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Abstract 

Background Hepatorenal syndrome is a life‑threatening medical complication of liver cirrhosis. Hepatic cirrhosis 
is commonly accompanied by rapid failure of renal functions. Thioacetamide (TAA) is a potent hepatotoxin and a class 
2‑type carcinogen.  Ubiquinone  (Coq10) and lactoferrin (LF) are potent antioxidants with antifibrotic and antiinflam‑
matory effects. However, whether  Coq10 and LF reduce the hepatorenal injury induced by TAA remains unclear. Here, 
we investigated the potential protective effect of both/or  Coq10 and LF in ameliorating TAA‑induced hepatorenal 
injury and the role of WNT4 gene expression in detecting TAA‑induced renal injury in rats. Seventy healthy and mature 
male Sprague Dawley rats, weighting (200 g ± 20 g) and aging (4–6) weeks were randomly divided into seven groups 
(n = 10): control,  Coq10, LF, TAA, TAA +  Coq10, TAA + LF, and TAA +  Coq10 + LF. The hepatorenal injury was induced 
through intraperitoneal (i.p.) injection of TAA (150 mg/kg/twice/weekly) for nine weeks.  Coq10 (10 mg/kg/day) and LF 
(200 mg/kg/day) were orally administered for nine weeks.

Results TAA induced marked hepatorenal damage, evident by the significant increase in the alanine aminotransferase (ALT), 
aspartate transaminase (AST), serum creatinine (SCr) activities, and the blood urea nitrogen (BUN) level. Besides, the significant 
increases in concentrations of malondialdehyde (MDA) and nitric oxide (NOx) together with significant decreases in the activi‑
ties of catalase (CAT) and superoxide dismutase (SOD). The histopathological analysis of the TAA group showed obvious 
fibrosis, steatosis, and inflammation of the hepatic parenchyma as well as severe glomerular and tubular damage of the renal 
parenchyma. In addition, TAA induced marked ultrastructural alterations and up‑regulation in the expression of the WNT4 
gene in the kidney. Meanwhile, the biochemical, histopathological, and ultrastructural alterations were significantly decreased 
with significant down‑regulation in the expression of WNT4 in the groups exposed to TAA and treated with  Coq10 and LF.

Conclusion Our data suggested that  Coq10 and LF could have protective effects on TAA hepatorenal damage, 
through improving the hepatic and renal functions, reduction of oxidative stress, structural and ultrastructural altera‑
tions, besides down‑regulation in the expression of WNT4.
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1  Background
Hepatic fibrosis is a worldwide public health problem 
that fallouts in hepatic cirrhosis, cancer, and death [1]. 
Hepatorenal syndrome is a special type of  renal impair-
ment in patients suffering from hepatic cirrhosis [2]. This 
renal insufficiency is induced by splanchnic vasodilata-
tion followed by consecutive renal vasoconstriction [3]. 
This splanchnic vasodilatation is due to the over-genera-
tion and release of the vasodilators in the splanchnic cir-
culation, resulting in systemic vasodilation [4]. Systemic 
vasodilation decreases the effective blood volume and 
the systemic pressure in the arteries, including the renal 
arteries [5].

Thioacetamide (TAA) is a known industrial compound 
that is used in laboratory and industrial applications, 
including metallurgy, fungicides, and pesticides pharma-
ceuticals [6]. It is a source of sulfide ions in various chem-
ical industries [7]. Experimentally, TAA is regarded as the 
ideal toxin to induce hepatic fibrosis and cirrhosis [8]. 
TAA itself is inert; it is bioactivated in the liver to give 
thioacetamide S-oxide, which generates peroxide radi-
cals and produces reactive oxygen species (ROS) [6]. ROS 
initiates oxidation reactions, including lipid peroxidation 
and protein denaturation, leading to liver injury [9].

The kidneys are highly sensitive to lipid peroxida-
tion and oxidative stress owing to their richness in long 
polyunsaturated fatty acids and their filtration of large 
amounts of toxins that could be concentrated in the renal 
tissues [10]. The responses of the kidney to toxicants 
varied by numerous morphological patterns, starting 
with tubular or interstitial changes to nephropathy [11]. 
However, the exact mechanisms of kidney function prob-
lems during chronic liver diseases or cirrhosis induced 
by TAA are poorly understood, necessitating further 
investigations to identify novel protective or protective 
approaches for the management of this condition.

The WNT4 gene is a member of a family of 19 genes 
that play critical roles in the renal developmental pro-
cesses before birth [12]. They offer instructions and the 
chemical signaling pathways that regulate the interac-
tions between cells during embryonic development and 
are hushed in the normal adult kidneys [13]. The expres-
sion of WNT4 is re-activated in certain renal patho-
logical conditions; therefore, it is the chief biomarker of 
kidney diseases [14].

