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A B S T R A C T   

Non-alcoholic fatty liver disease (NAFLD) is a chronic condition caused by several factors 
including thermally oxidized tallow. Various strategies have been considered to ameliorate 
NAFLD. However, the role of milk thistle (MT) in ameliorating NAFLD caused by thermally 
oxidized tallow has not been reported. The purpose of this study was to evaluate the ability of 
milk thistle to protect rabbits from the toxicity of oxidized tallow (OT). The rabbits were given OT 
and an extract of MT. The composition of MT was analyzed using HPLC-DAD, and tallow samples 
were studied using GC-MS. The study also examined liver histology, antioxidant levels, liver- 
related inflammatory markers, and serum lipid profile. The results showed that the major com
ponents of the MT extract were silybin B, formononetin-glucuronic acid, proanthocyanidin B1, 
silychristin B, silydianin, and isosilybin A. The group given OT showed elevated lipid profiles, 
lower antioxidant status, higher levels of hepatic inflammatory markers, and lower levels of anti- 
inflammatory markers. This group also had higher fat storage in the liver compared to the control 
or treatment groups. However, when MT was supplemented, the pro-inflammatory cytokines (IL- 
1, IL-4, IL-6, and TNF-α) and antioxidant status (CAT, SOD, GSH-Px, GSH, and TBARS) of the liver 
returned to normal. This suggests that MT extract is an excellent source of hepatoprotective 
compounds. It protects the liver by increasing antioxidant enzymes, decreasing pro-inflammatory 
cytokines, and increasing anti-inflammatory markers.   

1. Introduction 

The modern world’s leading cause of chronic liver disorders is the rapidly rising prevalence of non-alcoholic fatty liver disease 
(NAFLD). In general, NAFLD is linked to metabolic syndrome, a higher risk of type 2 diabetes, and controllable signs of insulin 
resistance including dysglycemia and dyslipidemia [1]. NAFLD is thought to be the primary cause of altered liver enzymes, which are 
linked to an increased risk of diabetes along with coronary artery disease [2]. The assessed prevalence of NAFLD worldwide ranges 
from 3 to 45 %. Wide ranges in prevalence are dependent on the study population as well as the diagnostic methods (liver biopsy, 
imaging, liver enzyme, etc.) employed [3]. 
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Globally, the prevalence of metabolic syndrome as well as the fatty liver is rising, and this is now the main social issue [4]. 
Numerous population studies have documented that the incidence of fatty liver illnesses rises with age and that these individuals are 
also more vulnerable to morbidity and death [5]. People who have fatty liver disease are more likely to develop type 2 diabetes, heart 
disorders, cirrhosis, and several types of cancer [6]. Six characteristics of fatty liver that increase the risk of cardiovascular disease 
(CVD) have been identified. These include prothrombotic and pro-inflammatory states, elevated blood pressure, atherogenic dysli
pidemia, insulin resistance with glucose intolerance, and abdominal obesity. An individual who satisfies three or more of these criteria 
must receive a clinical diagnosis of metabolic syndrome or fatty liver [7]. 

Epidemiological studies show that the prevalence is 15 % in Asian countries and 20–30 % in Western countries [8]. Long-term 
exposure of liver cells to high concentrations of free fatty acids (FFA) in the form of triglycerides can also cause the liver to 
become chronically inflammatory [9]. Oxidized lipids are one of the common causes of NAFLD [10]. Thermally oxidized dietary lipids 
have been shown to cause fatty accumulation in the liver of the experimental animals [11,12]. Thus, it is warranted to look for 
remedies for NAFLD. 

Herbs and herbal remedies have been utilized for a long time to treat liver diseases, such as NAFLD [13]. The herbaceous plant 
Silybum marianum L. commonly known as milk thistle (MT), which belongs to the Compositae family, is native to Southern Europe as 
well as North Africa [14]. It has been documented that as early as the 4th century BC, Westerners utilized S. marianum to cure gall
bladder and liver ailments. Additionally, it was discovered that in patients with drug-induced liver injury, nonalcoholic fatty liver 
disease, viral hepatitis, and alcoholic liver disease, S. marianum demonstrates anti-inflammatory, immunomodulating, antifibrotic, 
antioxidant, as well as regenerating qualities of the liver [15]. Isosilychristin, isosilybin, silybin, silychristin, silydianin, and toxifolin 
are the primary components of silymarin, a combination of lipophilic and flavonoid lignans that is isolated directly from the dried 
seeds of the S. marianum [16]. According to reports, silymarin has pharmacological effects on immunological modulation, neuro
protection, antioxidant, reducing blood lipids, avoiding diabetes, and anti-inflammatory. It also inhibits certain cancers [17]. More
over, silymarin has a range of pharmacological actions that can guard the membranes of the liver cells, stop the deterioration of the 
liver cells, encourage liver cleansing, and aid in liver detoxification [18]. Recently, silymarin was found to protect against renal injury 
induced by a high-fat diet, through the normalization of lipid metabolism [19]. Silymarin has been found to ameliorate the oleic 
acid-induced lipid accumulation in HepG2 cells [20]. Silymarin was hepatoprotective against the viral-induced infection in mice, and 
thus effective in Mayaro fever [21]. However, there is a lack of information on the effects of milk thistle on the thermally oxidized 
lipids induced NAFLD, which thus warranted the present work. Milk thistle rich in silymarin was found to protect against dietary 
oxidized lipids-induced toxicity in rabbits. 

2. Materials and methods 

The methanol, eugenol, quercetin, catechin, and acetic acid were supplied by Sigma (USA). Glutathione peroxidase (GSH-Px), 
alanine aminotransferase (ALT), low-density lipoproteins (LDL-C), high-density lipoproteins (HDL-C), total cholesterol (TC), and 
triglycerides (TG) were among the commercial kits that were utilized. All the chemicals as well as the reagents are of the highest purity 
and analytical grade. 

