentages compared to the negative control of at least three independent experiments.  

Table 4. 1. Reaction mixtures for Reverse Transcription and PCR (total volume 20 µl) 

Reverse Transcription PCR 

Component Volume per 

sample (µl) 

Component Volume per sample 

(µl) 

10 RT Buffer 2 10X PCR Buffer 

(Qiagen+1.5 mM Mg) 

2 

25x dNTP Mix 0,8 5’ oligo (10 µM) 0,5 

10x RT Random 

Primers 

2 3’ oligo (10 µM) 0,5 

Multiscribe RT 1 4 dNTP mix (Qiagen 

10 mM each 

0,4 

Nuclease-free Water 4,2 Taq polymerase 

(Qiagen 5 U/µl) 

0,1 

  Nuclease-free Water 15,5 

 

 

 

Table 4. 2. PCR conditions for amplification of various genes. 

Gene denaturation annealing elongation 
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ACTB 94 °C for 3 

min 

56.7 °C for 45 s 72 °C for 1 min in 30 cycles 

ACSL1 94 °C for 3 

min 

61 °C for 45 s 72 °C for 1 min in 30 cycles 

CEBPA 94 °C for 3 

min 

61 °C for 45 s 72 °C for 1 min in 30 cycles 

PPARG 94 °C for 3 

min 

61 °C for 45 s 72 °C for 1 min in 30 cycles 

SREBF1 94 °C for 3 

min 

61 °C for 45 s 72 °C for 1 min in 30 cycles 

ACSL1- Acyl-CoA Synthetase Long Chain Family Member 1, CEBPA- CCAAT/enhancer-

binding protein α, PPARG- peroxisome proliferator-activated receptor gamma, SREBF1- sterol 

regulatory element binding transcription factor 1c 

Table 4. 3. Primer sequences used for RT (Reverse transcription)-PCR. 

Gene Primer sequences (5’-3’) 

ACTB Forward GCACCACACCTTCTACAATG 

Reverse TGCTTGCTGATCCACATCTG 

ACSL1 Forward GGAGTGGGCTGCAGTGAC 

Reverse GGGCTTGCATTGTCCTGT 

CEBPA Forward CGCCTTCAACGACGAGTTCCTG 

Reverse CGCCTTGGCCTTCTCCTGCT 

PPARG Forward ACCAAAGTGCAATCAAAGTGGA 

Reverse ATGAGGGAGTTGGAAGGCTCT 

SREBF1 Forward CGGAACCATCTTGGCAACAGT 

Reverse CGCTTCTCAATGGCGTTGT 

ACTB- actin beta, ACSL1- Acyl-CoA Synthetase Long Chain Family Member 1, CEBPA- 

CCAAT/enhancer-binding protein α, PPARG- peroxisome proliferator-activated receptor 

gamma, SREBF1- sterol regulatory element binding transcription factor 1c. (69, 146)  
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4.3.7. Statistical analysis 

The statistical program Statistica 12 (Tibco, Palo Alto, California USA) was used for statistical 

analyses. Statistical analyses were performed using One-way ANOVA with Post-hoc Tukey 

HSD, and Two-way ANOVA. p-values of p < 0,05, p < 0,01, and p < 0,001 were considered 

statistically significant. When the post-hoc test required, the Bonferroni correction was 

performed. Normality of data distribution was determined with Shapiro-Wilk test. T-test was 

used to determine the significance of the difference between the two samples in the case of a 

normal distribution of results in the population. The option of t-test type depended on the size 

and whether the samples were dependent or independent. The conclusion about the differences 

between the two independent continuous random variables distributions was based on the 

Mann-Whitney-Wilcoxon test if the distribution of the results was not normal. In the case of 

more than two samples, and depending on the nature of the results, parametric or nonparametric 

analysis of variance (ANOVA) was used. Friedman test was used for multiple dependent 

samples and the Kruskal-Wallis test was used as a nonparametric analysis for multiple 

independent samples. Statistics applies to all of these experiments. A sample in minimal 

biological triplicate was used for each statistical analysis.  
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5. RESULTS 

5.1. Establishment of the Cell Culture Model of DIFLD and NAFLD, and Assessment of 

the Effect of Oleic Acid, Amiodarone, and Tamoxifen on the Cell Viability 

The toxic effect of OA, AMD and TAM on the viability of Huh7 cells was investigated using 

the MTT assay after treatment with two different concentrations of OA (0,5, and 1 mM), five 

different AMD concentrations (5, 10, 20, 40 and 80 µM), four different TAM concentrations 

(0,5, 1, 2, 4 µM) and at different time periods (24 h, 48 h, 72 h). Each experiment was repeated 

at least three times to ensure consistency of results. IC20 were 0,5 mM OA, 20 µM AMD and 2 

µM TAM at 24 h incubation. Cells treated with higher concentrations of AMD experienced a 

greater decrease in cell viability with only 30% viable cells compared to the negative control 

as determined by the MTT assay shown in Figure 5.1. (p < 0,001). Incubation of the cells for a 

longer period of time also resulted in a significant decrease in cell viability at lower AMD 

concentrations, as shown in Figure 5.1 (p < 0,001). These results were mostly confirmed with 

Erythrosin B exclusion test where cell survival decreased with AMD treatment in dose and time 

dependent manner as shown in Figure 5.3. (p < 0,001), whereas the effect of OA on cell survival 

was insignificant comparing to the one observed with MTT assay. 

Higher concentrations of TAM did not have a significantly greater effect on cell viability, but 

a longer incubation period of 48 hours resulted in significant reduction in cell viability 

compared to the negative control, as shown in Figure 5.2. (p < 0,001). These results were 

confirmed by Erythrosin B exclusion test (Figure 5.4.). According to the MTT results, the 

concentrations of 0,5 mM OA, 20 µM AMD and 2 µM TAM at 24 h exposure time were 

selected as Huh7 model for NAS and DIS for all subsequent experiments.  
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Figure 5. 1. Determination of cell viability by MTT assay after exposure to varying amiodarone 

(AMD) and oleic acid (OA) concentrations and varying time periods in the Huh7 cell line.   

MTT measurements were done by absorption spectrophotometry at 595 nm. Results are shown 

as a percentage relative to the negative control from at least three independent experiments. 

