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Abstract: Vitamin D3 (VD3) is a sunshine hormone that regulates cellular proliferation, differentiation,
apoptosis, and angiogenesis related to liver parenchyma. We used a thioacetamide (TAA)-induced
hepatic fibrosis rat model in our study to investigate the beneficial roles of VD3 to overcome extensive
liver fibrosis. Randomly, four equal groups (eight rats per group) underwent therapy for eight
successive weeks: a control group, a group treated with TAA 100 mg/kg BW IP every other day,
a group treated with VD3 1000 IU/kg BW IM every day, and a TAA+VD group treated with both
therapies. Treatment with VD3 after TAA-induced hepatic fibrosis was found to alleviate elevated
liver function measures by decreasing ALT, AST, and ALP activity; decreasing total bilirubin, direct
bilirubin, cholesterol, and triglyceride levels; and increasing glucose and 25[OH]D3. Rats treated
with VD3 showed marked decreases in MDA and increased SOD, CAT, and GSH levels. In addition,
CD34 and FGF23 gene expressions were reduced after dual therapy. Liver sections from the TAA+VD
group showed markedly decreased hepatic lesions, and Masson’s trichrome stain showed a marked
decrease in dense bluish-stained fibrous tissue. The immunohistochemical expression of TGF-β and
α-SMA showed markedly decreased positive brown cytoplasmic expression in a few hepatocytes,
clarifying the antifibrotic effect of VD3 in hepatic fibrosis. In conclusion, VD3 alleviates hepatotoxicity
and fibrosis caused by TAA.

Keywords: vitamin D3; thioacetamide; hepatic oxidative stress; fibrosis scoring; fibrotic markers

1. Introduction

The regulation of various physiological processes, including the biochemical metabolisms
of protein, carbohydrate, and fat for growth, nutrient supply, energy provision, detoxification,
bile secretion, vitamin storage, fighting against various diseases, and reproductive functions,
are modulated within hepatocytes [1]. All liver cell types make their own contribution to the
development of liver fibrosis, with cross-talk between cells of different types in the process
of fibrosis through the release of specific mediators such as interleukins, growth factors, and
reactive oxygen species (ROS) [2,3].

During the course of liver injury, some protective molecular pathways are repressed.
One of these important signaling pathways is the cyclic adenosine monophosphate (cAMP)
pathway. cAMP is a second messenger that plays a central role in cellular responses
to neurotransmitters and hormones and regulates various cellular functions, including
inflammation and cell differentiation, by affecting gene/protein expression and func-
tion [4,5]. Increased cAMP levels have been found to inhibit the conversion of resting
fibroblasts/fibroblast-like cells, such as hepatic stellate cells (HSC), to profibrogenic my-
ofibroblasts after cell injury, decrease their proliferation, stimulate their death, and inhibit
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extracellular matrix (ECM) protein synthesis, which causes the destruction of the natural
liver architecture and the emergence of liver fibrosis [4,6,7].

Thioacetamide (C2H5NS) is an organosulfur compound, to which occupational ex-
posure usually occurs through inhalation and dermal contact at the workplace [8]. TAA
is extensively used in the development of suitable animal models for acute and chronic
liver injury, with various doses, times, and routes of administration employed to resemble
human liver fibrosis and cirrhosis [9]. Hepatotoxicity with TAA progresses when it is con-
verted by the cytochrome P450 enzyme (CYP450) into TAA–sulfur dioxide (TAA-S-dioxide),
an unstable reactive metabolite that initiates necrosis and ROS generation by binding
covalently to liver macromolecules and liver parenchyma and invasion by inflammatory
cells, causing centrilobular necrosis and activating HSCs [10,11].

The active form of vitamin D is 1, 25-dihydroxy cholecalciferol (1, 25[OH]2D3); it not
only supports human bone health, but also directly or indirectly manages many genes
controlling cellular division, differentiation, apoptosis, and angiogenesis [12,13]. Many
conflicting recent studies are showing an association between vitamin D (VD) deficiency
and cancer, cardiovascular disease, diabetes, autoimmune diseases, and depression [14,15].
It has also been shown to control free radical generation in hepatocytes of diabetic mice
through binding to the VDR in the cell nucleus [16], reducing the risk or severity of
chronic liver disorders [17]. Recently, VD3 has drawn more attention as a non-enzymatic
antioxidant, with physiological concentrations having a higher antioxidant effect than
vitamin E, melatonin, and β-estradiol [18]. VD3 exerts its action through a mechanism
involved in reducing the level of lipid peroxidation and increasing the total antioxidant
capacity in induced muscle proteolysis [19] and streptozotocin-induced diabetes [20].

According to the WHO, identifying natural products as non-drug remedies for numer-
ous diseases is of major interest due to the lack of effective medications for the treatment
of liver diseases [21]. Regrettably, there are no studies on the hepatoprotective effect of
VD3 against TAA-induced hepatotoxicity and fibrosis. Therefore, the present study was
designed, firstly to explore the molecular protective mechanism of VD3 and its antioxidant
and anti-inflammatory effects against TAA-induced hepatic fibrosis, and secondly to inves-
tigate if CD34 and FGF23 could act as novel fibrotic markers and genetically upregulate
or downregulate in hepatic tissue in correlation with the incidence and amelioration of
liver fibrosis.

2. Materials and Methods
2.1. Chemicals

Thioacetamide was obtained from Sigma-Aldrich (Munich, Germany), and Devarol S 200000
ampoules (Cholecalciferol) (Memphis Company, Cairo, Egypt) were used for VD3 treatment.

2.2. Animals and Experimental Design

Thirty-two male albino rats (100–120 g) were obtained from the laboratory animal
unit of Zagazig University. During the housing period, rats were fed a standard rodent
pellet diet ad libitum with unrestricted access to tap water and were housed in conditions
of a 12 h light/dark cycle with consistent temperature and humidity, in compliance with
the institutional policies of the Faculty of Veterinary Medicine’s Animal Research Ethical
Committee at Mansoura University in Egypt (Ph.D/46).