2.1. Sample preparation 

The tallow had been thermally oxidized at 160 ◦C for ten continuous hours on a hot plate. After the thermal oxidation, the samples 
were stored at − 20 ◦C in a refrigerator [22]. The sample of milk thistle powder was collected from Lower Dir, Pakistan, and identified 
using standard protocols as reported recently [23]. Samples of fresh fruits were taken from the plant and washed. After being 
shade-dried, the samples were finely powdered. Then 10 mL of a methanol-water (90:10) mixture was used to dissolve 1 g of the 
powder sample, which was then shaken for 10 h. After filtering, the mixture was centrifuged for 10 min at 5000 rpm. After filtering, the 
samples were added to the HPLC vials. For animal studies, 50 g of MT fruit powder was mixed with 500 mL of 90 % methanol water for 
48 h while being constantly shaken in a shaking incubator. Methanol was evaporated and the sample was lyophilized to obtain dry 
extract for animal feeding. 

2.2. Characterization of samples 

The oxidized tallow was examined using the GC-MS (GC-MS-5977B, Agilent Technology, USA) with Agilent DB-1 column and 
helium as a carrier gas (24 mL/min). The experimental setup included a 36-min runtime, an oven temperature range of 70–270 ◦C, and 
1 μL of injection volume. The quantification of compounds was based on the percent peak area [11]. 

A reverse-phase Agilent 1260 Infinity system was used to identify compounds in milk thistle. Phenolic compounds were separated 
using a C18 high-resolution column (Agilent Technologies, Germany) which was regulated at a temperature of 25 ◦C, and had a 
specification of 4.6 × 100 mm. A binary solvent system, consisting of solvents A (methanol-acetic acid-water, 10: 2: 88, v/v/v), and B 
(methanol-acetic acid-water, 90: 2: 8, v/v/v). The injection volume was 50 μL, and the flow rate was 1 mL/min. The initial procedure 
as described in our laboratory [24] served as the foundation of the elution process. Absorption spectra were recorded between 200 and 
700 nm using a DAD detector. Silybin A and B, Silychristin, and cyanidin-3-glucoside standard solutions were made in methanol for 
calibration curves. 
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2.3. Animal protocols 

The Helsinki criteria, which outline the appropriate care and use of animals in experiments, have been approved by the ethics 
committee and the Graduate Studies Committee of the Department of Biotechnology. Subsequently, the work was approved by the 
Advanced Studies and Research Board of the University of Malakand (No. UOM/Admin/2023/712, item-04) in its 83rd meeting. 

The rabbits (Himalayan breed), all in good health, were purchased from the local vendor. These animals had been kept in a climate- 
controlled environment with a 12-h day and 12-h night cycle, and a temperature of 24 ◦C. They were provided with frequent access to 
food and water in their cages and were given a period of seven days to acclimate before any experimental feeding took place. Rabbits 
were divided into seven groups at random. Group 1 was control, group 2 was fed with 2 g/kg un-oxidized tallow (labeled as NT), group 
3 was fed with 2 g/kg thermally oxidized tallow (labeled as OT), group 4 was fed with MT 200 mg (labeled as MT), group 5, 6 and 7 
were fed with 2 g/kg thermally oxidized tallow and 100, 200 and 300 mg of MT, which were labeled as OT + MT1, OT + MT2, and OT 
+ MT3, respectively. Previous studies showed that 2 g/kg of thermally oxidized tallow produced significant fatty accumulation in the 
liver of rabbits [25]. All the groups with the replicate (n = 5) animals were fed orally for 14 days. The blood samples were collected 
after 7 and 14 days of treatments. 

After completing the feeding cycle, the animals were sacrificed. Blood samples were collected and placed in gel tubes, which were 
then centrifuged at 5000 rpm for approximately 10 min to obtain serum. Afterward, the serum underwent further biochemical analysis 
and/or stored at − 20 ◦C. The liver was extracted and preserved in a 10 % formalin solution. 

2.4. Hematology 

Blood was extracted from the rabbit’s jugular veins for hematological examination and placed in EDTA tubes. An automated digital 
machine to provide hematology or blood profile was used to measure the concentrations of white blood cells, blood platelets, he
moglobin (Hb) levels, red blood cells (RBC), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and hematocrit 
(HCT%) [11]. 

2.5. Biochemical analyses 

The serum lipid profile, which includes total cholesterol, triglycerides (TG), high-density lipoprotein (HDL) cholesterol, and low- 
density lipoprotein (LDL) cholesterol were examined using a biochemistry analyzer, Mindray, Model BA 88A (China). 

2.6. Liver histological examination 

The livers of the rabbits from each group were removed in order to collect liver samples, which were then preserved in 10 % (v/v) 
paraformaldehyde/PBS solution. The preserved samples were embedded in paraffin blocks and sliced into 5-μm slices using a 
microtome (Leica, Type RM 2235, Germany). These sections were stained with hematoxylin and eosin dye. Histological observations 
were conducted using a Zeiss Axioscope optical microscope with a magnification of 200× [26]. 

2.7. Catalase assay 

The quantitative enzyme immunoassay method was applied (Cusabio Technology LLC, USA) for catalase analysis at PHC Di
agnostics, Lahore, Pakistan. Precoated CAT antibodies were introduced into microplate wells containing standards as well as speci
mens (100 μL each). Next, the wells were treated with avidin-conjugated horseradish peroxidase (100 μL) and a biotin-conjugated 
antibody specific for CAT. The mixtures were incubated for 1 h and then were combined with 90 μL of substrate and further incu
bated for 30 min. Following the addition of 50 μL of stop solution mixture, the color developed at 450 nm was measured, and the CAT 
values were calculated and expressed in picogram per milliliter. 

