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Abstract:
[bookmark: _Hlk31388590][bookmark: _Hlk31482143]Dyslipidemia is a risk factor for cardiovascular disease, steatohepatitis and progression of liver disorders. This study investigated the protective effect of farnesol (FAR), a sesquiterpene alcohol, against liver injury in high cholesterol diet (HCD)-fed rats, and its modulatory effect on fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC). HCD was supplemented for ten weeks and the rats were concurrently treated with FAR. Rats received HCD exhibited significant elevation of serum cholesterol, triacylglycerols, LDL- and vLDL-cholesterol, CRP and pro-inflammatory cytokines and increased values of the cardiovascular risk indices. Serum transaminases, ALP, LDH and CK-MB, and hepatic lipid peroxidation (LPO), cholesterol and triacylglycerols were increased in HCD-fed rats. Treatment with FAR greatly ameliorated dyslipidemia and liver function, reduced inflammatory mediators, LPO, and hepatic lipid infiltration, and enhanced antioxidant defenses. FAR suppressed hepatic FAS, ACC and SREPB-1c mRNA abundance and FAS activity in HDC-fed rats. In addition, molecular docking simulations pinpointed the binding modes of FAR to the active pocket residues of FAS and ACC. In conclusion, FAR possesses a strong anti-hyperlipidemic/anti-hypercholesterolemic activity mediated through its ability to modulate hepatic FAS, ACC and SREPB-1c. FAR prevented oxidative stress, inflammation and liver injury induced by HCD. Thus, FAR may represent a promising lipid-lowering agent that can protect against dyslipidemia and its linked metabolic deregulations.
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Introduction
Dyslipidemia is an abnormal lipid metabolism representing the primary risk factor in the development of cardiovascular and hepatic diseases (Sozen &Ozer 2017). Lipid metabolism imbalance may result from the interaction between genetics and environmental factors, such as eating habits, especially the excessive consumption of foods rich in cholesterol and saturated fats (Bin-Jumah 2018, Ordovas 2009). Extensive evidence has demonstrated the key role of hyperlipidemia, particularly hypercholesterolemia, in the initiation of cardiovascular events in patients with cardiovascular disease (CVD) (Cífková &Krajčoviechová 2015, Han et al. 2018). In addition, it has been reported that excess accumulation of cholesterol in liver may lead to hepatotoxicity characterized by increased inflammatory cells infiltration, hepatocyte degenerative changes and fibrosis (AlSharari et al. 2016, Farrell &Larter 2006, Muniz et al. 2019, Sozen &Ozer 2017). Furthermore, increased lipid levels in endothelial cells, hepatocytes, cardiomyocytes, leukocytes and erythrocytes may increase reactive oxygen species (ROS) production, oxidative degradation of lipids and membrane destabilization that eventually lead to cellular dysfunction and death (Förstermann 2008, Küçükgergin et al. 2010, Sozen &Ozer 2017). A recent study has reported that feeding a high cholesterol diet (HCD) increased serum transaminases, and pro-inflammatory mediators and caused hepatic and cardiac oxidative damage in rats (Bin-Jumah 2018). Therefore, the prevention of lipid imbalance is important to prevent and treat various vascular and hepatic diseases.
Lipid accumulation in liver can occur as a result of increased synthesis and uptake of fatty acids (FAs) and/or reduced FA oxidation (Orellana-Gavalda et al. 2011, van Herpen &Schrauwen-Hinderling 2008). Recently, fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC) have become interesting targets to assist in finding therapeutics for the treatment of obesity and hypercholesterolemia (Lu &Archer 2005). FAS, a key enzyme in the biosynthesis of FAs, catalyzes the synthesis of palmitate from acetyl-CoA, malonyl-CoA and NADPH  (Smith et al. 2003). FAS comprises seven catalytic domains (ketoacyl ACP synthase (KS), hydroxyacyl ACP dehydratase (HD), ketoacyl ACP reductase (KR), acyl transferase (AT), enoyl ACP reductase (ER), malonyl CoA-ACP transferase (MT), and thioesterase (TE)) distributed around a central acyl carrier protein (ACP) (Chirala &Wakil 2004). Each subunit is responsible for a certain function in the synthesis of palmitate. The TE domain was identified as the main factor controlling the last step of FAs synthesis, particularly the release of palmitate by the hydrolysis of thioester