After 2 weeks of acclimatization, rats were handled carefully and divided into 4 equal
groups, each with 8 rats, and kept for 8 consecutive weeks: control group (Cont.) were
administered IP injection of normal saline and I/M sterilized distilled water; thioacetamide
(TAA) group were administered IP injection of TAA at 100 mg/kg BW every other day
according to [22,23]; VD3 (VD) group were administered IM injection of Devarol S 200000
at 1000 IU/kg BW every day according to [24]; and dual treatment TAA+VD group were
administered the same doses of TAA and VD3.
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2.3. Handling of Biological Samples

An IP injection with a mixture of ketamine and xylazine at a dose of 50 or 10 mg/kg
was administered for animal anesthesia at the end of the eighth week of our research. Blood
samples were collected from the retro-orbital plexus in plain tubes, then centrifuged at
1500× g for 10 min, and serum was collected in Eppendorf tubes and chilled at −20 ◦C
for biochemical analysis. Liver tissues were divided into 3 pieces: the first part, weighing
0.5 g, was crushed in 5 mL ice-cold PBS (PH 7.5) and centrifuged at 2000× g for 15 min
at 4 ◦C, and the supernatant was carefully aspirated in Eppendorf tubes and frozen at
−20 ◦C for evaluation of liver oxidative and antioxidant biomarkers; the second portion
was preserved in RNAlater for RNA extraction and stored at −80 ◦C for gene expression
analysis; and the last portion was fixed in 10% neutral buffered formalin and prepared
for H&E and Masson’s trichrome staining of liver architecture and assessment of fibrosis
scoring, in addition to immunohistochemical examination.

2.4. Assessment of Serum Biochemistry Parameters

Alanine aminotransferase (ALT), aspartate aminotransferase (AST) (Human Company,
Wiesbaden, Germany) and alkaline phosphatase (ALP) (EliTech Company, Paris, France)
were quantified spectrophotometrically. Total and direct bilirubin (Diamond Company,
Cairo, Egypt) were measured calorimetrically then subtracted to estimate indirect bilirubin.
Total protein, albumin, total triglyceride (TG), total cholesterol (TC), and glucose (Spinreact
Co., Girona, Spain) were also evaluated. Enzyme-linked immunosorbent assay (ELISA)
kits (Diametra Company, Perugia, Italy) were used to estimate serum 25(OH)D3 concen-
tration by immunoenzymatic colorimetry [25]. The detection limit for 25(OH)D3 assay
was 0.3 ng/mL, then repeatability values were acceptable as the intra- and inter-assay
coefficients of variability (CV) were ≤6.4 and 6.95%, respectively, and the assay was linear
on dilution. A total of 54 serum samples were tested for the comparison of the utilized
kits against the commercially available validated kits and yielded an acceptable correlation
value (r = 0.829) using the linear regression curve.

2.5. Evaluation of Antioxidant and Hepatic Lipid Peroxidation Markers

Hepatic homogenate was utilized to estimate oxidative stress and antioxidant markers
as malondialdehyde (MDA) (cat. no. MD 25 29), superoxide dismutase (SOD) (cat. no.
SD2521), catalase (CAT) (cat. no. CA 2517), and reduced glutathione (GSH) (cat. no. GR
2511) by commercially available Biodiagnostic (Cairo, Egypt) ready-made kits, which were
assessed following the manufacturer’s protocol.

2.6. Hepatic Gene Expression Analysis

Using an RNeasy Mini Kit (cat. no. 74104; Qiagen, Hilden, Germany) in accordance
with the manufacturer’s instructions, hepatocyte RNA extraction was carried out. Verifi-
cation of RNA samples was performed using a QuantiTect SYBR Green PCR kit (cat. no.
204141) and a NanoDrop spectrophotometer, including 2 mL of RNase-free water and 1 mL
of 2x QuantiTect SYBR Green PCR Master Mix, and Revert Aid Reverse Transcriptase (cat.
no. EP044; Thermo Fisher, Waltham, MA USA. Using oligonucleotide primers and probes,
SYBR Green real-time PCR was performed to detect fibroblast growth factor 23 (FGF23)
and cluster differentiation 34 (CD34) (Metabion, Steinkirchen, Germany). Primer sequences
are listed in Table 1. Stratagene Mx3005P software was used to calculate amplification
curves and CT values.
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Table 1. Primer sequences for RT-PCR.

Gene Primer Sequence
(5′-3′) Reference

Rat β-actin F:3′TCCTCCTGAGCGCAAGTACTCT5′

R:5′GCTCAGTAACAGTCCGCCTAGAA3′ [26]

CD34 F:3′AGCCATGTGCTCACACATCA5′

R:5′CAAACACTCGGGCCTAACCT3′ [27]

FGF23 F:3′ACGGAACACCCCATCAGACTATC5′

R: 5′TATCACTACGGAGCCAGCATCCTC3′ [28]

According to the CT approach described in [29], the CT of each sample was compared
with that of the control group in order to assess the variation of gene expression in the RNA
of the samples. β-actin was utilized as a housekeeping reference gene [26].

2.7. Liver Histopathology Assessment

According to a previously described technique in [30,31], a formalin-fixed liver spec-
imen was preserved, embedded in paraffin and sectioned into 5 mm thick pieces, and
stained with H&E and Masson’s trichrome stain to determine the severity of liver injury.
Ishak’s modified Knodell histological activity index (HAI) was used to evaluate the fibrosis
score, steatosis grade, and degree of hepatic lobular and portal inflammation.

2.8. Immunohistochemistry of α-SMA and TGF-β Expression

The hepatic tissue was cut into 5 µ thick sections from the paraffin blocks and placed
on coated slides and deparaffinized, then autoclaved at 120 ◦C for 10 min in a citrate buffer
at pH 6 to retrieve the antigen. The sections were blocked with a 3% H2O2 solution. The
sides were incubated with primary antibodies: rabbit polyclonal TGF-β (1:150) (Wuhan
Servicebio Technology Co. Ltd., Wuhan, Hubei, China) and rabbit polyclonal α-SMA
(ready to use) (Wuhan Servicebio Technology Co. Ltd., Hubei, China), at room temperature
for 1 h. The slides were incubated with peroxidase-conjugated anti-rabbit secondary
antibodies at room temperature for 30 min and labeling was “visualized” by incubation
with 3,3′ diaminobenzidine tetrahydrochloride as chromogen at room temperature for
5 min [11]. The intensity of positive immunoexpression for TGF- β and α -SMA was scored
as 0 = negative, 1 = mild, 2 = moderate, 3 = strong and 4 = very strong in all groups
according to [32].