2.8. Superoxide dismutase assay 

Superoxide dismutase (SOD) was analyzed using a quantitative enzyme immunoassay technique at PHC Diagnostics, in Lahore, 
Pakistan. Microplates, previously coated with a specific anti-SOD antibody, were filled with 100 μL of samples and standards. After 
cleaning, a 100 μL biotin-conjugated antibody treatment and another 100 μL avidin-conjugated horseradish peroxidase treatment was 
administered. A 90 μL substrate solution was then added to each well, and they were incubated for approximately 30 min before adding 
a stop solution. The color strength was evaluated at 450 nm. SOD was then calculated using the curve, and the findings were expressed 
in pg/mL. 

2.9. Glutathione peroxidase assay 

Glutathione peroxidase (GSH-Px) analysis was conducted using an enzyme immunoassay methodology (Cusabio Technology LLC, 
USA) at PHC Diagnostics, in Lahore, Pakistan. Microplates coated with an antibody specific to GSH-Px were filled with 100 μL of 
standards and samples in each case. The next step was to apply 100 μL of the biotin-conjugated antibody, wash the area, and then apply 
100 μL of the avidin-conjugated horseradish peroxidase. A 90 μL substrate solution was added to each well and allowed to incubate for 
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about 30 min before a stop solution was added. The SOD was calculated using the curve from the color’s intensity measured at 450 nm 
and expressed as pg/mL. 

2.10. Total glutathione contents 

The total glutathione content (reduced) of the liver was extracted using 100 mg of pulverized liver samples, 2 mL of pH 7.5 buffer 
(made of sodium phosphate dibasic heptahydrate and sodium phosphate monobasic monohydrate), and 8 mL of 3 % phosphoric acid. 
After shaking for 30 min, 0.5 μL of the sample was combined with 1500 μL of buffer solution. Then, 0.03 mL of dithio-nitrobenzene was 
added, and the mixture was incubated at 37 ◦C for 2 min. The instrument used for measurement was a Shimadzu UV–visible spec
trophotometer (Japan). Absorbance was measured at 412 nm relative to a reference blank. The resulting amount was expressed as 
mmol/g [27]. 

2.11. Glutathione-S-Transferase assay 

The activity of glutathione S-transferase (GST) in the liver was also examined. A very specific hydrolyzing enzyme called gluta
thione transferase is used to detoxify glutathione conjugates with various stressors or carcinogens. A 1-chloro-2,4-dinitrobenzene 
(CDNB) reagent at a concentration of 1 mmol/L was used to test the activity of GST. The extract (100 μL) made in ethanol and 
buffer was combined with 700 μL of potassium phosphate buffer (pH 7.5, made of sodium phosphate dibasic heptahydrate and sodium 
phosphate monobasic monohydrate), 100 μL of GSH, and 100 μL of CDNB [25]. The enzyme activity was expressed as unit/g of liver. 

2.12. Lipid peroxidation 

Hepatic lipid peroxidation was measured as thiobarbituric acid reactive substances (TBARS) as per the established spectropho
tometric protocol in our laboratory (Zeb and Ullah, 2016). 

2.13. Measurement of hepatic inflammatory markers 

2.13.1. Total RNA isolation and cDNA synthesis 
Hepatic inflammatory markers were studied at PHC Diagnostics, in Lahore, Pakistan. The Magen Biotechnology HiPure Total RNA 

Kit (Catalogue No. IVD4121) was used to extract total RNA from tissue samples. Thermo Fisher’s cDNA kit (HRP013 100T) from 
ZOKEYO, China was used to reverse transcribe mRNA samples into cDNA. The SYBR Select Master Mix was then used with cDNA as a 
template and the matching duplicate primers (see supplementary file, Table S1) to perform real-time expression of each of the targeted 
genes (IL-1, IL-4, IL-6, TNF-α, PPAR-α, and PPAR-γ). The samples’ pertinent Ct values were assessed about controls and control samples 
in terms of housekeeping genes. 

2.13.2. Real-time qPCR 
The RT-qPCR technique was performed using a 2× SYBR qPCR mixture (ZOKEYO, China) with a total reaction volume of 15 μL. The 

mixture consisted of cDNA (1 μL), SYBR Green mix (10 μL), and primers (0.5 μM each). Housekeeping genes (GAPDH) were used as a 
reference to measure the samples’ pertinent Ct values. The amplification conditions consisted of 95 ◦C for 30 s and 40 cycles of 95 ◦C 
for 5s and 60 ◦C for 20s [28]. 

Fig. 1. HPLC-DAD chromatogram at 320 nm of the phenolic compounds of milk thistle. Each peak number represents an individual compound with 
characteristics shown in Table 1. 
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2.14. Statistical analysis 

GraphPad Prism (version 10.2.2; Graph Pad Software, USA) was used for the analysis. To compare the results, a one-way ANOVA 
was conducted, with Dunn’s multiple comparison tests. For gene expression analysis, an unpaired t-test was employed. The signifi
cance of the differences between the groups was determined at different p-values. 

