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Summary

Hypolipidemic and cardioprotective effects of statins can be associated with the development
of myopathies and new-onset type 2 diabetes. These adverse effects may be related to
increased oxidative stress. The plant extract silymarin (SM) is known for its antioxidant and
anti-inflammatory actions. We tested the hypothesis that the combination of atorvastatin
(ATV) with SM could improve therapy efficacy and eliminate some negative effects of statin
on hypertriglyceridemia-induced metabolic disorders.

Hereditary hypertriglyceridemic rats were fed a standard diet for four weeks without
supplementation; supplemented with ATV (5 mg/kg b. wt./day) or a combination of ATV
with 1% micronized SM (ATV+SM).

ATV treatment elevated plasma levels of HDL-cholesterol (p<0.01), glucose and insulin and
decreased triglycerides (p<0.001). The combination of ATV+SM led to a significant reduction
in insulin, an improvement of glucose tolerance, and the hypolipidemic effect was enhanced
compared to ATV alone. Furthermore, ATV supplementation increased skeletal muscle
triglycerides but its combination with SM decreased triglycerides accumulation in the muscle
(p<0.05) and the liver (p<0.01). In the liver, ATV+SM treatment increased the activities of
antioxidant enzymes, glutathione and reduced lipid peroxidation (p<0.001).

The combined administration of ATV with SM potentiated the hypolipidemic effect, reduced
ectopic lipid accumulation, improved glucose metabolism, and increased antioxidant and anti-
inflammatory actions. Our results show that SM increased the effectiveness of statin therapy

in a hypertriglyceridemic rat model of metabolic syndrome.

Keywords: atorvastatin, silymarin, metabolic syndrome, lipids, oxidative stress
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INTRODUCTION

Dyslipidemia increases the risk of the development of metabolic syndrome, cardiovascular
disease (CVD) and type 2 diabetes mellitus. Statins, inhibitors of 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase, are frequently used drugs for the treatment of
hypercholesterolemia, and their benefits for the treatment of CVD are widely accepted (Mihos
et al. 2014, Silverman et al. 2016). Although the safety of statins has been documented and
statins are well tolerated, some studies have revealed adverse effects of statin therapy on an
increased risk of new-onset type 2 diabetes mellitus (mainly in prediabetic individuals) or
hepatotoxicity (Aiman et al. 2014, Mach et al. 2018, Ward et al. 2019). The most severe
adverse effects are statin associated myopathies, which can lead to non-adherence to statin
therapy (Ward et al. 2019). Despite infrequent, these side effects represent serious drawbacks
in otherwise very benefitial use of statins especially when numerous population is exposed to
these drugs. Till now, mechanisms of these side effects are not well understood, but it has
been shown that an impairment of mitochondrial function due to statin-induced decreased
synthesis of coenzyme Q10 and increased oxidative stress could play an important role
(Bouitbir et al. 2020).

Current research efforts are focused on a search for additional substances that would
alleviate statin-induced adverse effects or positively influence hypolipidemic therapy.
Silymarin (SM) is a compound, which, due its properties could modify described untoward
effects of statins or improve the effectiveness of statin therapy. SM is an extract from milk
thistle seeds (Silybum marianum) containing a mixture of flavonolignans (60-85%), fatty
acids (20-35%) and polyphenolic and flavonoid compounds, which exhibit potent antioxidant,
anti-inflammatory and regenerative properties (Surai 2015). SM and its major effective
component silybin, are mostly used for the treatment of liver disorders (Neha et al. 2016). In a

previous study, we found that SM inhibited intestinal cholesterol absorption, decreased
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plasma cholesterol concentrations and increased HDL-cholesterol levels in rats fed high
cholesterol diet (Sobolova et al. 2006). We also demonstrated the beneficial effect of SM on
lipid disorders and oxidative stress in the model of dyslipidemia and metabolic syndrome. A
diet with 1% SM supplement decreased plasma VLDL-cholesterol levels, increased levels of
glutathione (GSH) in blood and liver and the activity of superoxide dismutase (SOD), and
reduced the production of lipid peroxides in the liver (Skottova et al. 2004). The therapeutic
efficacy of SM is influenced by its low solubility in water, and rapid elimination, resulting in
low bioavailability. Micronized form of SM provides significantly increased bioavailability
compared to the standard form of SM (Javed et al. 2011). Recently, we demonstrated that
micronized SM provided more pronounced effects than the standard form. Micronized forms
of SM or silybin caused the highest increase of HDL-cholesterol levels and most significantly
decreased glycemia and insulinemia in the animal model of metabolic syndrome compared to
standard forms (Poruba et al. 2015a, Poruba et al. 2015b).