2.9. Statistical Analysis

One-way analysis of variance (ANOVA) was used to examine the data as mean± standard
error of the mean, then values were entered into the SPSS software (USA, version 26) and
Duncan multiple comparison tests were run afterward. The results were deemed statistically
significant at p < 0.05 [33].

3. Results
3.1. Influence of TAA and VD3 on Serum Biochemical Parameters

The induction of hepatic damage with TAA resulted in a significant increase (p < 0.05)
in the serum values of ALT, AST, ALP, total bilirubin and direct bilirubin, and a marked
reduction in the levels of total protein and albumin in comparison to the control group.
Treatment with VD3 significantly restored normal ALT activity in the TAA+VD group
compared to the TAA treated group. In addition, AST, ALP, and direct and indirect
bilirubin values were downregulated significantly after treatment with TAA+VD compared
to the TAA-treated group, but did not return to their normal values (Table 2). Meanwhile,
total protein (TP) and albumin (Alb) levels did not significantly change in the TAA+VD
group compared to the TAA group (Table 2).
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Table 2. Serum liver function indicators at the end of the eighth week post-treatment with VD3

against TAA-induced hepatic damage in rats (mean ± SE).

Parameter Cont. TAA VD TAA+VD

ALT (U/L) 43.50 ± 1.17 b 362.38 ± 47.56 a 42.94 ± 0.75 b 103.56 ± 2.78 b

AST (U/L) 136.80 ± 10.32 c 1178.20 ± 24.58 a 130.8 ± 12.06 c 600 ± 154.36 b

ALP (U/L) 148.20 ±8.95 c 424.80 ± 49.72 ab 127.70 ± 7.27 c 330.20 ± 11.52 b

Total bilirubin (mg/dL) 0.31 ± 0.05 c 1.28 ± 0.18 a 0.41 ± 0.07 c 0.89 ± 0.06 b

Direct bilirubin (mg/dL) 0.12 ± 0.03 c 0.95 ± 0.18 a 0.19 ± 0.04 c 0.62 ± 0.08 b

Indirect bilirubin (mg/dL) 0.18 ± 0.04 a 0.33 ± 0.00 a 0.21 ± 0.05 a 0.27 ± 0.06 a

Total protein (g/dL) 8.42 ± 0.20 a 6.82 ± 0.24 b 8.13 ± 0.24 a 6.99 ± 0.25 b

Albumin (g/dL) 4.13 ± 0.14 a 3.09 ± 0.11 b 4.06 ± 0.13 a 3.38 ± 0.15 b

Globulin (g/dL) 4.29 ± 0.21 a 3.73 ± 0.24 a 4.07 ± 0.18 a 3.61 ± 0.19 a

A/G ratio 0.97 ± 0.06 a 0.84 ± 0.06 a 1.00 ± 0.05 a 0.94 ± 0.05 a

Values are presented as mean ± SEM. Those containing various superscripts (a, b, and c) are statistically different
from one another (p < 0.05). Cont., control; TAA, thioacetamide; VD, VD3; TAA+VD, thioacetamide + VD3; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; A/G, albumin/globulin.

Our results clarify that cholesterol and triglyceride were significantly increased in
TAA-treated rats compared to the control group, then both improved after treatment
with VD3 but did not return to their normal levels (Table 3). Serum glucose levels were
significantly decreased in the TAA group compared to the control, whereas VD3 treatment
in the TAA+VD group modified glucose levels (Table 3). Moreover, cholesterol, triglyceride,
and glucose were insignificantly affected in VD3 alone with respect to the control group
(Table 3). Serum 25[OH] D3 levels were significantly reduced in the TAA group compared
to the control. In contrast, they were significantly elevated in rats treated with both VD3
and TAA, compared to the control and TAA groups (Table 3).

Table 3. Some serum biochemical markers at the end of the eighth week post-treatment with VD3

against TAA-induced hepatic damage in rats (mean ± SE).

Parameter Cont. TAA VD TAA+VD

TC (mg/dL) 50.49 ± 2.29 b 67.64 ± 1.44 a 53.57 ± 0.71 b 58.55 ± 1.19 ab

TG (mg/dL) 100.26 ± 4.06 c 165.80 ± 10.96 a 99.36 ± 6.48 c 133.40 ± 11.66 b

Glucose (mg/dL) 96.26 ± 2.88 a 68.13 ± 4.60 b 94.60 ± 3.56 a 89.25 ± 8.6 ab

VD (25[OH] D3) (ng/mL) 34.35 ± 2.05 c 2.76 ± 0.14 d 148.33±4.40 a 122.33±1.45 b

Values are presented as mean ± SEM. Those containing various superscripts (a, b, c, and d) are statistically different
from one another (p < 0.05). Cont., control; TAA, thioacetamide; VD, VD3; TAA+VD, thioacetamide + VD3; TC, total
cholesterol; TG, triglyceride.

3.2. Influence of TAA and VD3 on Hepatic Lipid Peroxidation/Antioxidant Markers

As demonstrated in Figure 1, TAA-treated rats exhibited significant elevation in hepatic
MDA levels (95.59 ± 7.5 vs. 60.25 ± 1.55), while hepatic antioxidant biomarkers SOD,
CAT, and GSH were substantially decreased compared to the control group (339 ± 46.7 vs.
686 ± 18.6, 1.79 ± 0.04 vs. 1.98 ± 0.01, 4.95 ± 0.33 vs. 7.38 ± 0.23, respectively). Moreover,
treatment with VD3 (TAA+VD group) reduced the elevated MDA levels (77.88 ± 6.05 vs.
95.59 ± 7.5) and significantly improved SOD and CAT activity and GSH levels (473 ± 21.72
vs. 339± 46.7, 1.91± 0.02 vs. 1.79± 0.04, 6.09± 0.01 vs. 4.95± 0.33, respectively), although
they did not reach their control levels. Additionally, we did not record any differences
between VD3 treated and control rats in oxidative and antioxidant biomarkers.
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Figure 1. Hepatic oxidative/antioxidative parameters at the end of the eighth week post treatment
with VD3 against TAA-induced hepatic damage in rats (mean ± SE). Various superscripts (a, b, c,
and d) are statistically different from one another (p < 0.05): (A) MDA (nmol/g tissue), (B) SOD
(U/g tissue), (C) GSH (mg/g tissue), and (D) catalase (U/g tissue). MDA, malondialdehyde; SOD,
superoxide dismutase; CAT, catalase; GSH, reduced glutathione.