3. Results 

3.1. Composition of extract and tallow 

Fig. 1 displays a chromatogram of the composition of milk thistle using HPLC-DAD. As indicated in Table 1, nineteen compounds 
were identified and quantified (μg/g). The first component to elute was coumaroyl hexoside, which had a λmax of 263 nm and an 
amount of 103.7 μg/g. The second compound was hydroxylated silibinin, which had a λmax of 284 nm and the second-lowest con
centration of 62.08 μg/g. This was followed by caffeic acid hexoside, which had the lowest amount at 56.45 μg/g. Daidzein-sulfate was 
the fourth compound to elute, with a concentration of 264.5 μg/g. Peak 5 had a concentration of 304.8 μg/g and was identified as 
silybin A. Proanthocyanidin B1 exhibited peak 6 at a concentration of 2480.0 μg/g. Taxifolin and isosilychristin, with quantities of 
430.6 and 775.4 μg/g, respectively, constituted peaks 7 and 8. Peak 9 represented silychristin A, which had a concentration of 722.1 
μg/g. Peak 10 showed the presence of silybin B, which had the highest quantity at 5233.1 μg/g. Silychristin B and silydianin, with 
concentrations of 804.9 and 2037.0 μg/g, were present in Peaks 11 and 12. Formononetin-glucuronic acid exhibited peak 13 with the 
second-highest concentration of 3921.9 μg/g and a λmax of 300, 280 nm. With a concentration of 2017.6 μg/g and a λmax of 359, 299, 
and 262 nm, myricetin hexoside constituted peak 14. Isosilybin A and B, with concentrations of 1951.8 and 132.3 μg/g, respectively, 
were the subjects of peaks 15 and 16. Petunidin-3-glucoside was the final compound, with a concentration of 1337.1 μg/g and a 
distinctive λmax of 523, 276 nm. According to these findings, the top six compounds in decreasing order of quantity were above 1900 
μg/g and were silybin B (23 %), formononetin-glucuronic acid (17 %), proanthocyanidin B1 (11 %), myricetin hexoside (9 %), sily
dianin (9 %), and isosilybin A (9 %). The entire amount of the extract was made up of 78 % of these six components. 

The GC-MS profile of the unoxidized tallow showed fourteen compounds (Supplementary file, Table S2). These were ethyl 
cyclohexane (2.15 %), ethylbenzene (1.19 %), p-xylene (5.25 %), o-xylene (1.34 %), nonane (1.39 %), mesitylene (0.613 %), decane 
(4.507 %), undecane (0.739 %), dodecane (0.468 %), tridecane (0.418 %), n-hexadecanoic acid (0.723 %), oleic acid (1.16 %), bis(2- 
ethylhexyl) phthalate (80.7 %), and cholesterol (1.542 %). Thermally oxidized tallow contains ethyl cyclohexane (2.36 %), ethyl
benzene (1.31 %), p-xylene (5.71 %), o-xylene (1.5 %), nonane (1.54 %), decane (1.22 %), undecane (0.499 %), dodecane (0.468 %), 
2,3-dihydro-4-methoxy-6,7-methylenedioxyfuro (2,3-b)quinoline (1.38 %), and bis(2-ethylhexyl) phthalate (83.8 %). 

3.2. Effects on serum lipid profile 

The serum cholesterol concentrations of the untreated group were 107.0 and 119.7 mg/dL after 7 and 14 days of treatments, 
respectively. The MT group had serum total cholesterol concentrations of 71.66 and 77.00 mg/dL, after 7 and 14 days of treatments, 
respectively. These values were similar to the serum cholesterol concentrations of the control group. In the OT and NT groups, blood 
cholesterol levels significantly increased (p < 0.05) when compared to both 7- and 14-day levels and control groups. The OT + MT1 
group had higher total cholesterol levels than the control group. The blood cholesterol levels of the OT + MT3 were notably lower (p <
0.05) than those of the OT + MT2 group. These levels were 84.33 and 85.33 mg/dL, after 7- and 14-day levels, respectively (Table 2). 

Table 1 
Characteristics, and composition of phenolic compounds in milk thistle.  

Peak Rt (min) Identity λmax (nm) Quantity (μg/g)a 

1 1 Coumaroyl hexoside 263 103.7 ± 0.7 
2 6.1 Hydroxylated silibinin 284 62.08 ± 1.1 
3 8.1 Caffeic acid hexoside 328, 287sh 56.45 ± 1.1 
4 10 Daidzein-sulfate 308 264.5 ± 3.3 
5 10.7 Silybin A 288 304.8 ± 3.2 
6 11.1 Proanthocyanidin B1 306, 280 2480 ± 5.7 
7 12.4 Taxifolin 290 430.6 ± 2.7 
8 14.1 Isosilychristin 290 775.4 ± 3.7 
9 15.1 Silychristin A 288 722.1 ± 4.3 
10 16.2 Silybin B 289 5233.1 ± 9.3 
11 17.2 Silychristin B 288 804.9 ± 1.9 
12 20.9 Silydianin 288 2037 ± 2.1 
13 21.4 Formononetin-glucuronic acid 300, 280 3921.9 ± 4.5 
14 22.8 Myricetin hexoside 359, 299, 262 2017.6 ± 1.3 
15 23.1 Isosilybin A 288 1951.8 ± 8.3 
16 24.6 Isosilybin B 288 132.3 ± 3.1 
17 32.3 Petunidin-3-glucoside 523, 276 1337.1 ± 6.8  

a Values are means with a standard deviation of the triplicate independent measurements. 
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The total triacylglycerols (TGs) of control animals were 34.33 and 26.33 mg/dL, for 7- and 14-day treatments, respectively. The 
only MT-treated group’s TGs, which were 38.66 and 25.97 mg/dL, respectively, corresponding to 7 and 14 days of dosing, did not 
differ significantly (p < 0.05) from the control group. Comparing OT and NT groups to the untreated group, the TGs rose significantly 
(p < 0.05). The OT + MT1 group showed an increase in comparison to the control, whereas the OT + MT2 group showed a highly 
significant (p < 0.05) decrease in TG over the OT group. 

The serum HDL-cholesterol concentrations in the control group were 52.66 and 55.33 mg/dL, corresponding to 7 and 14-day 
treatments, respectively. The MT treatment alone showed a small elevation in serum HDL-cholesterol in comparison to the control 
group; however, the groups given OT + MTl, OT + MT2, and OT + MT3 showed significant increases. In the OT group, there was no 
discernible decline in serum HDL cholesterol. 