linkage in palmitoyl-S-ACP (Chirala &Wakil 2004). The KS domain is responsible for the production of various lengths FAs (Witkowski et al. 2002). ACC is a biotin-dependent enzyme catalyzing the production of malonyl-CoA from acetyl-CoA. This ACC-catalyzed reaction is an important step in modulating both the biosynthesis and oxidation of FAs (Xiang et al. 2009). ACC consists of biotin carboxylase (BC), biotin carboxy carrier protein (BCCP), and carboxy transferase (CT) domains (Corbett et al. 2010). The binding modes of the active inhibitors with FAS and ACC are still a matter of debate. The lack of this knowledge has increased the curiosity toward better understanding of the interactions of these enzymes with reactive drugs.
[bookmark: _Hlk38893784]The use of plants and their products in the treatment of hyperlipidemia is an ongoing approach worldwide. Indeed, natural compounds with antioxidant and lipid-lowering actions may confer beneficial effects against the serious pathological consequences of cholesterol accumulation in certain tissues, such as liver and heart. Farnesol (FAR; 3,7,11-trimethyldodeca-2,6,10-trien-1-ol) is a sesquiterpene alcohol widely distributed in fruits, vegetables, essential oils and herbs. Peaches, tomatoes, corn, chamomile, lemon grass, and citronella and ambrette seeds oils are among the sources of FAR (Goto et al. 2011, Jung et al. 2018, Tatman &Mo 2002). Numerous biological activities of FAR, including antioxidant, anti-inflammatory, anti-obesity, hepatoprotective and cardioprotective effects have been documented (Jung et al. 2018, Kim et al. 2017, Lateef et al. 2013). FAR protected the lungs against cigarette smoke-induced injury by mitigating inflammation and oxidative stress in rats (Santhanasabapathy et al. 2015). Besides, FAR was shown to ameliorate acrylamide-induced inflammation and neurotoxicity in mice by suppressing inflammatory mediators (Qamar &Sultana 2008). FAR has also prevented ischemia/reperfusion (I/R) injury by increasing protein geranylgeranylation and enhancing antioxidant activity in cardiomyocytes (Szűcs et al. 2013), and protected against calcium overload-induced arrhythmia through decreasing ROS generation in rats (de Souza et al. 2019). Moreover, FAR has been shown to modulate lipid profile by reversing the aberrated low-density lipoprotein (LDL)-cholesterol/high-density lipoprotein (HDL)-cholesterol and HDL cholesterol/total cholesterol ratios in asthmatic mice (Ku &Lin 2015). Another study showed that FAR reduced serum triglyceride (TG) and enhanced metabolic abnormalities by regulating PPARα in hepatocytes (Goto et al. 2011). FAR has also been shown to suppress 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, a key enzyme in cholesterol synthesis (Meigs et al. 1996), and inhibit phosphatidylcholine synthesis human leukemic CEM-C1 cell line (Voziyan et al. 1993) and de novo synthesis of TG in hepatocytes (Hiyoshi et al. 2003). However, the exact anti-hypercholesterolemic mechanism of FAR remains to be further elucidated. Therefore, this study was conducted to explore the mechanism by which FAR may exert beneficial effects on lipid metabolism through studying its effect on hepatic LDL receptor (LDLR), FAS, ACC and sterol regulatory element-binding protein-1c (SREPB-1c) in HCD-fed rats. We have also investigated the binding interactions between FAR and ACC and FAS by molecular docking simulations. Furthermore, the protective effect of FAR against hypercholesterolemia-induced oxidative stress and inflammation in the liver of rats was assessed.
Materials and Methods
Experimental animals and treatments
7-week-old male albino Wistar rats of 140-160 g body weight obtained from VACSERA (Giza, Egypt) were included in this study. The animals were housed under standard conditions (temperature: 23±2°C) and a 12 h light/dark cycle) and acclimatized for one week before starting the experiment with free access to food and water.
Thirty rats were randomly allocated into five groups (n = 6) as follows:
Group I (Control): received normal diet for 10 weeks.
Groups II (HCD): received HCD (normal diet supplemented with 2% cholesterol) for 10 weeks (Bin-Jumah 2018).
Group III (HCD + 5 mg/kg FAR): received HCD and 5 mg/kg/day FAR (Sigma, USA) for 10 weeks.
Group IV (HCD + 10 mg/kg FAR): received HCD and 10 mg/kg/day FAR for 10 weeks.
Group V (HCD + SIM): received HCD and 10 mg/kg/day simvastatin (SIM) (Al-Rasheed et al. 2015) for 10 weeks.