Two-way ANOVA Time period F (2,71) = 88,8; p = 7,41 × 10−17, Treatment F (7,71) = 741,1; 

p= 1,23 × 10-46; post-hoc Tukey HSD. Bars assigned with asterisks are statistically significantly 

different (*** p < 0.001) compared to the negative control. Dulbecco’s Modified Eagle’s 

Medium (DMEM), oleic acid (OA/mM), amiodarone (AMD/µM) 

 

0

20

40

60

80

100

120

DMEM OA - 0,5 OA - 1 AMD - 5 AMD - 10 AMD - 20 AMD - 40 AMD - 80

C
el

l v
ia

b
ili

ty
 (

%
)

24h

48h

72h

******

***

***

***
***

***

***

***

***

*** ***

***

*** ***

***



31 
 

MTT measurements were done by absorption spectrophotometry at 595 nm. Results are shown 

as a percentage relative to the negative control from at least three independent experiments. 

Two-way ANOVA Time period F (2,44) = 127; p = 2,27 × 10−15, Treatment F (4,44) = 51,64; 

p= 4,98 × 10-13; post-hoc Tukey HSD. Bars assigned with asterisks are statistically significantly 

different (** p < 0,01, *** p < 0,001) compared to the negative control. Dulbecco’s Modified 

Eagle’s Medium (DMEM), tamoxifen (TAM/µM) 
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Figure 5. 2. Determination of cell viability by MTT assay after exposure to varying tamoxifen 

(TAM) concentrations and varying time periods in the Huh7 cell line. 



32 
 

 

(b) 

 

(c) 

Figure 5. 3. Cell survival after exposure of cells to varying amiodarone (AMD) and oleic acid 

(OA) concentrations and varying time periods in the Huh7 cell line. 

Determined by the Erythrosin B color exclusion test 24, 48, and 72 h after treatment; 

significance was analyzed on data regarding dead cells and compared to the negative DMEM 

control. Figure 5.3.a. Cell survival after 24 h of exposure to AMD and OA. One-way ANOVA 

F (9,29) =46,79, p=1,74×10-11 with Tukey HSD post-hoc test; ***p<0,001. The data shown are 

representative of at least three independent experiments. Figure 5.3.b. Cell survival after 48 h 

of exposure to AMD and OA. One-way ANOVA F (9,29) =71,56, p=3,05×10-13 with post-hoc 

Tukey HSD test; ***p<0,001. The data shown are representative of at least three independent 
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experiments. Figure 5.3.c. Cell survival after 72 h of exposure to AMD and OA. One-way 

ANOVA F (9,29) =31,48, p=6,48×10-10 with post-hoc Tukey HSD test; *p<0,05 ***p<0,001. 

The data shown are representative of at least three independent experiments. Dulbecco’s 

Modified Eagle’s Medium (DMEM), dimethyl sulfoxide (DMSO), bovine albumin serum 

(BSA), oleic acid (OA/mM), amiodarone (AMD/µM) 

 

Figure 5. 4. Cell survival after exposure of cells to varying tamoxifen (TAM) concentrations 

in the Huh7 cell line. 

Determined by the Erythrosin B color exclusion test 24 h after treatment; significance was 

analyzed on data regarding dead cells compared to the negative DMEM control. One-way 

ANOVA F (3,11) =8,769, p= 6,56x10-03 with post-hoc test Tukey HSD; *p<0,05. The data 

shown are representative of at least three independent experiments. Dulbecco’s Modified 

Eagle’s Medium (DMEM), tamoxifen (TAM/µM) 

5.2. Measurement of the Effect of Liraglutide in NAFLD and DIFLD Cell Culture Models 

on the Cell Viability 

To evaluate protective effect of LIRA in NAFLD and DIFLD cell culture models, three 

different concentrations of LIRA (5, 10, and 20 nM) were used as shown in Figures 3.a. and 

3.b. Cell viability was determined, and compared to negative control, and to cells treated with 

OA, AMD, and TAM. In the cells treated with OA (NAFLD model), 5 nM LIRA significantly 

increased cell viability (p < 0,01), whereas higher LIRA concentrations had the opposite effect. 
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significant increase in cell viability with LIRA co-treatment was observed (p < 0,05, p < 0,01) 

(Figure 5.7. and 5.8.).  

 

Figure 5. 5. Determination of cell viability by MTT assay after exposure of Huh7 cells to OA, 

AMD and various LIRA concentrations for 24 h. 

MTT measurements were done by absorption spectrophotometry at 595 nm. Results are shown 

as a percentage relative to the negative control of at least three independent experiments. One-

way ANOVA F (11,71) = 37,61; p = 8,38x10-23; Mann-Whitney pairwise. Bars assigned with 

asterisks are statistically significantly different (*p < 0,05, **p < 0,01). Dulbecco’s Modified 

Eagle’s Medium (DMEM) as a negative control, LIRA (L/nM), oleic acid (OA/mM), 

amiodarone (AMD/µM). 
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Figure 5. 6. Determination of cell viability by MTT assay after exposure of Huh7 cells to TAM 

and various LIRA concentrations for 24h. 

MTT measurements were done by absorption spectrophotometry at 595 nm. Results are shown 

as a percentage relative to the negative control of at least three independent experiments. One-

way ANOVA F (4,14) = 7,73; p = 4,164x10-03; post-hoc Tukey HSD. Bars assigned with 

asterisks are statistically significantly different (**p < 0,01). Dulbecco’s Modified Eagle’s 

Medium (DMEM) as a negative control, liraglutide (LIRA/nM), tamoxifen (TAM/µM) 

 

Figure 5. 7. Cell survival after exposure of Huh7 cells to OA, AMD and various LIRA 

concentrations for 24 h. 

Determined by the Erythrosin B color exclusion test 24 h after treatment; significance was 

analyzed on data regarding dead cells. One-way ANOVA F (1,35) =4,771, p=0,67x10-03; post-

0,0

20,0

40,0

60,0

80,0

100,0

120,0

DMEM TAM - 2 TAM + LIRA 5 TAM + LIRA 10 TAM + LIRA 20

C
el

l v
ia

b
ili

ty
 (

%
)

**

0,0

20,0

40,0

60,0

80,0

100,0

120,0

DMEM LIRA - 5 LIRA -
10

LIRA -
20

OA -
0,5

 OA +
LIRA 5

OA +
LIRA 10

OA +
LIRA 20

AMD -
20

AMD +
LIRA 5

AMD +
LIRA 10

AMD +
LIRA 20

P
er

ce
n

ta
ge

 o
f 

al
iv

e 
an

d
 d

ea
d

 c
el

ls
 (

%
)

Alive Dead

** **
*

*



36 
 

hoc Tukey HSD test; *p<0,05, **p<0,01. The data shown are representative of at least three 

independent experiments. Dulbecco’s Modified Eagle’s Medium (DMEM), liraglutide 

(LIRA/nM), oleic acid (OA/mM), amiodarone (AMD/µM) 

 

Figure 5. 8. Cell survival after exposure of Huh7 cells to TAM and various LIRA 

concentrations for 24 h. 