The blood LDL-cholesterol values of the control group were 21.00 and 43.66 mg/dL, corresponding to 7 and 14-day treatments, 
respectively. The blood LDL-cholesterol levels did not significantly differ (p < 0.05) between the group that received only MT and the 
control group. A significant (p < 0.05) rise in the OT group in comparison to the control group was observed. After 7 and 14 days of 
treatments, the OT + MT1 group’s serum LDL-cholesterol levels were significantly (p < 0.05) lower than those of the control group. 
The OT + MT2 and OT + MT3 groups also exhibited a significant (p < 0.05) reduction in LDL-cholesterol. The reduction was more 
pronounced at 14 days of treatments. 

3.3. Effects on hematology 

The hemoglobin levels in the control group were 15.13 and 15.50 g/dL, respectively, corresponding to 7 and 14-day treatments. 
The MT group did not show a significant (p < 0.05) change from the control group; however, the OT group did show a significant (p <
0.05) decline. In contrast to the OT group, the OT + MT2 and OT + MT3 groups showed an increase in hemoglobin levels as shown in 
Table 3. 

The red blood cells (RBC) of the control groups had 5.30 and 5.66 ( × 106 cells/μL) values after 7 and 14 days, respectively. There 
was no significant (p < 0.05) difference in the MT and control values. There was a significant (p < 0.05) increase in the RBC in 
comparison to the 7- and 14-day doses when comparing the OT + MT1, OT + MT2, and OT + MT3 groups to the OT group. 

Following 7 and 14 days of treatments, the while blood cells (WBC) of the control group was 5.46 and 6.70 ( × 106 cells/μL). There 
was no significant difference in the WBC of the control and MT groups. The WBC levels in the OT and NT groups were found to be 
considerably (p < 0.05) higher than those in the control group. However, the rise in the OT + MT1 group was not statistically sig
nificant in comparison to the groups that were only given milk thistle (MT) treatment and the control group. There was no discernible 
difference between the OT + MT2 and OT + MT3ml groups and the control group. 

The platelet count within the control group was 39.35 and 38.83 ( × 103 cells/μL), corresponding to treatments for seven and 
fourteen days, respectively. The elevation in blood platelets in the OT and NT during the 7 and 14-day treatments was statistically 
significant (p < 0.05) compared to the control. The OT + MT1, OT + MT2, and OT + MT3 groups illustrated a substantial (p < 0.05) 
drop in comparison to the OT group. 

With mean corpuscular hemoglobin (MCH) values of 26.53 and 29.56 pg/cell, respectively, corresponding to 7 and 14-day in
vestigations, the untreated group’s MCH was quite close to that of the MT group. There was no significant difference OT + MT1, OT +
MT2, and OT + MT3 groups, and a significant decrease when comparing the OT and NT groups to the control group. The mean 
corpuscular volume (MCV) and hematocrit values were found to be comparable. 

3.4. Effects on liver histology 

The liver sections of the rabbits on a regular diet showed typical morphology with acceptable microvascular contents of fat 
(Fig. 2A), in contrast to the rabbits fed the oxidized tallow and unoxidized tallow groups, whose liver sections primarily had 

Table 2 
Effects of MT extract on serum lipid profile at 7 and 14 days of treatments.  

Group Total cholesterol (mg/dL) Triglycerides (mg/dL) HDL-cholesterol (mg/dL) LDL-cholesterol (mg/dL) 

Treatment Days Treatment Days Treatment Days Treatment Days 

7 14 7 14 7 14 7 14 

Control 107.0 ± 2.8a 119.7 ± 2.0a 34.3 ± 2.8a 26.3 ± 3.7a 55.3 ± 2.0a 52.7 ± 2.0a 43.6 ± 3.2a 21.3 ± 3.6a 
NT 180.7 ± 2.0b 190.4 ± 1.5b 102.3 ± 2.9b 107.7 ± 6.1b 54.3 ± 1.0a 45.3 ± 0.3b 106.0 ± 2.3b 116.3 ± 4.9b 
OT 216.7 ± 1.4c 226.7 ± 1.8c 129.1 ± 3.9c 149.5 ± 7.2c 26.7 ± 4.0b 22.0 ± 3.7c 136.0 ± 5.5c 137.6 ± 7.7c 
MT 71.7 ± 2.3d 77.0 ± 1.5d 38.4 ± 2.2d 25.9 ± 3.9d 65.6 ± 3.0c 67.4 ± 1.0d 17.6 ± 1.8d 21.3 ± 5.0d 
OT + MT1 94.3 ± 5.0e 101.3 ± 2.5e 99.4 ± 7.1e 84.7 ± 5.1e 71.0 ± 4.0d 74.4 ± 2.0e 36.8 ± 0.08e 29.7 ± 5.0e 
OT + MT2 87.3 ± 2.6e 95.3 ± 3.9e 74.5 ± 3.5f 65.5 ± 2.7f 76.5 ± 1.1d 81.4 ± 1.3f 31.8 ± 1.2f 25.4 ± 1.0e 
OT + MT3 84.3 ± 3.2e 85.3 ± 5.0e 52.7 ± 6.8g 41.5 ± 1.4g 87.5 ± 2.5e 89.2 ± 3.3g 28.3 ± 2.8g 21.3 ± 3.6e 

*Values are means with a standard deviation of the triplicate independent measurements. Abbreviations: HDL, high density lipoproteins; LDL, low 
density lipoproteins; NT, none oxidized tallow; OT, oxidized tallow; MT, milk thistle; OT + MT1, oxidized tallow 2 g/kg with milk thistle 100 mg; OT 
+ MT2, oxidized tallow 2 g/kg with milk thistle 200 mg; and OT + MT3, oxidized tallow 2 g/kg with milk thistle 300 mg. Different letters (a-g) in the 
column represent significant at p < 0.05, Dunnet test. 
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Table 3 
Effects of MT on the hematological parameters of rabbits.  