FAR was dissolved in corn oil and the doses were selected according to previous studies showing its antioxidant and anti-inflammatory activities in different experimental models (Kim et al. 2017, Lateef et al. 2013, Ong et al. 2006). FAR has been supplemented at doses range from 5 to 250 mg/kg body weight. The 5 mg/kg dose exerted an anti-obesity effect in high fat diet (HFD)-fed mice (Kim et al. 2017) and hence selected along with a higher dose in this study. FAR and SIM were supplemented orally and groups I and II received the vehicle for 10 weeks.

Collection and preparation of samples
Twenty-four h after the last treatment, overnight fasted rats were sacrificed under thiopental (Eipico, Egypt) anesthesia, and blood was collected via cardiac puncture. Serum was prepared and used for the analysis of cholesterol, TG, HDL-cholesterol, alkaline phosphatase (ALP), lactate dehydrogenase (LDH), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and creatine kinase-MB (CK-MB), C-reactive protein (CRP), tumor necrosis factor (TNF)-α, interleukin (IL)-6 and IL-1β. The rats were sacrificed, dissected and liver was excised. Small pieces from the liver were fixed in 10% neutral buffered formalin for histological investigation and other pieces were frozen at −80°C. Other samples were homogenized (10% w/v) in cold PBS, centrifuged and the clear homogenate was used for the assessment of different biochemical parameters.

Biochemical assays
Determination of lipids and cardiovascular risk indices
Total cholesterol, TG and HDL-cholesterol in serum were determined using colorimetric assay kits (Spinreact, Spain) following the provided instructions. LDL- and vLDL-cholesterol, cardiovascular risk indices (Ross 1992) and antiatherogenic index (AAI) (Guido &Joseph 1992) were calculated using the formulas:
vLDL-cholesterol = Triglycerides/5
LDL-cholesterol = Total cholesterol – (HDL-cholesterol + vLDL-cholesterol)
Cardiovascular risk index 1 = Total-cholesterol/HDL-cholesterol
Cardiovascular risk index 2 = LDL-cholesterol/HDL-cholesterol
AAI = HDL-cholesterol x 100/Total cholesterol - HDL-cholesterol.
To determine hepatic cholesterol and TG levels, total lipids were extracted according to Folch et al (1957). Cholesterol and TG were measured using Spinreact (Spain) kits.

Determination of liver and heart function markers, CRP and pro-inflammatory cytokines
Serum ALT, AST, ALP, LDH and CK-MB were estimated using kits supplied by Spinreact (Spain). Serum levels of CRP, TNF-α, IL-1β and IL-6 were measured employing ELISA kits (R&D Systems, USA). All measurements were conducted following the manufactures' guidelines.

Assay of lipid peroxidation (LPO), antioxidant defenses and FAS activity
Malondialdehyde (MDA), a marker of LPO (Ohkawa et al. 1979), reduced glutathione (GSH) (Beutler et al. 1963), SOD (Marklund &Marklund 1974), and CAT (Cohen et al. 1970) were assayed in the supernatant of homogenized liver samples. FAS activity was assayed following the method described by Goodridge (Goodridge 1972). The assay depends on following the decrease in absorbance resulting from NADPH oxidation at 340 nm following the addition of malonyl-CoA. FAS activity was expressed as nmol reduced NADPH/min/mg protein. Total protein content was determined using Bradford reagent (Bradford 1976).

Histological examination of liver sections
Liver specimens were obtained and washed in ice-cold PBS and immediately fixed in 10% formalin for 24 h at 4°C. After fixation, the specimens were dehydrated and processed for embedding in paraffin wax. Five-μm sections were obtained using microtomy and then stained with hematoxylin and eosin (H&E) for microscopic examination.

Gene expression analysis
The mRNA expression levels of LDLR, FAS, ACC and SREPB-1c were quantified using qRT-PCR. Briefly, total RNA was extracted from frozen tissue samples using TRIzol (Invitrogen, USA). RNA samples were treated with RNase-free DNase and quantiﬁed at 260 nm. The quality of the RNA samples was examined using formaldehyde-agarose electrophoresis and the purity was determined using OD260/OD280 nm absorption ratio ≥ 1.8.  Next, 2µg RNA was reverse transcribed and the obtained cDNA was amplified using QuantiFast SYBR Green RT-PCR kit (Qiagen, Germany) and primers in Table 1. The obtained data were analyzed using the 2ΔΔCt method (Livak &Schmittgen 2001) and normalized to β-actin.

Molecular docking
[bookmark: _Hlk24308206]The initial 3D structure of FAR was constructed using gaussview 6. The geometry of FAR was optimized at the B3LYP level of theory with the 6-311G (d, p) basis set (Becke 1993). The output was converted to .pdb 3D structures using UCSF Chimera (Pettersen et al. 2004). Autodock Tools (ADT) v1.5.6 and AutoDock Vina software packages were employed for molecular docking simulations (Trott &Olson 2010). FAR was optimized for docking by using ADT. To visualize the binding mode FAR-protein complexes, the PyMOL v2.3.2 program was employed. X-ray crystal structure of the ACC used for docking was obtained from the protein data bank (PDB ID: 3TV5). Human FAS domains were utilized for docking, namely KS (PDB ID:3HHD) and TE (PDB ID: 1XKT). Macromolecules were viewed and isolated from ligands, solvent and nonstandard residues by using UCSF Chimera. Separated proteins were set for docking by optimization using ADT. The optimization includes addition of polar hydrogens and adjusting the grid box according to the suitable configuration of the active site residues (Cheng et al. 2008). The size of grid box for ACC was set at 60 x 60 x 75 (x,y,z). The KS and TE the grid boxes were placed at 60 x 60 x 60 (x,y,z) and 50 x 50 x 50 (x,y,z), respectively.