In the current study, we aimed to investigate whether a combination of SM and
atorvastatin (ATV), one of the most commonly prescribed statins (Salami et al. 2017), can
favorably affect already-developed metabolic disorders. Using a model of genetically-fixed
hypertriglyceridemia associated with metabolic syndrome and prediabetes, we tested the
hypothesis that the addition of SM to ATV can have a beneficial effect on dyslipidemia and
eliminate some negative effects of statin treatment. Non-obese hereditary
hypertriglyceridemic rats (HHTg) were used, which exhibit dyslipidemia, liver steatosis,
insulin resistance, impaired glucose tolerance and increased oxidative stress (Vrana and
Kazdova 1990, Zicha et al. 2006, Malinska et al. 2018). The therapeutic effects of ATV with

SM have not yet been tested and evidence on interactions of SM with ATV are lacking.

MATERIALS AND METHODS
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Animals and diet

The HHT(g rats were provided by the Institute for Clinical and Experimental Medicine
(Prague, Czech Republic). All experiments were performed in agreement with the Animal
Protection Law of the Czech Republic (359/2012), which is in compliance with the European
Community Council recommendations for the use of laboratory animals (86/609/ECC) and
approved by the Ethics Committee of the Institute for Clinical and Experimental Medicine,
Prague (Protocol Number: 28/2016).

The rats were maintained in a 12-h light/12-h dark cycle room at a temperature of 22—
25°C, and allowed free access to food and water. Five-month-old HHTg rat males were
randomly divided into three experimental groups of eight animals. The control group (control)
was fed a standard laboratory diet (SD), the atorvastatin group (ATV) was fed a SD
supplemented with ATV (Mylan, UK) at a dose of 5 mg/kg b. wt./day, and the atorvastatin
and silymarin group (ATV+SM) was fed a SD with ATV and micronized SM (1% of
micronized SM in SD, supplied from Favea, Koprivnice, Czech Republic) for four weeks. The
standardized micronized extract of SM with declared purity 80% was used. The total content
of silybin diastereomers (31.4 £ 0.9%) was determined using HPLC with UV detection. At the
end of the study, animals were sacrificed by decapitation in a postprandial state, and blood
plasma and tissue samples were taken for incubation analysis or stored at -80°C for

subsequent analysis.

Biochemical analysis in plasma

Plasma levels of triglycerides (TG), nonesterified fatty acids (NEFA), glucose and total
cholesterol were measured using commercially available kits (Erba Lachema, Brno, Czech
Republic). Creatine kinase enzyme activity was determined spectrophotometrically by routine

clinical biochemistry methods with a commercial kit (Roche Diagnostics, Mannheim,
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Germany). Plasma insulin and monocyte chemoattractant protein 1 (MCP-1) concentrations
were determined using a Rat Insulin ELISA kit (Mercodia AB, Uppsala, Sweden) and a Rat
MCP-1 Instant ELISA kit (eBioscience, Vienna, Austria), respectively. Plasma interleukin 6
(IL-6) and high sensitivity C-reactive protein (hsCRP) were also measured using rat ELISA
kits (MyBioSource, San Diego, CA, USA and BioVendor, Brno, Czech Republic),
respectively.

For the oral glucose tolerance test (OGTT), blood glucose was determined after a glucose
load (3g of glucose/kg b.wt.) administered intragastrically after overnight fasting. Glucose
concentrations were determined by analysing blood samples collected from the tail vein
before the glucose load at 0 min and 30, 60 and 120 min after glucose loading. The area under

the glycemic curve (AUCo.120 min) Was calculated over a 120-min period.