3.3. Influence of TAA and VD3 on Hepatic CD34 and FGF23 Gene Expression

Compared to the control group, fibrotic markers CD34 and FGF23 markedly increased
in the TAA-treated group (6.65 ± 0.32 vs. 1 ± 0 and 11.21 ± 0.31 vs. 1 ± 0, respectively).
On the other hand, these fibrotic markers were significantly reduced in the TAA+VD
group compared to the TAA-treated group (2.12 ± 0.15 vs. 6.65 ± 0.32 and 3.98 ± 0.24 vs.
11.21 ± 0.31, respectively). In rats treated with VD3 alone, both fibrotic parameters (CD34
and FGF23) were insignificantly affected with respect to the control group (Figure 2).
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Figure 2. (A) CD34 and (B) FGF23 in different experimental groups at the end of the eighth week post
treatment with VD3 against TAA-induced hepatic damage in rats (mean ± SE). Various superscripts
(a, c, d, and e) are statistically different from one another (p < 0.05). CD34, cluster differentiation 34;
FGF23, fibroblast growth factor 23.
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3.4. Histopathological Examination of Liver Sections Using H&E Staining

Hepatic cords, central veins, portal regions, and sinusoids were all arranged normally
in the liver slices from control and VD groups (Figure 3A,B,E,F). The arrangement of hepatic
cords, central veins, and portal areas was significantly disrupted in liver sections from the
TAA group, which were characterized by thick anastomosing fibrous tissue deposition
infiltrated with leukocytes and hemosiderin-laden macrophages containing congested
blood vessels and many apoptotic hepatocytes forming multiple distinct complete hepatic
nodules. Liver sections from the TAA+VD group showed markedly decreased hepatic
lesions, characterized by thin anastomosing fibrous strands extending from portal areas
containing few congested blood vessels and very few apoptotic hepatocytes forming few
complete hepatic nodules (Figure 3C,D,G,H). Hepatic steatosis grade, lobular inflammation,
portal inflammation, and fibrosis score were significantly increased in the TAA group
compared to the control group. Meanwhile, treatment with VD3 (TAA+VD) reduced these
scores but did not return them to normal levels (Figure 3I–L).
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Figure 3. Histopathological examination of H&E-stained liver sections showing (A,B) normal ar-
rangement of hepatic cords, central veins, portal areas, sinusoids in control group and (C,D) markedly
disrupted arrangement of hepatic cords, central veins, and portal areas, characterized by thick anas-
tomosing fibrous tissue deposition infiltrated with leukocytes and hemosiderin-laden macrophages
(thick black arrows) containing congested blood vessels (red arrows) and many apoptotic hepatocytes
(thin arrows) forming separate complete hepatic nodules (*) in TAA group. (E,F) Normal arrange-
ment of hepatic cords, central veins, portal areas, sinusoids in VD group. (G,H) Markedly decreased
hepatic lesions, characterized by thin anastomosing fibrous strands extending from portal areas (thick
black arrows) containing few dilated blood vessels (red arrows) and very few apoptotic hepatocytes
(thin arrows) forming incomplete hepatic nodules in TAA+VD group. Magnification (µm): 100 bar
= 100×; 400 bar = 50×. (I) Hepatic steatosis, (J) hepatic lobular inflammation, (K) hepatic portal
inflammation, and (L) hepatic fibrosis grades in different experimental groups. Each bar represents
mean ± SEM (n = 8). Bars with different superscript letters are significantly different (p < 0.05). Cont.,
control; TAA, thioacetamide; VD, VD3; TAA+VD, thioacetamide + VD3.



Biomedicines 2023, 11, 424 8 of 14

3.5. Histopathological Examination of Liver Sections Using Masson’s Trichrome

Liver sections showed no fibrosis in control or VD groups (Figure 4A,B,E,F), whereas
the TAA group showed dense bluish-stained fibrous tissue deposition surrounding hepatic
nodules. The TAA+VD group showed markedly decreased bluish-stained fibrous tissue
deposition (Figure 4C,D,G,H). Fibrosis scoring by Masson’s trichrome was significantly
increased in the TAA group compared to the control group. Treatment with VD3 (TAA+VD)
reduced this score but did not return it to the normal level (Figure 4I).
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Figure 4. Histopathological examination of Masson’s trichrome stained liver sections. (A,B) Absence
of fibrous connective tissue in control group. (C,D) Dense bluish-stained fibrous tissue deposition
surrounding hepatic nodules (black arrows) in TAA-treated group. (E,F) Absence of fibrosis in VD
group. (G,H) Marked decrease in thickness of deposited bluish-stained fibrous tissue (black arrows)
in TAA+VD group. Magnifications (µm): 100 bar = 100×; 400 bar = 50×. (I) Hepatic fibrosis scoring
by Masson’s trichrome in experimental groups; each bar represents mean ± SEM (n = 8). Bars with
different superscript letters are significantly different (p < 0.05). Cont., control; TAA, thioacetamide;
VD, VD3; TAA+VD, thioacetamide + VD3.