Determined by the Erythrosin B color exclusion test 24 h after treatment; significance was 

analyzed on data regarding dead cells. One-way ANOVA F (4,14) = 5,703, p=11,77x10-03 with 

post-hoc Tukey HSD test; *p<0,05. The data shown are representative of at least three 

independent experiments. Dulbecco’s Modified Eagle’s Medium (DMEM), liraglutide 

(LIRA/nM), tamoxifen (TAM/µM) 

5.3. Visualization and Quantification of lipid accumulation in NAFLD and DIFLD cell 

culture models, cotreated with different LIRA concentrations 

Accumulation of lipid droplets in OA and AMD models was demonstrated by ORO staining 

(Figure 5.9). Incubation of Huh7 cells with OA and AMD induced a statistically significant 

increase in lipid accumulation as shown in Figure 5.10. (p < 0,05, p < 0,01). Both OA and AMD 

increased the number of lipid droplets per cell, with 25-fold increase in OA treated cells (p < 

0,05), and a 100-fold increase observed in AMD treated cells (p < 0,01) compared to negative 

control as shown in Figure 5.11. Microsteatosis was found as a predominant feature of AMD 

induced DIFLD, with nuclei positioned in the center of the cells, whereas lipid droplets in OA 

where almost two-fold larger compared to negative control (p < 0,001), indicating 

macrosteatosis occurrence (Figure 5.12.). Co-treatment with LIRA reduced the lipid 
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accumulation in both NAFLD and DIFLD models (p < 0,01, p < 0,05). LIRA also significantly 

reduced the number of lipid droplets in AMD DIFLD by a half (p < 0,05). 

Accumulation of lipid droplets in TAM DIFLD models was demonstrated by ORO staining in 

Figure 5.13). TAM significantly increased lipid accumulation measured by integrated density 

of ORO staining per cell, in a 5-fold manner compared to negative DMEM control (p < 0,001), 

whereas LIRA slightly reversed this effect (Figure 5.14). TAM also increased number of lipid 

droplets per cell significantly, while LIRA reversed this effect (p < 0,05, p < 0,001) as seen in 

Figure 5.15. On the other hand, average size of lipid droplets was smaller with TAM, and LIRA 

increased it (p < 0,001) (Figure 5.16). 

Microscopic images of these cell culture models, taken by author, confirm these effects (Figure 

5.9. and 5.13.). 

 

Figure 5. 9. Visualization of lipid accumulation with Oil-Red-O dye. 

Lipid accumulation in Huh7 cells was visualized with Oil-Red-O dye, while DAPI (blue color) 

was used to stain nuclei. A- DMEM (negative control), B- 5 nM LIRA, C- 10 nM LIRA, D- 20 

nM LIRA, E- 0,5 mM OA (positive control), F- 0,5 mM OA and 5 nM LIRA, G- 0,5 mM OA 

and 10 nM LIRA, H- 0,5 mM OA and 20 nM LIRA, I- 20 µM AMD, J- 20 µM AMD and 5 nM 

LIRA, 20 µM AMD and 10 nM LIRA K- 20 µM AMD and 20 nM LIRA. Size bar represents 

10 µm. Dulbecco’s Modified Eagle’s Medium (DMEM), liraglutide (LIRA/nM), oleic acid 

(OA/mM), amiodarone (AMD/µM) 
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The data represent the integrated density of red color relative to the cell count. A higher number 

equals a more intense stain. Results are shown as a percentage relative to the negative control. 

One-way ANOVA F (11, 130) = 66,2; p= 2,54 × 10-45; Mann-Whitney U (Bonferroni-corrected 

p-value). Bars assigned with asterisks are statistically significantly different (* p < 0,05, ** p < 

0,01). The data are shown as the means ± SD (standard deviation) from at least three 

independent experiments. Dulbecco’s Modified Eagle’s Medium (DMEM), liraglutide 

(LIRA/nM), oleic acid (OA/mM), amiodarone (AMD/µM) 
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Figure 5. 10. Levels of lipids stained with Oil-Red-O dye in the Huh7 cells treated with OA, 

AMD, and LIRA. 

 



39 
 

 

Figure 5. 11. Number of lipids droplets per cell after analyzing the images of Oil-Red-O stained 

Huh7 cells treated with OA, AMD, and LIRA. 

The data represent the number of lipid droplets per cell. Results are shown as absolute values. 

One-way ANOVA F (11, 128) = 32,2; p= 2,4 × 10-30; Mann-Whitney U (Bonferroni-corrected 

p-value). Bars assigned with asterisks are statistically significantly different (* p < 0,05, ** p < 

0,01). The data are shown as the means ± SD (standard deviation) from at least three 

independent experiments. Dulbecco’s Modified Eagle’s Medium (DMEM), liraglutide 

(LIRA/nM), oleic acid (OA/mM), amiodarone (AMD/µM) 
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Figure 5. 12. Average size of lipid droplets after analyzing images of the Oil-Red-O stained 

Huh7 cells treated with OA, AMD, and LIRA. 
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Data represent the size of lipid droplets compared to negative DMEM control. One-way 

ANOVA F (11, 128) = 31,59; p= 5,48 × 10-30; post-hoc Tukey HSD. Bars assigned with 

asterisks are statistically significantly different (*** p < 0,001). The data are shown as the 

means ± SD (standard deviation) from at least three independent experiments. Dulbecco’s 

Modified Eagle’s Medium (DMEM), liraglutide (LIRA/nM), oleic acid (OA/mM), amiodarone 

(AMD/µM) 

 

Figure 5. 13. Visualization of lipid accumulation with Oil-Red-O dye. 

Lipid accumulation in Huh7 cells was visualized with Oil-Red-O dye, while DAPI (blue color) 

was used to stain nuclei. A- DMEM (negative control), B- 2 µM TAM, C- 2 µM TAM and 5 

nM LIRA, D- 2 µM TAM and 10 nM LIRA, E- 2 µM TAM and 20 nM LIRA. Size bar 

represents 10 µm. Dulbecco’s Modified Eagle’s Medium (DMEM), liraglutide (LIRA/nM), 

tamoxifen (TAM/µM) 

 

Figure 5. 14. Levels of lipids stained with Oil-Red-O dye in the Huh7 cells treated with TAM 

and LIRA. 

The data represent the integrated density of red color relative to the cell count. A higher number 

equals a more intense stain. Results are shown as a percentage relative to the negative control. 

One-way ANOVA F (4, 49) = 12,79; p= 4,94 × 10-07; post-hoc Tukey HSD. Bars assigned with 
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asterisks are statistically significantly different (*** p < 0,001). The data are shown as the 

means ± SD (standard deviation) from at least three independent experiments. Dulbecco’s 

Modified Eagle’s Medium (DMEM), liraglutide (LIRA/nM), tamoxifen (TAM/µM) 

 

Figure 5. 15. Number of lipids droplets per cell after analyzing images of Oil-Red-O stained 

Huh7 cells treated with TAM and LIRA. 