Statistical analysis
The obtained results were represented as mean ± standard error of the mean (SEM). All statistical comparisons were determined by one-way ANOVA and Tukey's test using GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA). Data of the body weight changes were analyzed by two-way ANOVA and Tukey's test. A P value <0.05 was considered significant.

Results
Effect of FAR on body weight of HCD-fed rats
Body weight was steadily increased in all groups as represented in Figure 1A. At weeks 8-10, HCD-fed rats exhibited a significant increase in body weight (P<0.001) when compared with the control rats (Fig. 1B). Treatment with FAR and SIM prevented the HCD-induced significant increase in body weight (P<0.001).

FAR attenuates dyslipidemia in HCD-fed rats
To assess the anti-dyslipidemia effect of FAR, serum lipids were measured. HCD supplementation caused a significant increase in serum TG (Fig. 2A), total cholesterol (Fig. 2B), LDL-cholesterol (Fig. 2C), and vLDL-cholesterol (Fig. 2D), while it did not significantly alter serum HDL-cholesterol levels (Fig. 2E). Treatment with FAR (5 and 10 mg/kg) or SIM significantly reinstated HCD-induced increased serum lipids near to the normal levels. HCD-fed rats received FAR or SIM showed non-significant changes in serum HDL-cholesterol.
HCD-supplemented rats exhibited a significant elevation in the values of total cholesterol/HDL-cholesterol (Fig. 3A), and LDL-cholesterol/HDL-cholesterol ratios (Fig. 3B). On the other hand, there was a significant reduction in AAI in HCD-fed rats (Fig. 3C). Remarkably, treatment with FAR or SIM alleviated these cardiovascular risk indices.

FAR prevents hepatic lipid accumulation and tissue injury in HCD-fed rats
[bookmark: _Hlk31644445]Liver cholesterol and TG content, and serum transaminases, ALP and LDH were determined and a histological investigation was carried out to investigate the ameliorative effect of FAR on HCD-induced liver injury. HCD feeding for 10 weeks resulted in increased hepatic cholesterol (Fig. 4A) and TG (Fig. 4B) significantly (P<0.001) when compared with the control rats. Treatment with FAR (5 and 10 mg/kg) and SIM decreased liver cholesterol and TG levels in HCD-fed rats. In addition, histological examination revealed fatty infiltrations and hepatic vacuolations in the liver of HCD-fed rats (Fig. 5B) when compared with the control rats which showed normal structure of the hepatic lobules, hepatocytes and sinusoids (Fig. 5A). Rats received 5 and 10 mg/kg FAR (Fig. 5C and 5D, respectively) and SIM (Fig. 5E) showed remarkable reduction in the infiltration of fats with only mild vacuolations were observed. Furthermore, there was a significant (P<0.001) increase in serum ALT, AST, ALP, and LDH in HCD-fed rats (Fig. 6A-D), indicating hepatic injury. All these changes were significantly ameliorated in HCD-fed rats treated with FAR or SIM. Serum CK-MB was determined to evaluate the cardioprotective efficacy of FAR. While the HCD-fed rats exhibited a significant elevation in serum CK-MB, FAR-treated groups showed a significant reduction (Fig. 6E).

FAR diminishes hepatic LPO and enhances antioxidants in HCD-fed rats
[bookmark: _Hlk31644828]Since hypercholesterolemia may induce oxidative stress, this study also evaluated the effect of FAR on LPO and antioxidant defenses in the liver of HCD-fed rats. There was a significant increase in hepatic MDA (Fig. 7A; P<0.001) and decreased GSH (Fig. 7B; P<0.001), SOD (Fig. 7C; P<0.001) and CAT (Fig. 7D; P<0.01) in rats supplemented a HCD for 10 weeks. Remarkably, treatment with FAR (5 and 10 mg/kg) or SIM attenuated oxidative stress in the liver as evidenced by decreased LPO and increased GSH and antioxidant enzymes.

FAR suppresses inflammation in HCD-fed rats
[bookmark: _Hlk31644951]To evaluate the possible role of inflammation in HCD-induced liver injury and the protective effects of FAR, serum CRP and pro-inflammatory cytokines were assayed. There was a significant (P<0.001) increase in CRP (Fig. 8A), TNF-α (Fig. 8B), IL-6 (Fig. 8C), and IL-1β (Fig. 8D) levels in rats received HCD for 10 weeks when compared with the control group. Nevertheless, treatment with FAR or SIM significantly (P<0.001) ameliorated serum levels of CRP and cytokines.