3.6. Immunohistochemical Expression of TGF-β and α-SMA

As explained in Figures 5 and 6, TGF-β and α-SMA expression in the control and VD
groups showed negative staining against TGF-β and α-SMA. Meanwhile, the TAA-treated
group showed strong positive brown cytoplasmic expression against TGF-β in several
hepatocytes, with strong positive brown expression against α-SMA in fibrous tissue and
many adjacent hepatocytes. The TAA+VD group showed markedly decreased positive
brown cytoplasmic expression against TGF-β in few hepatocytes and α-SMA expression in
fibrous tissue and very few adjacent hepatocytes.
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Figure 5. Microscopic pictures of immune stained liver sections. (A,B) Negative staining against
TGF-β in control group. (C,D) Strong positive brown cytoplasmic expression against TGF-β in
several hepatocytes (black arrows) in TAA-treated group. (E,F) Negative staining against TGF-β
in VD group. (G,H) Markedly decreased positive brown cytoplasmic expression against TGF-β in
few hepatocytes (black arrows) in TAA+VD group. IHC counterstained with Mayer’s hematoxylin.
Magnification (µm): 100 bar = 100×; 400 bar = 50×. Positive immunoexpression for TGF- β in
the different experimental groups, each bar represents mean ± SEM (n = 8). Bars with different
superscript letters are significantly different (p < 0.05). Cont., control; TAA, thioacetamide; VD, VD3;
TAA+VD, thioacetamide + VD3.
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α-SMA in control group. (C,D) Strong positive brown expression against α-SMA in fibrous tissue
(black arrows) and adjacent hepatocytes adjacent hepatocyte (Black arrow heads) in TAA treated
group. (E,F) Negative staining against α-SMA in VD group (E,F) Negative staining against α-SMA
in VD group. (G,H) Markedly decreased positive brown cytoplasmic expression against α-SMA
expression in fibrous tissue (Black arrows) and very few adjacent hepatocytes (Black arrow heads) in
TAA+VD group. IHC counterstained with Mayer’s hematoxylin. Magnification (µm): 100 bar = 100×;
400 bar = 50×. Positive immunoexpression for α-SMA in the different experimental groups, each
bar represents mean ± SEM (n = 8). Bars with different superscript letters are significantly different
(p < 0.05). Cont., control; TAA, thioacetamide; VD, VD3; TAA+VD, thioacetamide + VD3.

4. Discussion

Hepatic fibrosis is a reversible multicellular injury that is a healing response to hepatic
damage as hepatocytes are replaced by acellular scar tissue, maintaining persistently harm-
ful stimuli, and ECM is heavily deposited [34]. One of the most important hepatotoxicants
used extensively in rat models is TAA, as it is extensively metabolized to very reactive
metabolites, resulting in hepatic necrosis and oxidative stress [35]. The induction of hepatic
damage with TAA was proved in our study, with a significant increase in serum ALT, AST,
ALP, total bilirubin, and direct bilirubin activity and a marked reduction in the serum total
protein and albumin levels in comparison with the control group, which is in agreement
with previous results [22,36]. ROS, which attack lipids, protein, and DNA, usually results in
hepatic enzyme leakage of ALT, AST, and ALP in the serum along with hepatocyte damage,
centrilobular necrosis, and a substantial reduction in hepatocyte production of total protein
and albumin, as well as detoxifying activity [7,11,37].

Modern hepatic fibrosis treatments target fibrogenic myofibroblasts, reduce ECM
accumulation, modify fibrosis-relevant pathways, and improve inflammatory signaling
in addition to eliminating the underlying cause [34]. VD3 significantly lowers the risk of
hepatic decompensation by decreasing several inflammatory cytokines in advanced liver
fibrosis and cirrhosis, so it has a protective effect on hepatic cells [38]. Interestingly, our
serum liver markers were significantly abrogated by treatment with VD3; ALT activity
returned to normal in the dual injection group compared to the TAA and control groups.
AST and ALP activity and total and direct bilirubin were downregulated significantly by
treatment with VD3 after TAA hepatotoxicity as compared with the TAA-treated group, but
did not return to normal values. Meanwhile, indirect bilirubin, TP, Alb and globulin levels
and the A/G ratio did not significantly change after dual therapy compared to the TAA and
control groups. Our results parallel those of previous studies [38,39] using TAA-induced
hepatotoxicity models.

Triglycerides and cholesterol levels after TAA hepatotoxicity showed significantly
increased values compared to the control group, which may be attributed to disturbances
in the lipid metabolism induced by TAA administration [37]. VD3 has lipid-lowering
ability, which may explain the improvement in serum cholesterol and triglyceride lev-
els in TAA-intoxicated rats, due to the reduction of gluconeogenesis and lipogenesis
through the Ca+2/calmodulin-dependent kinase kinase-β/AMP-activated protein kinase
(Ca+2/CaMKK-β/AMPK) pathway, which reduces glucose output and hepatic TG ac-
cumulation [40,41]. In this study, the serum of TAA-intoxicated rats showed marked
hypoglycemia, as TAA has a temporary impact on the liver’s ability to produce glycogen
but later causes the glucose level to change, which disrupts pancreatic β-cells and increases
insulin secretion [42,43]. On the other hand, the active form of VD3 improved glucose levels
in the dual treated group, which was attributed to its ability to elevate insulin response to
glucose transport, oxidation in cells, and insulin receptor gene expression (INSR) [44,45].

Oxidative stress is defined as an imbalance between local ROS production and antioxi-
dant mechanisms following hepatic damage [7]. In our work, TAA-induced hepatic damage
led to severe oxidative stress, which was shown by a sharp rise in hepatic MDA levels
and a significant decrease in the levels of endogenous intracellular antioxidant enzymes
CAT, SOD, and GSH in liver homogenate. TAA is metabolized by two-step bioactivation
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of the flavin-containing monooxygenase (FMO) system and cytochrome P450 (Cyt-p450)
enzyme present in the liver microsomes, called thioacetamide S-oxide (T-ASO), reducing
dioxygen to superoxide anion, which is catalyzed to form hydrogen peroxide [22,43]. Rats
administered TAA were found to exhibit a significant elevation in liver peroxidation marker
levels with a consequent reduction in antioxidant parameter levels, compared to control
rats in many previous studies with different TAA doses and durations [7,39,43,46,47].

The antioxidant capacity of VD3 against ROS production from a damaged liver was
determined in our study by the inhibition of lipid peroxidation due to decreased MDA
levels in hepatic homogenates. Treatment with VD3 significantly improved SOD and CAT
activity and GSH levels compared to TAA treatment, although they did not reach the
control levels. Additionally, we did not record any difference between VD3-treated and
control rats in oxidative and antioxidant biomarkers. The protective action of VD3 was
proven by decreased endotoxemia in endothelial cells and their apoptosis, which reduces
the formation of free radicals and lipid peroxidation in liver disorders [38,48]. VD3 has
dual action; it controls free radical generation and reduces oxidative stress, either through
binding to the vitamin D receptor (VDR) in the nucleus or through the hydrophobic parts
of VD, depending on the type of cell, even in cells that lack a nucleus such as mature
erythrocytes [49].

The fibrogenic response comprises four major stages: (1) the primary cause of liver
injury triggers and initiates a fibrosis response, (2) effector cells are activated, (3) the extra-
cellular matrix is elaborated, and (4) there is a dynamic and progressive deposition of ECM
leading to liver failure, with interactions among many complex and dynamic mechanisms
of resident cellular architecture in hepatocytes, resident/non-resident progenitor cells,
locally released growth factors and cytokines, and systemically released chemokines [50].