The data represent the number of lipid droplets per cell. Results are shown as absolute values. 

One-way ANOVA F (4, 49) = 11,25; p= 2,27 × 10-06 post-hoc Tukey HSD. Bars assigned with 

asterisks are statistically significantly different (* p < 0,05, *** p < 0,001). The data are shown 

as the means ± SD (standard deviation) from at least three independent experiments. Dulbecco’s 

Modified Eagle’s Medium (DMEM), liraglutide (LIRA/nM), tamoxifen (TAM/µM) 
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Figure 5. 16. Average size of lipid droplets after analyzing images of Oil-Red-O stained Huh7 

cells treated with TAM and LIRA. 

The data represent the size of lipid droplets compared to negative DMEM control. One-way 

ANOVA F (4,49) = 4,557; p= 3,555x10-03; post-hoc Tukey HSD. Bars assigned with asterisks 

are statistically significantly different (*** p < 0,001). The data are shown as the means ± SD 

(standard deviation) from at least three independent experiments. Dulbecco’s Modified Eagle’s 

Medium (DMEM), liraglutide (LIRA/nM), tamoxifen (TAM/µM) 

5.4. Measurement of triglyceride content in NAFLD and DIFLD cell culture models, 

and/or cotreated with different LIRA concentrations 

AMD and OA increased significantly triglyceride content in Huh7 cells (p < 0,001), as did 

TAM, but to a smaller extent (p < 0,05) as shown in Figures 5.17. and 5.18. LIRA reduced the 

triglyceride accumulation in all models in all three concentrations, but to the greatest extent in 

NAFLD (p < 0,001). 
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The data represent concentrations of triglycerides in cell samples. Results are shown as absolute 

values. One-way ANOVA F (11, 35) = 579,2; p= 2,62 × 10−26; post- hoc Tukey HSD. Bars 

assigned with asterisks are statistically significantly different (*** p < 0,001). The data are 

shown as the means ± SD (standard deviation) from at least three independent experiments. 

Dulbecco’s Modified Eagle’s Medium (DMEM), liraglutide (LIRA/nM), oleic acid (OA/mM), 

amiodarone (AMD/µM)  
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Figure 5. 17. Triglyceride content in DIFLD and NAFLD cell culture models incubated with 

varying concentrations of LIRA. 

Figure 5. 18. Triglyceride content in TAM NAFLD cell culture model, incubated with varying 

concentrations of LIRA. 
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Data represent concentrations of triglycerides in cell samples. Results are shown as absolute 

values. One-way ANOVA F (4, 44) = 8,713; p= 3,72 × 10−05; post-hoc Tukey HSD. Bars 

assigned with asterisks are statistically significantly different (* p < 0,05, *** p < 0,001). The 

data are shown as the means ± SD (standard deviation) from at least three independent 

experiments. Dulbecco’s Modified Eagle’s Medium (DMEM), liraglutide (LIRA/nM), oleic 

acid (OA/mM), amiodarone (AMD/µM) 

5.5. Assessment of the Effect of LIRA on GSH concentration in hepatocyte steatosis 

NAFLD and DIFLD cell culture models 

GSH levels were reduced in all three models of steatosis (Figure 5.19 and 5.20). Amiodarone 

and tamoxifen reduced it to 80% compared to DMEM negative control (p < 0,01, p < 0,05), 

while effect of OA was smaller. There was no significant difference in GSH concentrations 

with LIRA co-treatment. 

 

Figure 5. 19. GSH levels in the hepatocyte steatosis NAFLD and AMD DIFLD Huh7 cell 

culture models. 

GSH measurements were done by absorption spectrophotometry at 415 nm. Results are shown 

as a percentage relative to the negative control of at least three independent experiments. One-

way ANOVA F (11, 35) =8,171, p=9,93×10-06. post-hoc Tukey HSD test. Bars assigned with 

asterisks are statistically significantly different (**p < 0,01). Dulbecco’s Modified Eagle’s 

Medium (DMEM) as a negative control, LIRA (L/nM), oleic acid (OA/mM), amiodarone 

(AMD/µM) 
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Figure 5. 20. GSH levels in the hepatocyte steatosis TAM DIFLD Huh7 cell culture model. 

GSH measurements were done by absorption spectrophotometry at 415 nm. Results are shown 

as a percentage relative to the negative control of at least three independent experiments. One-

way ANOVA F (4, 14) =6,211, p=8,84x10-03. post-hoc Tukey HSD test. Bars assigned with 

asterisks are statistically significantly different (*p < 0,05). Dulbecco’s modified Eagle’s 

medium (DMEM) as a negative control, LIRA (L/nM), tamoxifen (TAM/µM) 

 

5.6. Evaluation of the effect of LIRA on various gene expression in hepatocyte steatosis 

NAFLD and DIFLD cell culture models 

To determine the effects of LIRA in hepatocyte steatosis NAFLD and DIFLD models on mRNA 

levels of ACSL1, CEBPA, PPARG, and SREBF1 RT-PCT was performed. In both OA and AMD 

models, ACSL1 gene expression was upregulated, whereas LIRA co-treatment decreased 

ACSL1 levels, but only in OA model with statistical significance (p < 0,001), as shown in Figure 

5.21.a. CEBPA was downregulated with the lowest LIRA treatment in the NAFLD model, 

Higher LIRA concentrations achieved downregulation in the DIFLD model, but all without 

statistical significance, as shown in Figure 5.21.b. The effect of LIRA on PPARG gene 

expression is shown in Figure 5.21.c. OA increased PPARG mRNA levels, whereas 5 nM and 

20 nM LIRA reversed this effect. In the AMD DIFLD model, PPARG gene expression was 

upregulated and 10 nM LIRA reversed this effect, but without statistical significance. In both 

models a slight increase in SREBF1 expression was observed (Figure 5.21.d.), whereas 5 nM 

LIRA significantly downregulated its expression in NAFLD model (p < 0,05), and 10 nM LIRA 

in DIFLD model (p < 0,01). 
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In second series of experiments with hepatocyte steatosis TAM DIFLD model, increased 

expression of all genes occurred with TAM treatment except a decrease in PPARG gene 

expression as demonstrated in Figures 5.22.a, 5.22.b, 5.22.c, and 5.22.d (p < 0.05, p < 0.001). 