Group Hb (g/dL) RBC,s (cells/μL) ×
106 

WBC,s (cells/μL) ×
103 

Platelets (cells/μL) ×
103 

MCH (pg/cell) HCT (%) MCV (fL/cell) 

Treatment Days Treatment Days Treatment Days Treatment Days Treatment Days Treatment Days Treatment Days 

7 14 7 14 7 14 7 14 7 14 7 14 7 14 

Control 15.1 ± 1.2a 15.5 ± 3.4a 5.3a 5.66a 5.46a 6.70a 39.3a 38.8a 26.5 ± 3.7a 29.5 ± 3.0a 40.4 ± 4.3a 44.5 ± 4.8a 67.0 ± 2.3a 67.9 ± 2.2a 
NT 10.5 ± 1.3b 9.43 ± 1.7b 3.8b 3.85b 14.1b 14.3b 51.5b 58.0b 17.9 ± 2.7b 16.1 ± 1.2b 23.3 ± 3.7b 22.1 ± 1.1b 52.9 ± 5.3b 52.0 ± 4.2b 
OT 6.36 ± 0.1c 5.66 ± 0.8c 2.87c 2.53c 16.6c 17.4c 76.8c 85.4c 13.6 ± 1.6c 12.3 ± 2.1c 17.7 ± 4.4c 16.5 ± 0.3c 45.5 ± 3.2c 43.0 ± 7.8c 
MT 15.9 ± 2.4a 15.7 ± 1.3a 5.45a 5.33a 4.15d 4.30d 40.5a 39.0a 26.1 ± 2.5a 26.4 ± 2.4a 23.7 ± 1.0b 27.4 ± 2.0d 73.6 ± 2.7d 71.5 ± 3.7a 
OT + MT1 14.4 ± 1.8a 14.6 ± 3.5a 4.46d 4.52a 6.30e 8.26e 46.8d 47.7d 20.5 ± 3.4b 24.5 ± 4.1a 33.6 ± 6.6d 39.5 ± 0.09e 60.3 ± 4.4a 68.6 ± 3.7a 
OT + MT2 15.9 ± 1.3a 15.8 ± 2.3a 5.63a 5.68a 5.30a 7.26a 42.7a 43.7e 21.3 ± 2.3b 26.5 ± 2.3a 36.0 ± 4.8d 43.5 ± 5.96a 62.7 ± 2.4a 71.5 ± 7.6a 
OT + MT3 15.8 ± 3.3a 18.1 ± 2.0a 7.39e 7.49b 4.70a 6.26a 38.4a 39.4a 23.5 ± 3.5b 28.7 ± 3.2a 40.6 ± 2.6a 47.6 ± 3.3a 64.5 ± 3.5a 72.5 ± 3.7a 

*Values are means with a standard deviation of the triplicate independent measurements. Abbreviations: Hb, hemoglobin; RBC, red blood cells; WBC, white blood cells; MCH, mean corpuscular he
moglobin; HCT, hematocrit; MCV, mean corpuscular volume; NT, none oxidized tallow; OT, oxidized tallow; MT, milk thistle; OT + MT1, oxidized tallow 2 g/kg with milk thistle 100 mg; OT + MT2, 
oxidized tallow 2 g/kg with milk thistle 200 mg; and OT + MT3, oxidized tallow 2 g/kg with milk thistle 300 mg. Different letters (a-e) in the column represent significant at p < 0.05, Dunnet test. 
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macrovascular fat contents (Fig. 2B–C). Both the oxidized and unoxidized groups exhibited necrotic features. The MT group had a 
similar histology to that of the control group as shown in Fig. 2D. The treatment MT in combination with OT resulted in recovery of 
lipid accumulation and cellular alteration in the liver of rabbits as shown in Fig. 2E and F. Thus, the MT supplementation was effective 
in recovering the structure of the liver. 

3.5. Effects on liver antioxidant status 

Fig. 3 showed that CAT significantly decreased in the livers of the NT and OT groups as compared to the control and enhanced 
significantly in the MT group. The activity of CAT in the liver tissue enhanced significantly in dose dose-dependent manner in OT +
MT1, OT + MT2, and OT + MT3 groups reaching the highest CAT concentrations (132.26 pg/mL). Likewise, the livers of the OT group 
had significantly lower SOD levels than the control group (p < 0.001). When compared to the OT and control groups, the MT groups 
had lower SOD, and treatment groups had higher SOD and reached significantly higher in the OT +MT3 group. Glutathione peroxidase 
(GSH-Px) was significantly reduced in NT and OT as compared to control. The MT has the highest GSH-Px both alone or when given in 
combination with OT. The GSH contents were reduced significantly in the NT and OT groups as compared to the control and enhanced 
with supplementation of MT either alone or in combination with OT. There was no significant difference in the GSH contents of the 

Fig. 2. Effects of MT extract on rabbit’s liver histopathology. (A) control, (B) NT, (C) OT, (D) MT, (E) OT + MT1, and (F) OT + MT3. Abbreviations: 
hepatocyte (H), fats (F), necrosis (N), NT, none oxidized tallow; OT, oxidized tallow; MT, milk thistle; OT + MT1, oxidized tallow (2 g/kg) with MT 
(100 mg); OT + MT2, oxidized tallow (2 g/kg) with MT (200 mg); and OT + MT3, oxidized tallow (2 g/kg) with MT (300 mg). 
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control, MT, and OT + MT1 groups. The GST contents significantly declined in the NT and OT groups as compared to the control. 
Supplementation of MT alone significantly enhanced GST contents, while the increase was also significant in OT + MT groups. There 
was no significant difference between the control, OT + MT1, and OT + MT2 groups showing beneficial effects of MT. 