FAR modulates hepatic LDLR, SREBP-1c, FAS and ACC in HCD-fed rats
To understand the anti-dyslipidemia activity of FAR in HCD-fed rats, we evaluated its effect on key factors involved in de novo lipogenesis, namely SREBP-1c, FAS and ACC as well as LDLR. While LDLR (Fig. 9A) showed non-significant changes upon HCD feeding, SREBP-1c (Fig. 9B) FAC (Fig. 9C) and ACC (Fig. 9E) mRNA abundance were significantly (P<0.001) increased in the liver of HCD-fed rats. Moreover, hepatic FAS activity was significantly increased in HCD-fed rats (Fig. 9D) as compared to the control rats. Interestingly, FAR and SIM significantly restored hepatic mRNA levels of LDLR, SREBP-1c, FAS and ACC as well as FAS activity.
To further explore the modulatory effect of FAR on FAS and ACC, we performed molecular docking analysis to figure out their binding modes. FAR was shown to dock into the determined active site of TE domain of FAS, as represented in Figure 10A,B. A detailed investigation of the binding site indicated that FAR forms four hydrogen bonds with the residues Ser2308, Asp2338, His2481 and Arg2482 in FAS. In addition, FAR was placed in the binding cavity encased by the hydrophobic residues Leu2222, Ile2250, Glu2251, Phe2370, Phe2371 Gln2374, Phe2423. The binding affinity was −5.2 kcal/mol, indicating the formation of a stable FAR-FAS/TE domain complex. These polar and hydrophobic interactions reflect the stability of FAR binding pattern with TE. Three phenylalanine residues (Phe2370, Phe2371 and Phe2432) were closely detected in the binding site of FAR-FAS/TE domain complex. This information is of particular interest, since it shed the light on the probability for these residues to exhibit a thermodynamically favorable π-π interactions. These interactions are likely to contribute in the binding mechanism of FAR with FAS.
The in-silico model for the interaction of KS domain of FAS with FAR was developed by our molecular docking studies. FAR was located in the binding site surrounded by residues Cys161, Met205, Tyr222, Pro264, His293, Thr295, Thr297, Gln303, His331, Phe393, Gly394 and Phe395. Also, FAR formed two hydrogen bonds with residues Gln269 and Gly300, as shown in Figure 10C,D. A lower binding energy was obtained for this complex than its TE domain counterpart (-6.7 kcal/mol). Two phenylalanine residues in the hydrophobic pocket make this interaction more susceptible to stabilization by π-π interaction effects.
The binding interaction between FAR and human ACC was represented in Figure 10E,F. Three polar bonds were detected in the FAR-ACC complex with residues Ser1808 and Arg1883, and occupied hydrophobic pocket comprises the residues Gln1522, Asn1525, Phe1526, Pro1574, Glu1575, Glu1805, Tyr 1809, Leu1821, Lys1863 and Gly1864. The complex formed is stable and the lowest binding energy was −5.5 kcal/mol. The estimated binding pocked in this complex showed one phenylalanine and one tyrosine residues, namely Phe1526 and Tyr1809. These residues are capable of making π-π interactions that could potentially show thermodynamically favorable interactions with the pi bonds of the inhibitor. Figure 8E shows the structure of the potential depth in the binding cavity of FAR-ACC binding pocket. This figure implies that FAR is located mainly inside the binding pocket of ACC.
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Discussion
Hypercholesterolemia is a well-acknowledged causative risk factor for the development of CVD and liver injury (Sozen &Ozer 2017). Thus, hypocholesterolemic strategies could be effective in preventing metabolic disorders associated with dyslipidemia. Herein, we investigated the potential of FAR to prevent liver injury in HCD-fed rats, pointing to its ability to suppress oxidative stress, inflammation and lipogenic factors. Our results showed that FAR effectively attenuated dyslipidemia, oxidative stress and liver injury, and modulated SREBP-1c, FAS and ACC.