Compared with the control group in our study, fibrotic markers CD34 and FGF23
markedly increased in the TAA-treated group and were significantly reduced after VD3
treatment. CD34 was identified as a fibrotic marker as tissue regeneration in subcutaneous
wounds was associated with fibrocytes, a circulating bone marrow-derived CD34+ cell
subset with fibroblast-like characteristics [51]. Fibrogenic cell populations were produced
from bone marrow in the CCl4 fibro hepatic mouse and the bile duct ligation model of
biliary hyperplasia [52,53]. In the Abcb4_/_ mice, well-characterized non-surgical models
for cholangiopathy in humans, bone marrow-derived circulating CD34+ fibrocytes were
proven to serve as essential mediators of liver fibrogenesis [54]. Hepatic fibrosis, hepatocyte
regeneration, and the migration, proliferation, and transdifferentiation of HSCs are all
influenced by FGFs. Numerous different FGF subfamilies have been demonstrated to
influence fibrogenesis. FGF23 is also expressed in damaged liver tissue, although it is only
very weakly expressed in healthy liver and, on the same line, FGF23 has been shown to
promote cardiac and renal fibrosis [55,56]. The TAA-induced liver injury greatly boosted
FGF23 expression in diethylnitrosamine-induced liver injury in mice [57]. On the same line,
FGF23 has been shown to promote cardiac and renal fibrosis.

The arrangement of hepatic cords, central veins, and portal areas with H&E staining
was significantly disrupted in liver sections, with many apoptotic hepatocytes forming
multiple distinct complete hepatic nodules; moreover, Masson’s trichrome staining showed
dense bluish-stained fibrous tissue deposition surrounding hepatic nodules. The alleviating
and antifibrotic effects of VD3 on the hepatic parenchyma after TAA liver fibrosis was
confirmed in our research by the presence of very few apoptotic hepatocytes forming few
complete hepatic nodules; furthermore, Masson’s trichrome staining showed markedly
decreased bluish-stained fibrous tissue deposition. Our staining images were also in
agreement with the results reported in [46,58], in which they monitored the changes in
hepatic fibrosis and necroinflammation in male rats that received IP TAA injections at
150 mg/kg twice weekly for twelve weeks and 100 mg/kg three times weekly for eight
weeks, respectively.

Hepatic steatosis, lobular inflammation, portal inflammation, and fibrosis scores by
H&E and Masson’s trichrome staining were significantly increased in the TAA group
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compared to the control group. Treatment with VD3 after TAA-induced hepatic fibrosis
resulted in decreased scores, but the scores did not return to normal levels [31,58].

Two essential players in the growth of liver fibrosis are TGF-β1 and α -SMA, as they are
pleiotropic inflammatory cytokines known to be markers of HSC activation that transform
into myofibroblasts and then further enhance the transcription of collagen and other ECM
components [59,60]. Negative staining of the TGF-β and α-SMA immunohistochemical
expression in hepatic tissue was evident in our control and VD groups. A strong positive
brown cytoplasmic expression was seen against TGF-β and α-SMA in several hepatocytes,
fibrous tissue, and many adjacent hepatocytes in our fibrotic TAA model. VD3 injection after
TAA-induced fibrosis showed markedly decreased positive brown cytoplasmic expression
against TGF-β and α-SMA in fibrous tissue and very few adjacent hepatocytes. Our
findings concur with previous studies on the antifibrotic effect of VD3 [61]. In addition,
treating rats with VD3 alone inhibited TGF-β-induced fibroblast proliferation and α -SMA
expression [62], as VD3 exerts its protective effect on the progression of liver fibrosis via an
antifibrotic effect on HSCs, regulating cell proliferation and differentiation, and modulating
a specific signal transduction pathway mediated by VD receptors [63].

5. Conclusions

VD3 acts as a hepatoprotective agent against TAA-induced hepatotoxicity and fibro-
sis by stabilizing the antioxidant system with oxidative inflammatory status as well as
modulating the TGF-β and α-SMA fibrotic molecule pathways.

Author Contributions: A.M.: methodology, formal analysis, data curation, writing—original draft,
review, and editing; H.G., F.M.A. and E.F.R.: conceptualization, validation, visualization, editing final
draft, and supervision. S.J.A., A.A.K. and T.A.A.: methodology, data curation and analysis, writing
and reviewing; E.F.R.: final review and preparing the manuscript for publication. All authors have
read and agreed to the published version of the manuscript.

Funding: Self-funded study.

Institutional Review Board Statement: The study was performed following the instructions of the
Animal Research Ethical Committee of the Faculty of Veterinary Medicine, Mansoura University,
Egypt (Ph.D/46).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available within the manuscript.

Acknowledgments: We thank the members of the Clinical Pathology Department of Mansoura
University’s Faculty of Veterinary Medicine for their assistance and cooperation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ahsan, R.; Islam, K.M.; Musaddik, A.; Haque, E. Hepatoprotective activity of methanol extract of some medicinal plants against

carbon tetrachloride induced hepatotoxicity in albino rats. Glob. J. Pharmacol. 2009, 3, 116–122.
2. Tomasek, J.J.; Gabbiani, G.; Hinz, B.; Chaponnier, C.; Brown, R.A. Myofibroblasts and mechano-regulation of connective tissue

remodelling. Nat. Rev. Mol. Cell Biol. 2002, 3, 349–363. [CrossRef] [PubMed]
3. Alegre, F.; Pelegrin, P.; Feldstein, A.E. Inflammasomes in liver fibrosis. Semin. Liver Dis. 2017, 37, 119–127. [CrossRef] [PubMed]
4. Insel, P.A.; Murray, F.; Yokoyama, U.; Romano, S.; Yun, H.; Brown, L.; Snead, A.; Lu, D.; Aroonsakool, N. cAMP and Epac in the

regulation of tissue fibrosis. Br. J. Pharmacol. 2012, 166, 447–456. [CrossRef] [PubMed]
5. Wahlang, B.; McClain, C.; Barve, S.; Gobejishvili, L. Role of cAMP and phosphodiesterase signaling in liver health and disease.