3.6. Effects on liver inflammation 

The expression of pro-inflammatory cytokines TNF-α as well as IL-1, IL-4, and IL-6 in liver tissues were determined. With reference 

Fig. 3. Effect of MT extract on the liver antioxidant status of rabbits. (A) Catalase, (B) superoxide dismutase, (C) glutathione peroxidase, (D) total 
reduced glutathione, (E) glutathione-S-transferase, (F) thiobarbituric acid reactive substances. Data are displayed as the mean with a standard 
deviation of replicates (n = 3). Non-significant are not shown, *** <0.001 versus control in each treatment using Dunnett’s multiple compari
son tests. 
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Fig. 4. Effect of MT extract on relative fold change in expression of pro- and anti-inflammatory markers in the liver of rabbits. (A) IL-1, (B) IL-4, (C) 
IL-6, (D) TNF-α, (E) PPAR-α and (F) PPAR-γ. Data displayed as mean with a standard deviation of replicates (n = 3), ns = nonsignificant, *0.033, 
**0.002, *** < 0.001 versus control in each treatment using Dunnett’s multiple comparison tests. Abbreviations: NT, none oxidized tallow; OT, 
oxidized tallow; MT, milk thistle; OT + MT1, oxidized tallow (2 g/kg) with MT (100 mg); OT + MT2, oxidized tallow (2 g/kg) with MT (200 mg); 
and OT + MT3, oxidized tallow (2 g/kg) with MT (300 mg). 
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to the housekeeping gene (GADPH) and control gene, the relative fold change was used to determine the expression of these genes in 
the treated groups. The results demonstrated that, in contrast to the OT + MT1, OT + MT2, and OT + MT3 rabbit groups, these gene 
levels were upregulated in the OT-fed rabbits group, followed by NT. The levels of IL-1, IL-4, and IL-6 in the OT-fed rabbits were 
considerably higher (p > 0.05) than in the control group (Fig. 4). The expressions of IL-1 (Fig. 4A), IL-4 (Fig. 4B), and IL-6 (Fig. 4C) 
were significantly down-regulated in the OT + MT1, OT + MT2, and OT + MT3 treated groups in dose-dependent manner. Similarly, 
when compared to the OT group, the expression of TNF-α (Fig. 4D), was significantly up-regulated in the OT group and down-regulated 
in treated groups. 

In contrast, the peroxisome proliferator-activated receptor-alpha (PPAR-α) expression significantly decreased in the livers of the NT 
and OT group as compared to the control group (Fig. 4E). The MT treatment alone or in combination with OT significantly increased 
the expression back to normal levels. There were no significant differences in PPAR-α fold change values among the control, MT, OT +
MT1, and OT + MT2 groups, suggesting the beneficial role of MT. Similarly, PPAR-γ was downregulated in NT and OT groups and up- 
regulated in MT and OT + MT1, OT + MT2, and OT + MT3 treated groups (Fig. 4F). These findings suggested that MT treatment 
protected the liver from inflammation brought on by normal or oxidized tallow. 

4. Discussion 

The most prevalent liver disease globally is NAFLD. Research has shown that consuming beef tallow, vegetable ghee, and animal 
ghee can cause NAFLD in animals [29,30]. When tallow is heated, it becomes oxidized and forms more toxic compounds, which 
significantly contribute to the development of NAFLD [31]. The process of preparing tallow from the animal tissues and resulting 
thermal oxidation also lead to the formation of various aromatic compounds that can impact the flavor and quality of the food products 
[32]. Tallow has been found to contain hydrocarbons like decane, dodecane, tridecane, and undecane, as well as aldehydes, ketones, 
alcohols, nitrogen, or sulfur compounds, esters, acids, ethers, and phenols [33]. Some of these compounds have been identified in our 
research, suggesting that tallow is a good source of them. The induction of NAFLD in animal models through the consumption of tallow 
has been the focus of ongoing research. The primary approach to treating NAFLD is lifestyle modification, with numerous studies 
evaluating the effectiveness of weight loss, specific diets, and regular physical activity. However, there is divided opinion on the uses of 
pharmacological treatments [34]. Nevertheless, it is considered the most effective way to mitigate NAFLD. Different natural remedies, 
including milk thistle, are therefore used. 

The lipophilic extract of MT derived from plant fruit has an active component called silymarin. Silymarin is made up of isomer 
flavonolignans, including silibinin, isosilibin, silidianin, and silichristin. In this study, 17 compounds were identified in the extract of 
MT. Silybin B, formononetin-glucuronic acid, myricetin hexoside, silydianin, and isosilybin A were the major compounds. Stan
dardized MT has been shown to contain silibinin, silichristin, and silidianin as an active ingredient [35]. Romanian and German 
commercial samples of MT have been reported to contain myricetin, silybin A, and B [36]. Chinese samples of MT seeds have been 
found to contain taxifolin, silychristin, silydianin, isosilybin A and B, and silybin A as major compounds [37]. Therefore, the whole 
fruit extract of MT contains a group of compounds known as silymarin. 

We have demonstrated that supplementing with MT extract significantly reduces body fat in rabbits fed with OT, while also altering 
serum lipid profiles, including TG, HDL, and LDL. The administration of MT decreases plasma levels of cholesterol and LDL-cholesterol 
in OT-fed rabbits, but it does not lower plasma cholesterol levels in normal rabbits. However, it does reduce phospholipids, particularly 
those carried in LDL, as previously reported [38]. The main mechanism behind the lipid-lowering effect may presence of important 
phenolic compounds in MT, which help to lower lipids. In rats with diet-induced hypercholesterolemia, silymarin from MT has been 
shown to have an anticholesterolemic effect, as evidenced by increased levels of HDL cholesterol and a decrease in total and biliary 
cholesterol [39]. Additionally, another study has revealed that MT may be beneficial for individuals at risk of diabetes and high 
cholesterol due to its antioxidant properties [40]. In conclusion, MT plays a hepatoprotective and hypolipidemic role in experimental 
animals. 