HCD feeding has been reported to establish an experimental model mimicking hypercholesterolemia pathophysiology in human (Shi et al. 2019). Consistent with several previous studies (AlSharari et al. 2016, Bin-Jumah 2018, Shi et al. 2019), HCD caused dyslipidemia manifested by increased serum cholesterol, TG, and LDL and vLDL. Hypercholesterolemia can lead to hepatic lipid accumulation resulting in chronic inflammation, degenerative changes, hepatotoxicity, fibrosis and liver failure (AlSharari et al. 2016, Farrell &Larter 2006, Muniz et al. 2019, Sozen &Ozer 2017). Accordingly, cholesterol and TG were increased in the liver of HCD-fed rats and histological examination revealed massive lipid infiltration. Increased accumulation of lipids in the liver can impact its ability to metabolize lipids, resulting in dyslipidemia (Arvind et al. 2000). HCD-induced liver injury has been further confirmed by elevated serum transaminases, ALP and LDH. These enzymes are the most frequently used indicators for the assessment of liver injury and are considered valuable markers of degenerative and necrotic changes in hepatocytes (McGill 2016). Here, treatment with FAR and SIM reduced serum lipids and hepatic cholesterol and TG contents in HCD-fed rats. In addition, the histopathological findings revealed a remarkable reduction in hepatic lipid infiltration following treatment with FAR or SIM. FAR has also reduced serum ALT, AST, ALP and LDH in HCD-fed rats, demonstrating a potent hepatoprotective activity. In this context, FAR showed a protective effect against cyclophosphamide (CP) hepatotoxicity in mice (Araghi et al. 2018). Treatment with FAR reduced serum ALT and AST and preserved the normal architectural integrity of liver in CP-intoxicated mice (Araghi et al. 2018). Hypercholesterolemia may also impact the myocardium resulting in contractile dysfunction, I/R injury, and diminished stress adaptation (Csonka et al. 2016, Huang et al. 2004, Osipov et al. 2009). Therefore, lipid-lowering strategies might help counteracting the negative impact of hypercholesterolemia on the heart. The present study demonstrated that HCD-fed rats showed significantly elevated cardiovascular risk indices and reduced AAI, coupled with increased serum levels of CK-MB, a key biomarker of heart function, which were remarkably attenuated by FAR treatment. Thus, these findings indicate that the antihyperlipidemic effect of FAR mediated its cardioprotective action.
Given that cholesterol-enriched diet was reported to induce oxidative stress in various tissues (Abbas &Sakr 2013, Bin-Jumah 2018, Kocsis et al. 2009), we assumed that the antioxidant activity of FAR plays a role in its hepatoprotective efficacy. Hypercholesterolemia has been implicated in oxidative modification of LDL, protein glycation and glucose autooxidation (Singh et al. 2017, Yang et al. 2008). Besides, high cholesterol levels can lead to increased cholesterol pool, which results in changes in cell membrane physical properties, facilitating the leakage of ROS from the mitochondrial electron system or the activation of NADPH oxidase and xanthine oxidase, eventually culminating in LPO and protein oxidation (Singh et al. 2017, Varga et al. 2013). Here, HCD-fed rats showed an increase in MDA coupled with decreased GSH and activity of the antioxidant enzymes. LPO alters fluidity and permeability of cell membranes and inactivate membrane-bound receptors and enzymes, leading to destruction of the membrane (Singh et al. 2017, Smathers et al. 2011). Moreover, increased ROS production can promote oxidation of the antioxidant enzymes and therefore abolish the cellular antioxidant capacity (Smathers et al. 2011). Therefore, attenuation of hypercholesterolemia-induced oxidative stress could represent an effective strategy to prevent or treat metabolic abnormalities in hyperlipidemic subjects. In the present study, FAR diminished LPO and boosted GSH and antioxidant enzymes in the liver of HCD-fed rats. Consistently, FAR prevented CP-induced oxidative damage in mice liver (Araghi et al. 2018) and protected against cigarette smoke-induced oxidative stress in rats prostate (Lateef et al. 2013) through inhibition of LPO and maintaining antioxidants defenses. FAR also showed a protective effect against cadmium-induced renal oxidative and genotoxic damages through inhibition of xanthine oxidase and LPO in mice (Jahangir et al. 2005). Thus, FAR can protect against HCD-induced liver injury by suppressing oxidative stress and restoring antioxidant defenses.
[bookmark: _Hlk31455849]In addition to oxidative stress, HCD-fed rats showed elevated serum CRP and pro-inflammatory cytokines. Indeed, hypercholesterolemia-induced sustained ROS production can elicit stress signaling and pro-inflammatory pathways, particularly, NF-κB signaling which is a redox-sensitive factor controlling the transcriptional regulation of IL-1β, IL-6 and TNF-α. Here, serum levels of IL-1β, IL-6 and TNF-α were elevated in HCD-fed rats. In addition, oxidized LDL promotes the expression of cytokines and chemokines; thereby, magnify the inflammatory response, leading to macrophage activation and more ROS generation (Lara-Guzmán et al. 2018). Within a hypercholesterolemic environment, various pathological conditions, including nonalcoholic fatty liver disease (NAFLD) and atherosclerosis can be exacerbated in the presence of systemic inflammation (Kim et al. 2014). FAR mitigated the circulating levels of pro-inflammatory mediators, demonstrating an anti-inflammatory effect. In the same context, FAR suppressed inflammation in cigarette smoke-induced lung injury- (Qamar &Sultana 2008) and acrylamide-induced neurotoxicity (Santhanasabapathy et al. 2015) in rodents.