Tissue triglyceride and cholesterol measurements

For TG and cholesterol determination in liver and TG in muscle and kidney, tissue samples
were powered under liquid N2 and extracted in chloroform/methanol. Than, a solution of 2 %
potassium dihydrogenphosphate was added, the mixture was centrifuged, the organic phase
removed, and evaporated under N2. The resulting pellet was dissolved in isopropyl alcohol,
and TG and cholesterol content was measured by an enzymatic assay (Erba-Lachema, Brno,

Czech Republic).

Tissue insulin sensitivity

For ex vivo measurements of the insulin-stimulated incorporation of glucose into glycogen
in muscle or lipids in visceral adipose tissue, the diaphragm or distal parts of epididymal
adipose tissue were rapidly dissected and immediately incubated for 2 hours in Krebs-Ringer

bicarbonate buffer (pH 7.4) containing 0.1 pCi/ml of **C-U glucose, 5.5 mM unlabeled
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glucose and 2.5 mg/ml of bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA)
without or with 250 pU/ml of insulin at 37°C. Glycogen and lipids were extracted, and the
basal and insulin-stimulated incorporation of glucose into glycogen or lipids were determined

as previously described (Qi et al. 2002). Radioactivity was measured by scintillation counting.

Oxidative stress parameters

The concentration of GSH was determined by HPLC with fluorescent detection using
a HPLC diagnostic kit (Chromsystems, Gréfelfing, Germany).

Antioxidant enzyme activities of SOD, glutathione reductase (GR), glutathione
peroxidase (GPx) and glutathione transferase (GST) were measured using commercially
available kits (Cayman Chemicals; Ann Arbor, MI, USA). Catalase (CAT) activity was
determined based on the ability of H20- to form a color complex with ammonium molybdate
and detected spectrophotometrically. Parameter of lipid peroxidation, thiobarbituric acid
reactive substances (TBARS), were determined by a spectrophotometric method described

previously (Malinska et al. 2010).

Gene expression assays

Total MRNA was isolated from liver tissue using an RNeasy Plus Mini Kit (Qiagen;
Valencia, CA, USA). For the synthesis of cDNA, a Transcriptor High Fidelity cDNA
synthesis kit (F. Hoffmann-La Roche AG, Basel, Switzerland) was used. A real-time PCR
analysis was performed on 1536-well plates using an Echo 550 acoustic liquid handler
(Labcy, Dublin, Ireland) and a LightCycler 1536 instrument (F. Hoffmann-La Roche AG,
Basel, Switzerland). The results were calculated using the AACt method and all results were

normalized and related to the Hprtl gene. TagMan probes for Hmgcr, Abcg5, Abcg8, Srebfl,
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Srebf2 and Hprtl were obtained from Life Technologies (Thermo Fisher Scientific, Waltham,

MA, USA).

Statistical analysis

Data were expressed as mean + standard error of the mean (SEM). Data obtained in
this study were analyzed by StatSoft® Statistica software (ver. 10, Statsoft CZ; Prague, Czech
Republic). All statistical analysis were performed by one-way ANOVA because all data had a
normal distribution. For detailed comparisons, post hoc Bonferroni tests were used to avoid

false positive results. Statistical significance was defined as p<0.05.

RESULTS

The combination of ATV and SM ameliorated dyslipidemia and ATV-induced disorders of
glucose homeostasis

Neither ATV treatment alone nor the combination of ATV+SM affected food intake
(data not shown) or body weight (Table 1). The relative weight of epididymal fat was not
influenced by ATV treatment alone. However, compared to ATV-treated rats, the combined
administration of ATV+SM decreased relative weight (-17%; p<0.05). ATV significantly
increased plasma levels of HDL-cholesterol (+20%; p<0.01) and decreased levels of TG (-
46%; p<0.001). The combination of ATV+SM further decreased TG plasma concentrations.
In contrast, plasma concentrations of total cholesterol were not affected in this experiment.
Treatment with ATV elevated glycemia and insulinemia, but the combination of ATV+ SM
reduced plasma insulin and slightly improved glucose tolerance measured by OGTT
compared to ATV-treated group. During the study, no negative effects of statin therapy on
skeletal muscles were observed, and creatine kinase activity did not differ among