LIRA co-treatment decreased expression of ACSL1 and SREBF1 genes, while the effect on 

CEBPA and PPARG was opposite (p < 0.01, p < 0.001). 
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                        SREBF1 

                                            

 

                            ACTB 

(d) 

 (a) ACSL1 gene expression in the treated Huh7 cell line. Data represents a percentage relative 

to negative control (DMEM), of at least three independent experiments. One-way ANOVA F 

(11, 35) = 12,8 p = 1,63x10-07; post-hoc Tukey HSD test; * p < 0,05, *** p < 0,001. RT-PCR 

was used for the gene expression analysis, and Image Lab 6.0.1 build 34 Bio-Rad Laboratories 

was used to semi-quantify the results (normalized to the ACTB mRNA levels). The values are 

represented as means ±SD. Representative figure of Southern blot analysis of ACSL1 gene 

expression compared to ACTB expression. (b) CEBPA gene expression in the treated Huh7 cell 

line. Data represents a percentage relative to negative control (DMEM), of at least three 

independent experiments. One-way ANOVA F (11, 47) = 2,661, p = 13,17x10-03; post hoc 

Tukey HSD test. RT-PCR was used for the gene expression analysis, and Image Lab 6.0.1 build 

34 Bio-Rad Laboratories was used to semi-quantify the results (normalized to the ACTB mRNA 

levels). The values are represented as means ±SD. Representative figure of Southern blot 

analysis of C/EBPα expression compared to ACTB expression. (c) PPARG gene expression in 

the treated Huh7 cell line. Data represents a percentage relative to negative control (DMEM), 

of at least three independent experiments. One-way ANOVA F (11, 59) = 4,415, p = 1,42x10-

04; Mann-Whitney U test * p < 0,05. RT-PCR was used for the gene expression analysis, and 

Image Lab 6.0.1 build 34 Bio-Rad Laboratories was used to semi-quantify the results 

(normalized to the ACTB mRNA levels). The values are represented as means ± SD.  

Representative figure of Southern blot analysis of PPARG expression compared to ACTB 

expression. (d) SREBF1 gene expression in the treated Huh7 cell line. Data represents a 

percentage relative to negative control (DMEM), of at least three independent experiments. 

One-way ANOVA F (11, 59) = 4,241, p = 2,12x10-04; post hoc Tukey HSD test; * p < 0,05, ** 

p < 0,01. RT-PCR was used for the gene expression analysis, and Image Lab 6.0.1 build 34 

Bio-Rad Laboratories was used to semi-quantify the results (normalized to the ACTB mRNA 

levels). The values are represented as means ± SD. Representative figure of Southern blot 

analysis of SREBF1 expression compared to ACTB expression. Dulbecco’s Modified Eagle’s 

Figure 5. 21. Expression of ACSL1, CEBPA, PPARG, and SREBF1 in hepatocyte steatosis 

cell culture models of NAFLD and AMD DIFLD. 
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Medium (DMEM), LIRA (LIRA/nM), oleic acid (OA/mM), amiodarone (AMD/µM), Acyl-

CoA Synthetase Long Chain Family Member 1 (ACSL1), CCAAT/enhancer-binding protein α 

(CEBPA), peroxisome proliferator-activated receptor gamma (PPARG), sterol regulatory 

element binding transcription factor 1c (SREBF1) 
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(b) 
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Figure 5. 22. Expression of ACSL1, CEBPA, PPARG, and SREBF1 in hepatocyte steatosis cell 

culture models of TAM DIFLD. 
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(a) ACSL1 gene expression in the treated Huh7 cell line. Data represents a percentage relative 

to negative control (DMEM), of at least three independent experiments. One-way ANOVA F 

(3, 11) = 68,59 p = 4,75x10-06; post hoc Tukey HSD test; *** p < 0,001. RT-PCR was used for 

the gene expression analysis, and Image Lab 6.0.1 build 34 Bio-Rad Laboratories was used to 

semi-quantify the results (normalized to the ACTB mRNA levels). The values are represented 

as means ±SD. Representative figure of Southern blot analysis of ACSL1 expression compared 

to ACTB expression. (b) CEBPA gene expression in the treated Huh7 cell line. Data represents 

a percentage relative to negative control (DMEM), of at least three independent experiments. 

One-way ANOVA F (3, 11) = 29,85, p = 1,08x10-04; post hoc Tukey HSD test; * p < 0,05 ** p 

< 0,01. RT-PCR was used for the gene expression analysis, and Image Lab 6.0.1 build 34 Bio-

Rad Laboratories was used to semi-quantify the results (normalized to the ACTB mRNA levels). 

The values are represented as means ± SD. Representative figure of Southern blot analysis of ) 

CEBPA expression compared to ACTB expression. (c) PPARG gene expression in the treated 

Huh7 cell line. Data represents a percentage relative to negative control (DMEM), of at least 

three independent experiments. One-way ANOVA F (3, 11) = 141,4, p = 2,87x10-07, post hoc 

Tukey HSD test; *** p < 0,001. RT-PCR was used for the gene expression analysis, and Image 

Lab 6.0.1 build 34 Bio-Rad Laboratories was used to semi-quantify the results (normalized to 

the ACTB mRNA levels). The values are represented as means ± SD.  Representative figure of 

Southern blot analysis of PPARG expression compared to ACTB expression. (d) SREBF1 gene 

expression in the treated Huh7 cell line. Data represents a percentage relative to negative control 

(DMEM), of at least three independent experiments. One-way ANOVA F (3, 11) = 85,78, p = 

2,01x10-06; post hoc Tukey HSD test; *** p < 0,001. RT-PCR was used for the gene expression 

analysis, and Image Lab 6.0.1 build 34 Bio-Rad Laboratories was used to semi-quantify the 

results (normalized to the ACTB mRNA levels). The values are represented as means ± SD. 

Representative figure of Southern blot analysis of SREBF1 expression compared to ACTB 

expression. Dulbecco’s Modified Eagle’s Medium (DMEM), LIRA (LIRA/nM), oleic acid 

(OA/mM), amiodarone (AMD/µM), Acyl-CoA Synthetase Long Chainn Family Member 1 

(ACSL1), CCAAT/enhancer-binding protein α (CEBPA), peroxisome proliferator-activated 

receptor gamma (PPARG), sterol regulatory element binding transcription factor 1c (SREBF1) 
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6. DISCUSSION 

Various in vitro models for NAFLD have so far been developed, most commonly by adding 

palmitic acid and/or OA to different cell cultures. We used an Huh7 cell line and OA in our 

current research which revealed a significant reduction in cell viability (20%) after treatment 

of Huh7 cells with 0,5 mM OA for 24 h and 48 h. In contrast, Ricchi et al. found that OA had 

no effect on cell viability (116). In our current study, after 72 hours of treatment, the observed 

toxic effect vanished. One explanation is that OA was only added at the start of this experiment, 

giving cells time to recover. 