The hepatoprotective activity of FAR could be directly connected to its anti-hypercholesterolemia efficacy. The present study explored the possible involvement of SREPB-1c, FAS and ACC in the anti-hypercholesterolemic activity of FAR. Consistent with several previous studies (Bin-Jumah 2018, Lee et al. 2017, Ren et al. 2018), dyslipidemic rats showed a significant increase in hepatic mRNA of SREPB-1c, FAS and ACC. SREPB-1c is a transcription factor that regulates the expression of genes for both cholesterol and FA synthesis, including ACC and FAS, and affects the lipid accumulation induced by HFD (Horton et al. 2002). ACC and FAS have been targeted as potential intervention points for the treatment of metabolic diseases such as hyperlipidemia (Ren et al. 2018). In the present study, treatment of HCD-fed rats with FAR significantly decreased mRNA expression of liver FAS, ACC and SREPB-1c as well as FAS activity which can explain the observed lipid-lowering action of FAR. The suppressive effect of FAR on FAS and ACC was further investigated using molecular docking simulations. The binding affinity, hydrogen bonds and hydrophobic interactions of FAR with ACC and FAS catalytic subunits (TE and KS) were predicted by molecular docking analysis. FAR showed both polar and hydrophobic interactions with ACC and the FAS subunits TE and KS. The TE domain is known to catalyze the liberation of the final product (palmitate) from FAS by the hydrolysis of the thioester bond in palmitoyl-S-ACP. Within the seven domains of FAS, KS is known to act as an important regulator of the produced fatty acid chain length (Cheng et al. 2008, Chirala &Wakil 2004, Witkowski et al. 2002). Polar and hydrophobic interactions play a crucial role in stabilizing geometrical structures of biological macromolecules as DNA, lipids and proteins. Particularly, hydrogen bonding is considered to be the main factor responsible for the binding of ligands into the active sites of proteins. Consequently, they contribute to the affinity, molecular recognition and orientation of the drug (Kubinyi 2001). The binding affinity is positively influenced by hydrophobic interactions between the lipophilic surfaces of a drug and hydrophobic zones of its binding cavity, and the total share of polar interactions to these affinities is mainly depends on desolvation energy and recently formed hydrogen bonding (Kubinyi 2001). Therefore, a perfect geometrical coincidence of a drug with the binding site is essential for a favorable protein-ligand interaction. As well, optimized geometry ligands, formation of neutral and/or charged polar bonds and hydrophobic interactions are factors affecting the thermodynamic balance and energies of interactions (Kubinyi 2001). The agreement between docking results and the molecular and biochemical assays suggests that the affinity between FAS and ACC enzymes and FAR would provide the inhibitor with a preferable potential to exert ani-hyperlipidemia activity.
[bookmark: _Hlk38895530]Besides the modulation of FAS and ACC, other effects of FAR contribute to its anti-dyslipidemia activity. HCD has been acknowledged to stimulate HMG-CoA reductase activation and increase its mRNA and protein expression, resulting in elevated serum LDL and hepatic cholesterol accumulation (Min et al. 2012, Shi et al. 2019). FAR has been reported to suppress and accelerate the degradation of HMG-CoA reductase (Meigs et al. 1996), thereby decreasing cholesterol synthesis. In a rat model of hepatocarcinogenesis, FAR reduced plasma cholesterol and hepatic HMG-CoA reductase mRNA (Ong et al. 2006). Recently, Pant et al demonstrated that FAR stimulated PPARα-mediated induction of FAs oxidation and suppressed TG accumulation in hepatic steatosis (Pant et al. 2019). In HFD-fed obese KK-Ay mice, FAR ameliorated the metabolic abnormalities via PPARα both dependent and independent pathways and suppressed SREBP-1c gene expression (Goto et al. 2011). Additionally, our results showed that FAR significantly increased the expression of LDLR which plays a crucial role in cholesterol homeostasis. LDL-cholesterol uptake mediated by LDLR is an effective way of reducing circulating cholesterol (Zelcer et al. 2009), and recent studies have demonstrated elevated serum and hepatic cholesterol levels in LDLr−/− mice fed a HFD (Emini Veseli et al. 2017, Sun et al. 2017). Increased phosphorylation of AMP-activated protein kinase (AMPK) is another mechanism that might be involved in the anti-hypercholesterolemic effect of FAR. AMPK plays a central role in FAs metabolism where its activation suppresses FAS and ACC and stimulates FAs β-oxidation by reducing malonyl-CoA levels (Kahn et al. 2005). The lack of data showing the effect of FAR on AMPK phosphorylation is a limitation of this study. However, FAR inhibited white adipogenesis and promoted the development of beige adipocytes in 3T3-L1 cells and human adipose tissue-derived mesenchymal stem cells, respectively, through AMPK activation (Kim et al. 2017).
Conclusions
FAR attenuated hypercholesterolemia and reduced hepatic lipid accumulation and injury in HCD-fed rats. FAR reduced serum and hepatic lipids, increased LDL-cholesterol clearance, attenuated oxidative stress and inflammation. The lipid-lowering efficacy of FAR was associated with up-regulation of LDLR and down-regulation of SREPB-1c, FAS and ACC. In addition, the results showed a good correlation between the in silico determined binding affinity of FAR with FAS and ACC and the in vivo findings. Therefore, FAR is an effective cholesterol-lowering agent that can attenuate liver injury and the development of CVD, pending further investigations to clarify the precise mechanism of action.
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Table 1. Primers used for qRT-PCR.
	Gene
	Accession number
	Forward Primer 
(5'-3')
	Reverse Primer 
(5'-3')