experimental groups (Table 1).
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The combination of ATV and SM ameliorated ATV-induced ectopic lipid accumulation
Concentrations of lipids were analyzed in the liver, skeletal muscle (musculus
gastrocnemius) and kidney (Table 2). ATV treatment did not affect ectopic TG accumulation

in the liver but increased TG amount in skeletal muscle and hepatic cholesterol. The
combination of ATV with SM reduced these adverse effects. The amount of TG in the liver
was reduced by 30% (p<0.01), cholesterol by 11% (p<0.01), and skeletal muscle TG by 29%
(p<0.05) after ATV+SM treatment compared to ATV treatment alone. TG accumulation in

the kidney was not affected by ATV alone or the combination of ATV+SM.

The combination of ATV and SM increased adipose tissue insulin sensitivity

Fig. 1 shows the basal and insulin stimulated glucose incorporation into lipids of
epididymal adipose tissue and into muscle glycogen. While ATV treatment did not affect
basal or insulin-stimulated lipogenesis, combined ATV+SM intervention increased the
insulin-stimulated incorporation of **C-U glucose into lipids of adipose tissue (Fig. 1A).
As shown in Fig. 1B, neither ATV alone nor the combination of ATV+SM affected the basal
or insulin-stimulated incorporation of **C-U glucose into muscle glycogen, indicating no

changes in muscle tissue insulin sensitivity.

The combination of ATV and SM ameliorated plasma inflammation parameters

As shown in Table 3, the plasma concentration of hsCRP was increased after ATV
treatment, but the combination of ATV+SM suppressed this negative effect. Also, the level of
proinflammatory IL-6 was favorably influenced by the combination of ATV+SM, while the

concentration of MCP-1 was not affected by any treatment.
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Relative mRNA expression of genes important in cholesterol and lipid metabolism in the liver
ATV treatment increased the relative mRNA expression of Hmgcr (Fig. 2A) and
cholesterol transporters G5 and G8 (Abcg5 and Abcg8) compared to the control group (Fig.
2B), while the combination of ATV+SM further enhanced Abcg5 mMRNA expression. On the
other hand, hepatic MRNA expression of the transcription factor Srebf-1 was decreased after

ATV alone, and Srebf-2 was decreased after ATV+SM treatment, as shown in Figure 2C.

The combination of ATV and SM improved oxidative stress in the liver

As shown in Table 4, ATV treatment significantly affected only activity of GST. Liver
concentrations of GSH as well as the activities of antioxidant enzymes SOD and CAT were
significantly increased in the HHT(g rats treated with the combination of ATV and SM when
compared to ATV treated rats. Increased antioxidant enzyme activities were associated with
amelioration of oxidative stress as the concentrations of lipoperoxidation products measured

as TBARS were reduced after ATV+SM treatment versus ATV treated rats.

DISCUSSION

Statins are the standard therapy for management of hypercholesterolemia. They are very
effective drugs for prevention of CVD and are one of the most prescribed medications in the
world. Nevertheless, side effects of treatment with statins were described including increased
risk of new-onset type 2 dabetes mellitus and myopathies. Adverse effects may affect up to
10% -15% of patients (Ward et al. 2019). One possibility to reduce statin-induced adverse
events includes using combination of statins with the nutraceuticals which may favorably
affect metabolic disorders (Banach et al. 2018). The plant extract SM is a natural compound,

which due to its antioxidant and anti-inflammatory properties could alleviate the unfavorable
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effects of statins. In the current study, we provide new findings showing that the addition of
SM to ATV treatment reduced adverse effects of statin therapy on a number of metabolic
parameters, and in some cases their combination proved to be much more effective than ATV
treatment alone. We found that the combination of ATV with SM increased hypolipidemic
action of ATV, decreased hepatic steatosis and ectopic deposition of lipids to the muscle,
favorably influenced glucose homeostasis, insulin sensitivity of adipose tissue and reduced
oxidative stress and inflammation.