AMD was chosen as a key compound for the induction of DIFLD after a thorough literature 

search. It has been demonstrated to have a hepatosteatotic effect, and clinical use of it is 

widespread. AMD has not been demonstrated to have an extrahepatic effect that could 

significantly contribute to its hepatosteatotic activity, in contrast to some other drugs that cause 

hepatosteatosis. AMD is therefore suitable for cell culture studies because it directly affects 

hepatic cells, and achieves hepatosteatotic effect (147). A concentration of 20 µM and an 

incubation time of 24 h were chosen after treating cells with various AMD concentrations for 

various amounts of time due to the significant effects on cell viability, but not in such manner 

to cause apoptosis to a greater extent (that occurs with higher AMD concentrations, and longer 

incubation times). The same settings for treatment have been used in earlier studies (67).  

In the second series of experiments, TAM was used as a key compound for DIFLD 

establishment and evaluation. MTT analysis after 24 h revealed IC20 of TAM to be 2 µM, while 

48 h incubation period significantly reduced cell viability to 50 %, or even less than 10% (with 

4 µM) compared to control. Therefore, cells treated with 2 µM TAM for 24 h were chosen  for 

TAM DIFLD model, although other studies used even 10 and 20 µM TAM (69). 

When we compared the NAFLD and DIFLD models, we saw that the effects on cell viability 

were similar, but that OA induced triglyceride accumulation more than AMD or TAM. AMD 

had a greater impact on lipid accumulation/cell in general, as demonstrated by ORO staining. 

In HepG2 cells treated with AMD for 24 h, Zhou et al. observed a significant three-fold increase 

in the number of lipid droplets per cell, while in current our study 100-fold increase comparing 

to negative control occurred due to AMD 24 h treatment (147, 148). Average size of lipid 

droplets was increased with AMD treatment in the Zhou et al. study, whereas in our current 

study it was just slightly decreased (148). Comparing the integrated density of quantified ORO 

staining to the number of cells in the study, a tenfold increase over the negative control was 

found. As one of the primary characteristics of AMD DIFLD, triglyceride accumulation was 
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shown by Vitins et al., but only after longer incubation times. Following a 24 hour treatment 

period, only a slight increase was seen (149). Triglycerides were three times higher in AMD 

DIFLD in our current study according to ORO staining with a much greater increase in lipid 

accumulation. It is possible that AMD also caused an accumulation of other lipids in the liver. 

Accordingly, phosphatidylcholine accumulation was found after AMD treatment in one in vivo 

study (149, 150). On the other hand, similar to earlier studies, triglyceride accumulation was 

significantly increased in an OA NAFLD model (116). 

DIFLD model with TAM also had an increase in triglyceride levels, similar to the AMD model, 

and to previous in vitro studies (69). However, in the current study, an increase in overall lipid 

accumulation and steatosis shown by ORO staining was greater which is similar to those of 

previous studies, indicating accumulation of other lipids as well (151). This increase occurred 

due to rise in the number of lipid droplets in 8-fold manner compared to control. The result was 

slightly less than the AMD-induced increase in the number of lipid droplets, but 2 times more 

than in OA NAFLD model. 

The various models also had different histological patterns. According to earlier studies, AMD 

and TAM DIFLD in our study manifested as microsteatosis. (19, 42, 67, 116, 152). Whereas 

NAFLD presented with larger vesicles (macrosteatosis) and is typically found as 

macrovesicular steatosis, although Tandra et al. demonstrated that microvesicular steatosis was 

also present in roughly 10% of biopsies from patients with NAFLD (153, 154). Our current 

study supports these findings, considering that average size of lipid droplets was three-fold 

greater in OA NAFLD model, comparing to AMD and TAM DIFLD model, that appeared with 

lipid droplets even smaller than negative DMEM control.  

Levels of GSH, a molecule that has an important role in detoxification in liver, can be reduced 

due to drug consumption and increase in ROS (63). A depletion of GSH was observed also in 

NAFLD (155). Similarly, in our current study, both AMD and TAM significantly reduced GSH 

levels to 80% comparing to negative control. This indicates that oxidative stress caused by these 

agents contributes to their hepatotoxic effect. OA NAFLD model showed just a slight decrease 

in GSH levels.  

The expression of the gene for ACSL1, a protein that transforms free long-chain fatty acids into 

fatty acyl-CoA esters, increased in all three fatty liver models by 40% comparing to control. 

Although this increase has been shown in numerous prior studies using NAFLD models, this is 

the first report of an AMD- and TAM-induced increase in ACSL1 in liver (73). Therefore, 
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upregulation of ACSL1, which has been linked to both a decrease in fatty acid -oxidation and 

an increase in lipogenesis in the liver, is at least partially responsible for the increased 

triglyceride accumulation seen in our models. (71, 72). This effect was achieved through 

PPARG signalling pathway according to Li et al. (71). PPARG expression was found to be 

significantly upregulated in NAFLD and AMD DIFLD models, while in a TAM model it was 

significantly downregulated. This is opposite to results of a previous in vitro study on a TAM 

DIFLD model (69). Additionally, earlier research has shown an increase in liver PPARG 

expression in NAFLD model (138, 156, 157). This may point to a potential steatotic role for 

PPARG in the liver in the formation of lipid droplets and triglyceride accumulation in OA and 

AMD models of fatty liver (78, 87). Considering the complicated role of PPARG (possible anti-

fibrotic activity) in the liver, the downregulation observed in TAM could also indicate a higher 

possibility for fibrosis development. In the NAFLD and DIFLD models, an increase in CEBPA 

and SREBF1 gene expression was seen, confirming their function in promoting fatty changes 

(73, 74). The greatest CEBPA upregulation by 20% over control, was observed in TAM DIFLD, 

although Zhao et al. demonstrated a slight downregulation of CEBPA following TAM 

treatment. TAM DIFLD model showed also the greatest increase in SREBF1 expression, but to 

a much lesser extent comparing to Zhao et al. model (69). 

After assessing various studies, which stated that the maximum clinical dose of LIRA given to 

patients was 3 mg per day (this number was increased to a person weighing 85 kg, yielding a 

dose of 11.3 nmol/kg), we chose to use 5, 10, and 20 nM LIRA for the experiments because, in 

our model concentrations higher than 20 nM significantly reduced cell viability (although some 

studies used even 100 nM and 500 nM) (134, 135). The selected LIRA doses used in the current 

study may have had a hypoglycemic effect when administered to cells. But only in response to 

increases in blood glucose levels does LIRA cause an increase in insulin secretion while 

inhibiting glucagon. As a result, there should be little chance of developing hypoglycemia. 