	FAS
	NM_017332
	GCCTAACACCTCTGTGCAGT
	GGCAATACCCGTTCCCTGAA

	ACC
	NM_022193
	TTGGTGCTTATATTGTGGATGG
	ATGTGCCGAGGATTGATGG

	LDLR 
	NM_175762
	CAGCTCTGTGTGAACCTGGA
	TTCTTCAGGTTGGGGATCAG

	SREBP1c
	NM_001276707
	CATCAACAACCAAGACAGTG
	GAAGCAGGAGAAGAGAAGC

	β-actin
	NM_031144
	AGGAGTACGATGAGTCCGGC
	CGCAGCTCAGTAACAGTCCG
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Figure 1. Body weight changes in control and HCD-fed rats. FAR and SIM prevented the significant increase in body weight of HCD-fed rats at weeks 8-10. Data are Mean ± SEM, n = 6. ***P<0.001 versus Control and ###P<0.001 FAR (5 and 10 mg) and SIM versus HCD.
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Figure 2. FAR attenuates dyslipidemia in HCD-fed rats. FAR and SIM reduced serum TG (A), and total- (B), LDL- (C) and vLDL-cholesterol (D) and didn’t increase HDL-cholesterol (E) significantly in HCD-fed rats. Data are Mean ± SEM, n = 6. ***P<0.001 versus Control and ###P<0.001 versus HCD.
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Figure 3. FAR prevents atherogenesis in HCD-fed rats. FAR and SIM decreased cardiovascular risk indices (A,B) and increased anti-atherogenic index (C). Data are Mean ± SEM, n = 6. ***P<0.001 versus Control and #P<0.05, ##P<0.01 and ###P<0.001 versus HCD.
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Figure 4. FAR attenuates lipid accumulation in liver of HCD-fed rats. FAR and SIM decreased hepatic cholesterol (A) and triglycerides (B) in HFD-fed rats. Data are Mean ± SEM, n = 6. ***P<0.001 versus Control and #P<0.05 and ##P<0.01 versus HCD.
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Figure 5. Photomicrographs of liver sections of (A) Control rats showing normal structure of hepatocytes and central vein and no alterations, (B) HCD-fed rats showing vacuolation of round border and clear vacuoles consistent with fatty changes (arrows), (C-E) HCD-fed rats treated with 5 mg/kg FAR (C), 10 mg/kg FAR (D) and SIM (E) showing remarkable improvement of liver architecture with slight vacuolations. (H&E – X400 – Scale bar = 50 µm).
[image: ]
Figure 6. FAR prevents liver and heart injury in HCD-fed rats. FAR and SIM reduced serum ALT (A), AST (B), ALP (C) LDH (D) and CK-MB (E) significantly in HCD-fed rats. Data are Mean ± SEM, n = 6. ***P<0.001 versus Control and ##P<0.01 and ###P<0.001 versus HCD.
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Figure 7. FAR diminishes hepatic LPO and enhances antioxidants in HCD-fed rats. FAR and SIM reduced MDA (A) and increased GSH (B), SOD (C) and CAT (D) in liver of HCD-fed rats. Data are Mean ± SEM, n = 6. **P<0.01 and ***P<0.001 versus Control and #P<0.05, ##P<0.01 and ###P<0.001 versus HCD.
[image: ]
Figure 8. FAR suppresses inflammation in HCD-fed rats. FAR and SIM decreased serum CRP (A), TNF-α (B), IL-6 (C) and IL-1β (D) in HCD-fed rats. Data are Mean ± SEM, n = 6. ***P<0.001 versus Control and #P<0.05, ##P<0.01 and ###P<0.001 versus HCD.
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Figure 9. FAR modulates hepatic LDLR, SREBP-1c, FAS and ACC in HCD-fed rats. FAR and SIM increased hepatic LDLR (A), and decreased SREBP-1c (B), FAS (C) and ACC (E) mRNA abundance and FAS activity in HCD-fed rats. Data are Mean ± SEM, n = 6. ***P<0.001 versus Control and #P<0.05, ##P<0.01 and ###P<0.001 versus HCD.
[image: ]
Figure 10. Docking models of FAR with (A) FAS/TE, (B) FAS/KS and (C) ACC.
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