We tested the effects of ATV treatment alone and in combination with SM on already
developed metabolic disorders associated with genetically induced hypertriglyceridemia in the
HHTg rat model. This unique strain of rats selected from Wistar rats, exhibits most of the
symptoms of metabolic syndrome and thus represents a suitable model for the study of
dyslipidemia, insulin resistance and prediabetes (Vrana and Kazdova 1990, Zicha et al. 2006).
In the study, we used micronized form of SM whose bioavailability is higher than
conventional forms of SM, thereby increasing its therapeutic potential (Di Costanzo and
Angelico 2019).

After four weeks of ATV treatment, we found improved dyslipidemia in HHTg rats.
We noticed markedly decreased plasma TG concentrations and increased levels of HDL-
cholesterol, which suggest potentially anti-atherogenic effect of ATV. The combined
ATV+SM administration further decreased plasma TG but had no additional effect on HDL-
cholesterol levels. These data demonstrate that the addition of SM to statin therapy enhances
TG lowering effect of ATV. The hypolipidemic effect of SM is in line with our previous
findings demonstrating its positive effect on serum levels of TG in HHTg rats (Poruba et al.
2015a). Recently, Ebrahimpour-Koujan et al. reported similar results showing that SM
supplementation led to a significant reduction in serum TG and total cholesterol, and an

elevation of HDL-cholesterol levels (Ebrahimpour-Koujan et al. 2018).
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An increased incidence of new-onset type 2 diabetes mellitus has been observed as a
consequence of statin therapy. A meta-analysis of 13 randomized controlled trials reported a
9% higher risk of the development of diabetes mellitus in statin treated patients compared to
patients treated with placebo or standard therapy (Sattar et al. 2010). Also, a meta-analysis of
20 observational studies showed that new-onset diabetes was higher in statin users than
nonusers (Casula et al. 2017). On the other hand, in a clinical trial with type 2 diabetes
mellitus patients, treatment with SM reduced serum levels of insulin and improved glycemic
indices (Ebrahimpour-Koujan et al. 2018). In another study, long-term treatment with SM was
effective in reducing insulin resistance and maintaining a better metabolic compensation of
glucose metabolism in diabetic patients (Velussi et al. 1997). In our study, we found that
while administration of ATV alone increased plasma levels of glucose and insulin, the
addition of SM to statin therapy ameliorated these adverse consequences as markedly reduced
insulinemia and improved glucose tolerance. Our findings showed that SM can beneficially
influence glucose homeostasis.

One of the most serious complications associated with hypertriglyceridemia and
metabolic syndrome is increased lipid accumulation in non-adipose tissues. Ectopically
stored lipids and their metabolites (diacylglycerols, ceramides, fatty acyl-CoA) in liver, heart,
muscle and kidney lead to lipotoxicity which may result in hepatic steatosis, muscle insulin
resistance, and increased risk of atherosclerosis (Stefan et al. 2005, Boren et al. 2013).
Therefore, important results of our study in terms of the pathogenesis of organ complications
in metabolic syndrome is finding that ATV-induced increased accumulation of cholesterol
and TG in the liver and TG in skeletal muscle were reduced by adding SM to ATV therapy.
Although the levels of TG in muscle decreased, muscle insulin sensitivity was unchanged
after ATV+SM treatment. The transcription factor Nrf2 (nuclear factor erythroid 2-related

factor 2) can play an important role in the mechanism responsible for ATV+SM benefits on

12
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ectopic lipid accumulation in the liver, skeletal muscle, and related insulin resistance.
Polyphenolic substances are important activators of Nrf2, which regulates more than 100
genes involved in regulating lipid metabolism, anti-oxidative, and anti-inflammatory
responses and enhances insulin signaling (Yu et al. 2012).