Cell. Signal. 2018, 49, 105–115. [CrossRef] [PubMed]
6. Stumm, C.L.; Wettlaufer, S.H.; Jancar, S. Peters-Golden M. Airway remodeling in murine asthma correlates with a defect in PGE2

synthesis by lung fibroblasts. Am. J. Physiol. Lung. Cell. Mol. Physiol. 2011, 301, L636–L644. [CrossRef]
7. El-Mihi, K.A.; Kenawy, H.I.; El-Karef, A.; Elsherbiny, N.M.; Eissa, L.A. Naringin attenuates thioacetamide-induced liver fibrosis

in rats through modulation of the PI3K/Akt pathway. Life Sci. 2017, 187, 50–57. [CrossRef]
8. Gad, S.C. Thioacetamide. In Encyclopedia of Toxicology; Elsevier Science & Technology: Amsterdam, The Netherlands, 2014.
9. Abbasi, M.H.; Akhtar, T.; Malik, I.A.; Fatima, S.; Khawar, B.; Mujeeb, K.A.; Mustafa, G.; Hussain, S.; Iqbal, J.; Sheikh, N. Acute

and chronic toxicity of thioacteamide and alterations in blood cell indices in rats. J. Cancer Ther. 2013, 04, 251–259. [CrossRef]

http://doi.org/10.1038/nrm809
http://www.ncbi.nlm.nih.gov/pubmed/11988769
http://doi.org/10.1055/s-0037-1601350
http://www.ncbi.nlm.nih.gov/pubmed/28564720
http://doi.org/10.1111/j.1476-5381.2012.01847.x
http://www.ncbi.nlm.nih.gov/pubmed/22233238
http://doi.org/10.1016/j.cellsig.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/29902522
http://doi.org/10.1152/ajplung.00158.2011
http://doi.org/10.1016/j.lfs.2017.08.019
http://doi.org/10.4236/jct.2013.41032


Biomedicines 2023, 11, 424 13 of 14

10. Yogalakshmi, B.; Viswanathan, P.; Anuradha, C.V. Investigation of antioxidant, anti-inflammatory and DNA-protective properties
of eugenol in thioacetamide-induced liver injury in rats. Toxicology 2010, 268, 204–212. [CrossRef]

11. Eissa, L.A.; Kenawy, H.I.; El-Karef, A.; Elsherbiny, N.M.; El-Mihi, K.A. Antioxidant and anti-inflammatory activities of berberine
attenuate hepatic fibrosis induced by thioacetamide injection in rats. Chem. Biol. Interact. 2018, 294, 91–100. [CrossRef]

12. Holick, M.F. Vitamin D: Evolutionary, physiological and health perspectives. Curr. Drug Targets 2011, 12, 4–18. [CrossRef]
13. Nagpal, S.; Na, S.; Rathnachalam, R. Noncalcemic actions of vitamin D receptor ligands. Endocr. Rev. 2005, 26, 662–687. [CrossRef]

[PubMed]
14. Holick, M.F. Vitamin D: Important for prevention of osteoporosis, cardiovascular heart disease, type 1 diabetes, autoimmune

diseases, and some cancers. South. Med. J. 2005, 98, 1024–1027. [CrossRef] [PubMed]
15. Nair, R.; Maseeh, A. Vitamin D: The “sunshine” vitamin. J. Pharmacol. Pharmacother. 2012, 3, 118–126. [CrossRef] [PubMed]
16. Labudzynskyi, D.O.; Zaitseva, O.V.; Latyshko, N.V.; Gudkova, O.O.; Veliky, M.M. Vitamin d3 contribution to the regulation of

oxidative metabolism in the liver of diabetic mice. Ukr. Biochem. J. 2015, 87, 75–90. [CrossRef]
17. Wacker, M.; Holick, M.F. Sunlight and vitamin D: A global perspective for health. Dermatoendocrinol 2013, 5, 51–108. [CrossRef]

[PubMed]
18. Lin, A.M.Y.; Chen, K.B.; Chao, P.L. Antioxidative effect of vitamin D3 on zinc-induced oxidative stress in CNS. Ann. New York

Acad. Sci. 2005, 1053, 319–329. [CrossRef] [PubMed]
19. Bhat, M.; Ismail, A. Vitamin D treatment protects against and reverses oxidative stress induced muscle proteolysis. J. Steroid

Biochem. Mol. Biol. 2015, 152, 171–179. [CrossRef]
20. Alatawi, F.S.; Faridi, U.A.; Alatawi, M.S. Effect of treatment with vitamin D plus calcium on oxidative stress in streptozotocin-

induced diabetic rats. Saudi Pharm. J. 2018, 26, 1208–1213. [CrossRef]
21. El-Baz, F.K.; Salama, A.; Salama, R.A.A. Therapeutic Effect of Dunaliella salina Microalgae on Thioacetamide- (TAA-) Induced

Hepatic Liver Fibrosis in Rats: Role of TGF- β and MMP9. BioMed Res. Int. 2019, 2019, 7028314. [CrossRef]
22. Abo El-Magd, N.F.; El-Karef, A.; El-Shishtawy, M.M.; Eissa, L.A. Hepatoprotective effects of glycyrrhizin and omega-3 fatty acids

on Nuclear Factor-kappa B pathway in thioacetamide-induced fibrosis in rats. Egypt. J. Basic Appl. Sci. 2015, 2, 65–74. [CrossRef]
23. Wahsh, E.; Abu-Elsaad, N.; El-Karef, A.; Ibrahim, T. The vitamin D receptor agonist, calcipotriol, modulates fibrogenic pathways

mitigating liver fibrosis in-vivo: An experimental study. Eur. J. Pharmacol. 2016, 789, 362–369. [CrossRef]
24. BaSalamah, M.A.; Abdelghany, A.H.; El-Boshy, M.; Ahmad, J.; Idris, S.; Refaat, B. Vitamin D alleviates lead induced renal and

testicular injuries by immunomodulatory and antioxidant mechanisms in rats. Sci. Rep. 2018, 8, 4853. [CrossRef] [PubMed]
25. Holick, M.F. Vitamin D status: Measurement, interpretation, and clinical application. Ann. Epidemiol. 2009, 19, 73–78. [CrossRef]
26. Banni, M.; Messaoudi, I.; Said, L.; El Heni, J.; Kerkeni, A.; Said, K. Metallothionein gene expression in liver of rats exposed to

cadmium and supplemented with zinc and selenium. Arch. Environ. Contam. Toxicol. 2010, 59, 513–519. [CrossRef] [PubMed]
27. Yanai, H.; Matsuda, A.; An, J.; Koshiba, R.; Nishio, J.; Negishi, H.; Ikushima, H.; Onoe, T.; Ohdan, H.; Yoshida, N.; et al.