Although, the lowest LIRA concentration used in our study, 5 nM, had a slightly positive effect 

on cell viability, higher concentrations decreased cell viability. Erythrosin B exclusion test 

showed similar results regarding cell survival. But, in the AMD model all three LIRA 

concentrations significantly increased cell survival. In line with other studies, LIRA generally 

decreased lipid accumulation in the NAFLD model and had an even stronger impact in the 

AMD DIFLD model. (136, 158). We were unable to find a study that similarly demonstrated 

the antisteatotic effects of LIRA in the DIFLD model. In NAFLD model, however, LIRA also 

decreased the size of lipid droplets, indicating a reverse effect on macrosteatosis which was 
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supported by the significant drop in triglyceride content (triglycerides are thought to be the 

main contributor to lipid droplet enlargement) (159, 160). On the contrary, the antisteatotic 

effect of LIRA in DIFLD models was mainly reflected by a reduction in the number of lipid 

droplets. Also, a significant decrease in triglyceride content in TAM DIFLD model treated with 

20 nM LIRA was observed. 

GSH concentrations in all three models remained unchanged or just slightly elevated with LIRA 

co-treatment, although previous research reported significant increase in GSH activity achieved 

by LIRA (161, 162) 

All concentrations of LIRA, with the exception of 5 nM LIRA in the DIFLD model, resulted in 

downregulation of ACSL1 in all three models, with greatest downregulation observed in TAM 

model. This indicated that the antitosteatotic effects of LIRA were partly brought on by 

interfering with the ACSL1 signaling pathway and lowering triglyceride synthesis. Vildagliptin, 

another drug that amplifies the effects of the GLP-1R, was shown by Flock et al. to have a 

comparable effect (163).  

Similar to earlier in vivo studies, LIRA increased PPARG in cells that were incubated only in a 

low-glucose medium indicating that it is in charge of regulating the lipid balance in hepatocytes. 

(138). Decara et al. showed that LIRA upregulated lipogenesis-related PPARG genes in lean 

rats whereas in high-fat diet-induced obesity rats, LIRA reduction of lipid accumulation was 

caused by a reduction in PPARG liver expression (138). Accordingly, LIRA mainly decreased 

PPARG expression in our current study when it was added to the NAFLD and DIFLD models. 

It is also noteworthy that this effect was not dose-dependent and that it could even have been 

opposite at some LIRA concentrations. The varied functions of PPARG in the liver may help 

to explain this outcome. Numerous studies showed that liver PPARG activation has an 

antifibrotic effect. (79, 164, 165). PPARG is required for the inactivation of human hepatic 

stellate cells (HSCs) and the reversal of liver fibrosis in mice, according to research by Ni et al. 

and Liu et al. (79, 164). Additionally, PPARG prevented the proliferation of HSCs and reduced 

the production of extracellular matrix by inhibiting the activation of the TGF-1/Smad signalling 

pathway (78, 79, 166). Finally, PPARG agonism increased the sensitivity of muscle, liver, and 

adipose tissue to insulin. This effect likely overcame PPARG negative effects on fat 

accumulation in hepatocytes and led to a reduction in liver fat which was confirmed in various 

clinical studies (167-169).  Decara et al. demonstrated that in the adipose tissue of HFD-induced 

obesity-prone rats, LIRA slightly upregulated PPARG (138, 139).  
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In our current study, the impact of LIRA on CEBPA gene expression varied, but lacked 

statistical significance. LIRA cotreatment had a different impact on the hepatocyte steatosis 

NAFLD and DIFLD models, with the hepatocyte steatosis AMD DIFLD model showing the 

greatest decrease in CEBPA mRNA levels while in hepatocyte steatosis NAFLD and TAM 

DIFLD model CEBPA expression was mostly increased with LIRA co-treatment. Guzman et 

al. showed that CEBPA repressed liver fatty acid binding protein (FABP1) which is in charge 

of regulating FFAs trafficking and partition as well as preventing the lipotoxicity of FFAs (74). 

In both human NAFLD and NAFLD in animal models, CEBPA was either induced or remained 

the same (74). However, numerous studies revealed that CEBPA also had an antifibrotic effect 

in the liver which is achieved by inducing HSC apoptosis (75, 170-172). Although numerous 

studies have demonstrated that LIRA downregulates CEBPA expression in adipose tissue when 

given for longer periods of time, more studies have yet to investigate these effects in the liver 

(173, 174). Additionally, more research is required to assess role of CEBPA in the liver. 

In the current study, LIRA co-treatment significantly reduced the expression of SREBF1 in all 

three models, confirming the function of the SREBF1 gene pathway in the antisteatotic effect 

of LIRA. Wang et al. demonstrated the impact of LIRA on AMPK/SREBP1 pathway-mediated 

reduction in lipid content in the liver (136). AMPK controls the long-term adaptation of lipid 

metabolism in liver by downregulation of SREBF1. Therefore, upregulation of SREBF1 leads 

to disturbance in lipid metabolism and accumulation of fat in liver (136). 

Our study's primary limitation is the simplification of the NAFLD and DIFLD models 

established with the Huh7 cell line. However, these in vitro models have the benefit of allowing 

researchers to evaluate the direct impact of LIRA on hepatocytes. 

LIRA has demonstrated its hepatoprotective and antisteatotic effects in NAFLD and DIFLD 

cell culture models established with Huh7 cell line. These effects are attained by reducing the 

gene expression of several factors (ACSL1, CEBPA, PPARG, and SREBF1) that contribute to 

lipid synthesis. Some of these gene pathways' functions in the liver have not yet been fully 

understood. Overall, our research indicates that LIRA may be crucial in the management of not 

only NAFLD, but also DIFLD. However, additional research is required to confirm the 

hepatoprotective function of LIRA in various fatty liver models and to define the precise role 

of the various gene pathways in the development of fatty liver disease, not only in hepatocytes 

but also in other liver cells. 
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7. CONCLUSIONS 

 

Based on this study results, the following conclusions can be drawn: 

 Cell viability is decreased in all three models of hepatocyte steatosis – OA-induced 

NAFLD, AMD-induced DIFLD, and TAM-induced DIFLD. LIRA in lower 

concentrations slightly increased cell viability in all models. 

 Increased lipid accumulation occurred in all three models, with greatest accumulation 

observed in AMD DIFLD, due to the increase in number of lipid droplets, while OA 

NAFLD showed greatest increase in average size of lipid droplets, indicating 

macrosteatosis occurrence. On the contrary both DIFLD models showed microsteatotic 

changes. LIRA generally significantly reduced lipid accumulation. 

 Levels of triglycerides were increased in all models, with greatest increase observed in 

OA NAFLD, which corresponds to macrosteatotic changes in this model. LIRA reduced 

significantly triglyceride levels in all hepatocyte steatosis models. 