To search for the mechanisms responsible for the hypolipidemic effects mentioned above
we focused on the hepatic mMRNA expression of genes important in cholesterol and lipid
metabolism. ATV treatment increased the relative mRNA expression of Hmgcr in the liver,
and this could be attributed to the response to statin inhibition. Also, the mRNA expression of
the Abcgb and Abcg8 genes was markedly increased after ATV treatment, and the ATV+SM
combination further increased Abcg5 mMRNA expression. ABCG5/8 transporters play an
important role in sterol absorption and excretion and represent an important elimination
pathway for the cholesterol (Poruba et al. 2019). The increased mRNA expression of these
transporters indicates higher cholesterol secretion from hepatocytes into the bile. Upregulation
of Abcg5 and Abcg8 genes has been observed also in liver after pravastatin therapy
(Kamisako and Ogawa 2004). Next we analysed transcription factors Srebf-1 and Srebf-2 that
regulate lipid homeostasis by controlling the expression of enzymes required for lipid
synthesis. While Srebf-1 is involved especially in fatty acid synthesis in the liver and adipose
tissue, Srebf-2 regulates genes of cholesterol metabolism, the most important being Hmgcr
and LDL receptor. Srebf-2 is therefore an important regulatory checkpoint responsible for
controlling intracellular cholesterol homeostasis (Eberle et al. 2004). In our study, the
MRNA expression of Srebf-1 was markedly decreased after ATV treatment, while no change
was observed in Srebf-2 mRNA. The combination of ATV+SM reduced Srebf-2 mRNA.
There are many factors such as feedback mechanism, inflammatory cytokines, insulin
resistance and hyperinsulinemia that could be involved in the regulation of Srebfs (Van

Rooyen and Farrell 2011). Our results suggest that a significant decrease in insulinemia and
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IL-6 concentrations in animals fed a combination of ATV and SM could be involved in
regulation of Srebf-2.

The role of chronic, low-grade inflammation in the pathogenesis of insulin resistance and
other dyslipidemia-induced disorders is being increasingly recognized (Guo et al. 2016).
Clinical observations have demonstrated that all components of metabolic syndrome,
including insulin resistance, dyslipidemia and impaired glucose tolerance, correlate with
serum C-reactive protein and oxidative stress levels (Devaraj et al. 2009). Our results showed
that the combination therapy of ATV+SM reduced the concentrations of the inflammatory
markers hsCRP and IL-6 in plasma. This effect could be mediated via the inhibition of the
nuclear transcription factor kappa B (NF-«xB) signaling pathway, which plays an essential role
in inflammatory responses. Various plant-derived polyphenols including SM can suppress
NF-kB associated inflammatory pathways both in vitro and in vivo (Surai 2015, Gu et al.
2016). It has been shown in obese, insulin resistant mice that SM treatment significantly
decreased pro-inflammatory cytokine levels of tumor necrosis factor o (TNFo) and IL-6 in
the serum and liver (Guo et al. 2016). In addition, IL-6 is directly involved in the development
of insulin resistance (Rehman et al. 2017). Therefore, the inhibitory effect of SM on NF-xB
signaling could be an important mechanism in its anti-inflammatory efficacy (Surai 2015).

Oxidative stress is another important factor that contributes to the development of insulin
resistance, and impairs the lipid profile and glucose tolerance (Tangvarasittichai 2015). In
addition, oxidative stress is involved in the development of organ complications such as
NAFLD (non-alcoholic fatty liver disease). We therefore analyzed parameters of oxidative
stress in the liver. While ATV in the liver almost did not affect the antioxidant system, the
combination of ATV+SM increased the activity of SOD, CAT and the concentration of GSH.
Together with reduced TG accumulation, these changes led to a decrease in the formation of

lipoperoxidation products, significantly improving hepatic oxidative stress. The antioxidant
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effects of SM are well known and may be a consequence of direct free radical scavenging, the
reduced production of reactive oxygen substances in mitochondria, changes in cytochrome
P450 enzyme activity, and increasing antioxidant defense via the nuclear transcription factor
Nrf2 (Surai 2015, Gillessen and Schmidt 2020). Our results suggest that ATV in combination
with SM can ameliorate oxidative stress and together with decreased inflammation can reduce

the progression of metabolic syndrome to type 2 diabetes.