Conditional ablation of HMGB1 in mice reveals its protective function against endotoxemia and bacterial infection. Proc. Natl.
Acad. Sci. USA 2013, 110, 20699–20704. [CrossRef]

28. Katsuno, K.; Burrows, J.N.; Duncan, K.; Katsuno, K.; Burrows, J.N.; Duncan, K.; Van Huijsduijnen, R.H.; Kaneko, T.; Kita, K.;
Mowbray, C.E.; et al. Hit and lead criteria in drug discovery for infectious diseases of the developing world. Nat. Rev. Drug
Discov. 2015, 14, 751–758. [CrossRef]

29. Yuan, J.S.; Reed, A.; Chen, F.; Stewart, C.N. Statistical analysis of real-time PCR data. BMC Bioinform. 2006, 7, 85. [CrossRef]
[PubMed]

30. Bancroft, J.D.; Gamble, M. Theory and Practice of Histological Techniques; Elsevier Health Sciences: Amsterdam, The Netherlands, 2008.
31. Atorrasagasti, C.; Piccioni, F.; Borowski, S.; Tirado-González, I.; Freitag, N.; Cantero, M.J.; Bayo, J.; Mazzolini, G.; Alaniz, L.D.;

Blois, S.M.; et al. Acceleration of TAA-Induced Liver Fibrosis by Stress Exposure Is Associated with Upregulation of Nerve
Growth Factor and Glycopattern Deviations. Int. J. Mol. Sci. 2021, 22, 5055. [CrossRef]

32. Alkreathy, H.M.; Esmat, A. Lycorine Ameliorates Thioacetamide-Induced Hepatic Fibrosis in Rats: Emphasis on Antioxidant,
Anti-Inflammatory, and STAT3 Inhibition Effects. Pharmaceuticals 2022, 15, 369. [CrossRef]

33. Norušis, M.J. SPSS 14.0 Guide to Data Analysis; Prentice Hall: Upper Saddle River, NJ, USA, 2006.
34. Schuppan, D.; Kim, Y.O. Evolving therapies for liver fibrosis. J. Clin. Investig. 2013, 123, 1887–1901. [CrossRef] [PubMed]
35. Reiter, F.P.; Hohenester, S.; Nagel, J.M.; Wimmer, R.; Artmann, R.; Wottke, L.; Makeschin, M.C.; Mayr, D.; Rust, C.; Trauner, M.;

et al. 1,25-(OH)2-vitamin D3 prevents activation of hepatic stellate cells in vitro and ameliorates inflammatory liver damage but
not fibrosis in the Abcb4(-/-) model. Biochem. Biophys. Res. Commun. 2015, 459, 227–233. [CrossRef] [PubMed]

36. Czechowska, G.; Celinski, K.; Korolczuk, A.; Czechowska, G.; Celinski, K.; Korolczuk, A.; Wojcicka, G.; Dudka, J.; Bojarska, A.;
Reiter, R.J. Protective effects of melatonin against thioacetamide-induced liver fibrosis in rats. J. Physiol. Pharmacol. 2015, 66,
567–579. [PubMed]

37. Abd-Elrahman, N.M.; Farid, A.S.; Fararh, K.M. Effect of gentamicin and thioacetamide toxicity on serum proteins. Benha Vet. Med.
J. 2014, 27, 456–465.

38. El-Boshy, M.; BaSalamah, M.A.; Ahmad, J.; Idris, S.; Mahbub, A.; Abdelghany, A.H.; Almaimani, R.A.; Almasmoum, H.; Ghaith,
M.M.; Elzubier, M.; et al. Vitamin D protects against oxidative stress, inflammation and hepatorenal damage induced by acute
paracetamol toxicity in rat. Free. Radic. Biol. Med. 2019, 141, 310–321. [CrossRef]

http://doi.org/10.1016/j.tox.2009.12.018
http://doi.org/10.1016/j.cbi.2018.08.016
http://doi.org/10.2174/138945011793591635
http://doi.org/10.1210/er.2004-0002
http://www.ncbi.nlm.nih.gov/pubmed/15798098
http://doi.org/10.1097/01.SMJ.0000140865.32054.DB
http://www.ncbi.nlm.nih.gov/pubmed/16295817
http://doi.org/10.4103/0976-500X.95506
http://www.ncbi.nlm.nih.gov/pubmed/22629085
http://doi.org/10.15407/ubj87.03.075
http://doi.org/10.4161/derm.24494
http://www.ncbi.nlm.nih.gov/pubmed/24494042
http://doi.org/10.1196/annals.1344.028
http://www.ncbi.nlm.nih.gov/pubmed/16179538
http://doi.org/10.1016/j.jsbmb.2015.05.012
http://doi.org/10.1016/j.jsps.2018.07.012
http://doi.org/10.1155/2019/7028314
http://doi.org/10.1016/j.ejbas.2014.12.005
http://doi.org/10.1016/j.ejphar.2016.07.052
http://doi.org/10.1038/s41598-018-23258-w
http://www.ncbi.nlm.nih.gov/pubmed/29556070
http://doi.org/10.1016/j.annepidem.2007.12.001
http://doi.org/10.1007/s00244-010-9494-5
http://www.ncbi.nlm.nih.gov/pubmed/20238111
http://doi.org/10.1073/pnas.1320808110
http://doi.org/10.1038/nrd4683
http://doi.org/10.1186/1471-2105-7-85
http://www.ncbi.nlm.nih.gov/pubmed/16504059
http://doi.org/10.3390/ijms22105055
http://doi.org/10.3390/ph15030369
http://doi.org/10.1172/JCI66028
http://www.ncbi.nlm.nih.gov/pubmed/23635787
http://doi.org/10.1016/j.bbrc.2015.02.074
http://www.ncbi.nlm.nih.gov/pubmed/25712522
http://www.ncbi.nlm.nih.gov/pubmed/26348081
http://doi.org/10.1016/j.freeradbiomed.2019.06.030


Biomedicines 2023, 11, 424 14 of 14
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