In the present study, cellular antioxidant enzymes such as CAT, SOD, GSH-Px, TBARS, and GST as well as antioxidant GSH were 
found to be increased by the supplementation of MT extract. Previous research has shown that the flavonoids present in MT have strong 
antioxidant properties [41]. These strong antioxidant effects were demonstrated by increases in superoxide anions and lipid oxygen 
radicals induced by lipid peroxidation [42]. Studies have also shown that MT’s in-vivo antioxidant activity increased glutathione levels, 
which is an important antioxidant that helps detoxify hormones, medications, and toxins. MT has the potential to act as both an 
antioxidant and a cholesterol-lowering agent, as it has been shown to boost superoxide dismutase in cell cultures [43]. It has been 
observed that oxidative imbalance, DNA damage, and enzyme impairment all contribute to the decline in SOD and CAT activities. 
Previous reports have indicated that oxidative stress develops in the tissues of rabbits administered OT. This chronic oxidative stress 
leads to lipid peroxidation and damage to liver tissue [44]. In conclusion, supplementation of MT extract can help mitigate the 
oxidative stress caused by a high-fat diet such as tallow and thermally oxidized tallow. 

Our results indicated that the reduction in Hb and RBC levels was induced by feeding oxidized tallow; however, supplementing 
with MT promotes recovery. Compared to the control and MT groups, the WBC as well as platelet counts of the OT-treated group were 
considerably higher. This shows that supplementing with oxidized tallows severely stresses these blood markers. The current results 
are consistent with the work of Al-Quraishy et al. [45], which shows that lipid oxidation causes a decrease in hemoglobin concen
tration, while our WBCs findings are in agreement with Cam et al. [46], who suggested that the severity concerning the infection in the 
liver may be the cause of the drop in hemoglobin and rise in leucocyte counts. These results suggest that MT can withstand oxidative 
stress caused by oxidized lipids while maintaining normal hematological parameters. 

Owing to its abundant supply of fat, the liver is the organ most susceptible to lipotoxicity. This is because it absorbs massive 
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amounts of fat straight from the portal vein in addition to lipoproteins and circulating lipids [47]. Ingestion of oxidized tallow for two 
weeks caused considerable changes in the hepatic structure. The alterations in the liver included the presence of fat macro- and 
microvesicles, fatty contents, and cellular and nuclear disintegration that suggested a process of cell death in the presence of hepatic 
steatosis. As previously noted, MT has anti-inflammatory, anti-metastatic, and chemo- and radioprotective properties [48]. It also 
controls the imbalance between cell survival and death by interfering with the production of cell cycle regulators and proteins 
implicated in apoptosis. Additionally, anti-apoptotic and anti-inflammatory properties of MT have been used to treat rats’ steatohe
patitis (fatty liver) [49]. The current investigation showed that taking MT fruit extract effectively corrected the liver abnormalities as 
revealed by histopathological examinations of the liver. The extract from MT lessened the severity concerning non-alcoholic fatty liver. 

In the current study, rabbits fed with OT showed significantly higher levels of expression of inflammatory cytokines (IL-1, IL-4, IL-6, 
and TNF-α). However, the supplementation of MT reduced these markers. These findings are consistent with those of Jiang et al. [50], 
who found that AKT1 protein expression decreased in the model group compared to the control group, but levels of IL-6, MAPK1, 
Caspase 3, p53, and VEGFA were higher. In contrast, the AKT1 protein was up-regulated in the low-dose silymarin group and 
down-regulated in the high-dose silymarin group, along with IL-6, MAPK1, Caspase 3, p53, and VEGFA proteins. These results suggest 
that silymarin may protect against NAFLD. The downregulation of inflammatory markers is caused by phenolic compounds and 
silymarin. The anti-inflammatory and anticarcinogenic effects of silymarin may be due to its suppression of transcription factor NF-κB, 
which regulates the expression of many genes associated with inflammation, cytoprotection, and carcinogenesis. However, the precise 
molecular mechanisms underlying these effects are unknown [51]. According to a report, silymarin may potentially work by altering 
the activity of molecules that regulate the biological cycle and mitogen-activated protein kinase [52]. 

Nuclear receptor peroxisome proliferator-activated receptor A (PPARα) is a therapeutic target for several metabolic diseases and 
demonstrates strong anti-inflammatory properties [53]. PPARα and PPARγ regulate several key enzymes in lipid metabolism. In this 
study, both PPARα and PPARγ were significantly downregulated in the NT and OT groups. However, MT alone improved the levels of 
these markers. In the OT + MT groups, the levels of these markers significantly increased in a dose-dependent manner suggesting a 
protective role. On the other hand, Orolin et al. [54] showed that silymarin was hypolipidemic in high cholesterol-fed animals but this 
effect was not mediated by PPARα. Our work, however, agrees with the study of Zhu et al. [55], who showed that HFD caused a decline 
in liver PPARα levels, which were enhanced by the oils from MT. Our findings are also in agreement with the study of Mohamed Kamel 
et al. [56], who showed that MT upregulated PPARγ expression and was protective in the liver. Therefore, a high-fat diet consisting of 
tallow or lard causes NAFLD, which can be ameliorated by MT extract activation of PPARα and PPARγ in the liver. 

5. Conclusions 

Milk thistle (MT) possesses potent antioxidant properties. This study demonstrates how MT can protect against the negative 
consequences induced by tallow. Consuming normal or oxidized tallow raises blood levels of triglycerides (TG), LDL cholesterol, and 
total cholesterol. In addition to liver degenerative effects, oxidized tallow also results in decreased RBC, Hb, and hematocrit levels as 
well as increased WBC and platelet counts. However, when tallow consumption was followed by MT supplementation, serum lipid 
profile, and hematological indices were normalized. Furthermore, the expression of pro-inflammatory markers like TNF-α, IL-1, IL-4, 
and IL-6 was significantly reduced with the consumption of MT. Therefore, it can be concluded that MT plays a unique role in repairing 
liver damage caused by both unoxidized and oxidized tallow. MT helps shield the liver from oxidative stress by activating antioxidant 
enzymes and suppressing pro-inflammatory markers, while also upregulating peroxisome proliferator-activated receptors. 
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