Conclusion

Our results show that the combined administration of ATV with SM potentiated the
hypolipidemic effect, reduced ectopic lipid accumulation, increased antioxidant and anti-
inflammatory actions, and positively influenced glucose homeostasis in hypertriglyceridemia-
induced metabolic disorders. This strongly suggests that SM could increase the effectiveness
of statin therapy, especially in individuals with metabolic syndrome and diabetes. These

findings could also have implications for clinical science.
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Abcg5, Abcg8 ATP-binding cassette cholesterol transporter G5and G8, ATV atorvastatin,
AUCo.120 min the area under the curve during the oral glucose tolerance test, CAT catalase,
CVD cardiovascular disease, GPx glutathione peroxidase, GR glutathione reductase, GSH
reduced form of glutathione, GST glutathione transferase, HHTg hereditary
hypertriglyceridemic rat, HMG-CoA 3-hydroxy-3-methylglutaryl-coenzyme A, Hmgcr 3-
hydroxy-3-methylglutaryl-coenzyme A reductase, hsCRP high sensitivity C-reactive protein,
IL-6 interleukin 6, MCP-1 monocyte chemoattractant protein 1, NEFA nonesterified fatty
acids, NF-kB nuclear factor kappa B, Nrf2 nuclear factor erythroid 2-related factor 2, SM
silymarin, SOD superoxide dismutase, Srebf-1, Srebf-2 sterol regulatory element binding
transcription factor 1 and 2, TBARS thiobarbituric acid reactive substances, TG triglycerides,

TNFao tumour necrosis factor o
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Table 1. Metabolic effects of ATV and ATV+SM treatment

Control ATV pt ATV+SM p?
Body weight (g) 409+7 420+ 7 NS 416 +8 NS
EﬁI?é;\{ggvglggé;weﬁgdr:gymal 1,50 +0.09 1.74+0.08 NS 1.44+0.08 <0.05
TG (mmol/l) 4.29+0.21 2.30+0.11 <0.001 1.51+0.09 <0.001
NEFA (mmol/l) 0.69 +0.05 0.79 £ 0.05 NS 0.63 +£0.03 NS
Cholesterol (mmol/l) 1.77 £ 0.04 1.85+0.02 NS 1.85 + 0.05 NS
HDL-cholesterol (mmol/l) 1.01 +0.04 1.21+£0.03 <0.01 1.24 + 0.05 NS
Insulin (nmol/l) 0.21+£0.03 0.32+£0.03 <0.05 0.16 + 0.02 <0.01
Non-fasting glucose (mmol/l) 8.86 £ 0.17 9.50+0.16 <0.05 9.80+0.13 NS
AUCo-120 min (mmol/I/2 h) 729 + 17 739+7 NS 678 + 18 <0.05
Creatine kinase (ukat/l) 3.85+0.28 3.11+0.32 NS 3.48+£0.25 NS

Data are expressed as mean + SEM; n=8/group. p! denotes significant difference between the control versus ATV treated groups, p? denotes

significant difference between ATV versus ATV+SM treated groups, NS — not significant difference.
ATV - experimental group of rats treated with atorvastatin, ATV+SM — experimental group of rats treated with atorvastatin and silymarin, TG —

triglycerides, NEFA — nonesterified fatty acids, AUCo-120 min — the area under the curve during the oral glucose tolerance test.
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Table 2. Effect of ATV and ATV+SM treatment on triglycerides accumulation in tissues

Control ATV pt ATV+SM p?
(umol/g)
Liver TG 9.44 + 0.62 10.89 +£0.76 NS 7.59+0.47 <0.01
Liver cholesterol 13.39+0.26 14.56 + 0.21 <0.05 12.94 + 0.39 <0.01
Muscle TG 3.52+0.44 5.74+0.49 <0.01 4.05+0.29 <0.05
Kidney TG 5.68 £ 0.57 5.84 +£0.40 NS 5.84 £0.35 NS

Data are expressed as mean + SEM; n=8/group. p* denotes significant difference between the control versus ATV treated groups, p? denotes
significant difference between ATV versus ATV+SM treated groups, NS — not significant difference.

ATV - experimental group of rats treated with atorvastatin, ATV+SM — experimental group of rats treated with atorvastatin and silymarin, TG —

triglycerides.