 GSH concentration was significantly reduced in DIFLD models, but not in NAFLD 

model. LIRA exerted little or no effect on levels of GSH. 

 Expression of ACSL1, CEBPA, PPARG, and SREBF1 gene pathways, which are all 

involved in lipogenesis was generally increased in all models, except for PPARG in 

TAM DIFLD model. LIRA generally downregulated these gene pathways, with greatest 

effect observed in SREBF1 expression. However, PPARG and CEBPA were even 

upregulated in some cell groups (negative control, TAM DIFLD), indicating a complex 

role of these pathways in the liver. 

 LIRA co-treatment ameliorates steatosis in hepatocyte steatosis NAFLD and DIFLD 

models established with Huh7 cell culture by downregulating the expression of 

lipogenic pathways. 
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8. SUMMARY 

 

Background and aims: Drug-induced fatty liver disease (DIFLD) has become a common 

cause of non-alcoholic fatty liver disease (NAFLD) due to the aging of the population and the 

prevalence of polypharmacy in the elderly. It is possible for NAFLD and DIFLD to coexist 

which makes it even more crucial to be able to differentiate them. Our aim was to investigate 

hepatocyte steatosis NAFLD and DIFLD cell culture models and ascertain the effects of 

liraglutide in those models.  

Materials and Methods: To create models of hepatocyte steatosis NAFLD and DIFLD, Huh7 

cells were treated with oleic acid, amiodarone, or tamoxifen. Liraglutide was administered to 

the cells, and MTT was used to measure cell viability, while Erythrosin B color exclusion test 

was used to confirm results for cell survival. Oil-Red-O staining and a triglyceride assay were 

used to measure lipid accumulation, GSH assay kit was used for the measurement of GSH 

concentrations in all three models, and RT-PCR was used to measure intracellular signals 

involved in hepatosteatosis.  

Results: The concentrations of oleic acid, amiodarone, and tamoxifen that achieved 80% cell 

viability comparing to the negative control were used in subsequent experiments to establish 

the NAFLD and DIFLD models. Those were 0.5 mM oleic acid, 20 µM amiodarone, and 2 µM 

tamoxifen, respectively. Liraglutide improved cell viability in all models (p < 0,01). All models 

showed increased lipid accumulation, with DIFLD showing a microsteatotic pattern and 

NAFLD showing a macrosteatotic pattern, the latter of which corresponds to greater 

triglyceride accumulation. These steatotic changes were lessened by liraglutide (p < 0,001). 

GSH levels were reduced in all three models of steatosis. Amiodarone and tamoxifen reduced 

it to 80% compared to DMEM negative control (p < 0,01, p < 0,05), while effect of OA was 

smaller. There was no significant difference in GSH concentrations with liraglutide co-

treatment. In the hepatocyte steatosis NAFLD and DIFLD models, liraglutide decreased the 

expression of the lipogenic ACSL1, PPARG, and SREBF1 pathways (p < 0,01).  

Conclusion: In hepatocyte steatosis NAFLD and DIFLD models established with Huh7 cell 

culture, liraglutide reduced hepatocyte steatosis through downregulation of lipogenic ACSL1, 

PPARG, and SREBF1 pathways. 

Keywords: Liraglutide; Non-alcoholic fatty liver disease; Tamoxifen; Amiodarone; Drug 

Induced Liver Injury; Cell-culture  
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Utjecaj analoga peptida 1 sličnog glukagonu na mehanizme nastanka lijekovima izazvanog 

jetrenog oštećenja u staničnim kulturama 

9. SAŽETAK 

 

Uvod i ciljevi istraživanja: Masna promjena jetre izazvana lijekovima (DIFLD) postala je čest 

uzrok nealkoholne masne promjene jetre (NAFLD). zbog starenja stanovništva i raširenosti 

polifarmacije u starijih osoba. Moguće je da NAFLD i DIFLD koegzistiraju, što čini njihovo 

razlikovanje još važnijim. Naš je cilj bio istražiti modele NAFLD i DIFLD steatoze hepatocita 

u staničnoj kulturi i utvrditi učinke liraglutida u tim modelima. 

Materijali i metode: Za izradu modela steatoze hepatocita NAFLD i DIFLD, Huh7 stanice su 

tretirane oleinskom kiselinom, amiodaronom ili tamoksifenom. Liraglutid je dodan kao 

kotretman u stanice, a MTT je korišten za mjerenje viabilnosti stanica, dok je test isključenja 

eritrozin B bojom korišten za potvrdu rezultata za preživljavanje stanica. Oil-Red-O bojenje i 

test triglicerida korišteni su za mjerenje nakupljanja lipida, GSH kit korišten je za mjerenje 

koncentracija GSH u sva tri modela, a RT-PCR je korišten za mjerenje intracelularnih signala 

uključenih u hepatosteatozu. 

Rezultati: Koncentracije oleinske kiseline, amiodarona i tamoksifena koje su postigle 80% 

vijabilnosti stanica u usporedbi s negativnom kontrolom korištene su u narednim 

eksperimentima za uspostavljanje NAFLD i DIFLD modela. Te su koncentracije bile: 0,5 mM 

oleinske kiseline, 20 µM amiodarona, odnosno 2 µM tamoksifena. Liraglutid je poboljšao 

vijabilnost stanica u svim modelima (p < 0,01). Svi modeli pokazali su povećanu akumulaciju 

lipida, pri čemu je DIFLD pokazao mikrosteatotsku sliku, a NAFLD makrosteatotsku sliku, od 

kojih potonji odgovara većoj akumulaciji triglicerida. Liraglutid je smanjio ove steatotične 

promjene (p < 0,001). Razine GSH bile su smanjene u sva tri modela steatoze. Amiodaron i 

tamoksifen smanjili su ga na 80% u usporedbi s DMEM negativnom kontrolom (p < 0,01, p < 

0,05), dok je učinak OA bio manji. Nije bilo značajne razlike u koncentracijama GSH s 

kotretmanom LIRA-om. U NAFLD i DIFLD modelu steatoze hepatocita, liraglutid je smanjio 

ekspresiju lipogenih puteva ACSL1, PPARG i SREBF1 (p < 0,01). 

Zaključak: U NAFLD i DIFLD modelima steatoze hepatocita uspostavljenim s Huh7 staničnom 

kulturom, liraglutid je smanjio steatozu hepatocita kroz regulaciju lipogenih puteva ACSL1, 

PPARG i SREBF1. 
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Ključne riječi: Liraglutid; Nealkoholna masna promjena jetre; Tamoksifen; Amiodaron; 

Lijekovima uzrokovano oštećenje jetre; Stanična kultura  
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