Table 3. Effect of ATV and ATV+SM treatment on plasma inflammation parameters

Control ATV p! ATV+SM p?
hsCRP (mg/ml) 0.83 +0.05 1.07 £ 0.06 <0.01 0.87 £ 0.04 <0.05
MCP-1 (pg/ml) 3863 + 308 4352 + 342 NS 4745 + 314 NS
IL-6 (pg/ml) 97.4+4.3 93.7+6.1 NS 72.8+3.9 <0.05

Data are expressed as mean + SEM; n=8/group. p! denotes significant difference between the control versus ATV treated groups, p? denotes
significant difference between ATV versus ATV+SM treated groups, NS — not significant difference.

ATV - experimental group of rats treated with atorvastatin, ATV+SM — experimental group of rats treated with atorvastatin and silymarin,
hsCPR - high sensitivity C-reactive protein, MCP-1 — monocyte chemoattractant protein 1, IL-6 — interleukin 6.
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Table 4. Parameters of oxidative stress in the liver of HHTg rats after ATV and ATV+SM treatment

Control ATV pt ATV+SM p?
SOD (U/mg protein) 0.101 + 0.003 0.095 + 0.005 NS 0.120 + 0.006 <0.01
CAT (uM H,0, min/mg protein) 1385 + 136 1250 + 106 NS 2015 + 40 <0.001
GR (nM NADPH/min/mg protein) 141 +9 149+ 11 NS 162 + 13 NS
GPx (uM NADPH/min/mg protein) 284 £13 303 +18 NS 299 + 10 NS
GST (nM CDNB/min/mg protein) 128 +8 174+ 14 <0.05 194 +12 NS
GSH (umol/mg protein) 69.00 + 1.54 73.64 +1.44 NS 80.26 + 1.68 <0.05
TBARS (nM/mg protein) 1.55+0.12 1.71+0.14 NS 1.02 +0.05 <0.001

Data are expressed as mean + SEM; n=8/group. p! denotes significant difference between the control versus ATV treated groups, p? denotes

significant difference between ATV versus ATV+SM treated groups, NS — not significant difference.
ATV - experimental group of rats treated with atorvastatin, ATV+SM — experimental group of rats treated with atorvastatin and silymarin, GSH
— reduced form of glutathione, SOD — superoxide dismutase, CAT — catalase, GR — glutathione reductase, GPx — glutathione peroxidase, GST -

glutathione transferase, TBARS — thiobarbituric acid reactive substances.
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Fig. 1. Effect of ATV and ATV+SM treatment on visceral adipose tissue (A) and muscle (B)
sensitivity to insulin action
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Data are expressed as mean + SEM; n=8/group.

+ p<0.05 denotes significant difference between ATV versus ATV+SM treated groups. ATV
- experimental group of rats treated with atorvastatin, ATV+SM — experimental group of rats
treated with atorvastatin and silymarin.
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Fig. 2. Effect of ATV and ATV+SM treatment on the relative mMRNA expression of Hmgcr
(A), Abcg5 and Abcg8 (B) and Srebf-1 and Srebf-2 (C) in the liver of HHTQ rats

A
3 3k
°
5 I
<2
Z
o
=)
21
=
®
0
Hmger
B
50 4 +
L
5 40 -
< sk bl
30 4
2
520 -
2
= 10
=4
0
Abcg5 Abcg8
C 1,4 -
= 1,2 i deokok 4+
5
< 1
E 0,8 m Control
£06 - OATV
(]
£ 04 - BATV+SM
202
0 A
Srebf-1 Srebf-2

Data are expressed as mean + SEM; n=8/group.

** p<0.01 and *** p<0.001 denotes significant difference between the control versus ATV
treated groups, + p<0.05 and ++ p<0.01 denotes significant difference between ATV versus
ATV+SM treated groups. ATV - experimental group of rats treated with atorvastatin,
ATV+SM — experimental group of rats treated with atorvastatin and silymarin. Hmgcr — 3-
hydroxy-3-methylglutaryl-CoA reductase, Abcg5 and Abcg8 — genes for ATP-binding cassette
(ABC) cholesterol transporters G5 and G8, Srebf-1 and Srebf-2 — genes for sterol regulatory
element binding transcription factor 1 and 2.
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