Ubiquinone, or coenzyme  Q10  (Coq10), is a vitamin-
like substance and a necessary cofactor of the respiratory 
chain [15]. It is a main constituent in the mitochondria 
of eukaryotes [16]. It is a potent antioxidant with anti-
inflammatory activities that protect the cell from inju-
rious insults [17]. It is broadly consumed as a dietary 

supplement to increase the bioenergetic power and to 
slow certain pathological conditions [18, 19].

Lactoferrin (LF) is an iron-binding glycoprotein that 
exists in most biological fluids, with high levels in mam-
malian milk “colostrum” [20]. It is excreted in the saliva, 
semen, tears, vaginal fluids, bile, gastrointestinal flu-
ids, and bronchial secretions [21]. LF is synthesized 
and released by neutrophils and mucosal epithelial cells 
in numerous mammalian species, e.g., humans, cattle, 
horses, goats, and dogs [22]. It belongs to the transfer-
rin and has a variety of biological activities, including 
inhibiting pro-inflammatory pathway activation, tissue 
damage, and sepsis [23]. Therefore, this study aimed to 
understand the mechanism of renal damage secondary 
to TAA-induced hepatic cirrhosis, the role of the WNT4 
gene in detecting this renal damage, and the protective 
mechanism of both/or  Coq10 and LF on TAA hepatorenal 
damage.

2  Methods
2.1  Chemicals and drugs
Thioacetamide was obtained from Oxford Lab Chemicals, 
India, dissolved in sterile distilled water, and prepared as 
a fresh solution for intraperitoneal (i.p.) injection.  Coq10 
was purchased from Sigma-Aldrich (St. Louis, USA), dis-
solved in sterile physiological saline (0.9 NaCl) contain-
ing 1% Tween 80 (v/v), and prepared as a fresh solution 
for oral administration. LF was obtained from the lacto-
ferrin CO (NSW, Australia), dissolved in distilled water, 
and freshly prepared for oral administration.

2.2  Animals
Seventy healthy and mature male Sprague Dawley rats, 
weighing 200 g ± 20 g, aging (4–6) weeks were kept in 
plastic cages under standard humane and hygienic condi-
tions, including temperature (25˚C) and light with 12 h 
light/dark cycle. This research is approved by the Medical 
Research Ethics Committee of Mansoura University at 
the April 11, 2021, Code No, Ph.D, 85.

2.3  Experimental design
The rats were kept for two weeks as an adaptation period; 
then, they were randomly divided into seven groups (ten 
rats/each).

The first: (control group), the rats were reared under 
standard conditions and received no treatments.

The second:  (Coq10 group), the rats received a daily oral 
dose of  Coq10 (10 mg/kg) for nine weeks [24].

The third: (LF group), the rats received a daily oral dose 
of LF (200 mg/kg) for nine weeks [25].
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The fourth: (TAA group), the rats received an i.p. dose 
of TAA (150 mg/kg/twice/weekly) for nine weeks [26].

The fifth: (TAA +  Coq10 group), the rats received an i.p. 
dose of TAA (150  mg/kg/twice/weekly) and a daily oral 
dose of  Coq10 (10 mg/kg) for nine weeks.

The sixth: (TAA + LF group), the rats received an i.p. 
dose of TAA (150  mg/kg/twice/weekly) and a daily oral 
dose of LF (200 mg/kg) for nine weeks.

The seventh: (TAA +  Coq10 + LF group), rats received 
an i.p. dose of TAA (150 mg/kg/twice/weekly), daily oral 
doses of  Coq10 (10 mg/kg) and LF (200 mg/kg) for nine 
weeks.

2.4  Serum biochemical analysis
One day after the last treatment with TAA,  Coq10, and 
LF, and under thiopental sodium anesthesia (20 mg/kg), 
blood was drawn from the retro-orbital vein in sterile 
serum tubes. The serum separation took place via blood 
centrifugation at 4000 rounds/minute for 10 min. The 
serum samples were used for estimation of alanine ami-
notransferase (ALT), aspartate transaminase (AST), and 
serum creatinine (SCr) activities as well as the blood urea 
nitrogen (BUN) level using specific kits from Diamond 
Diagnostics and Spectrum Diagnostics, Egypt [27, 28].

2.5  Oxidative stress and antioxidant markers
After the blood samples were collected, the rats were 
killed via cervical dislocation. The evisceration of the liver 
and kidneys took place immediately. Then, the liver and 
kidneys were rinsed in ice-cooled physiological saline. 
After that, a weighted part of each liver and kidney was 
homogenized with phosphate buffered saline, followed 
by centrifugation at 4000 rounds/minute for 10 min. The 
homogenates were used for the assessment of malondial-
dehyde (MDA) and nitric oxide (NOx) concentrations as 
well as catalase (CAT) and superoxide dismutase (SOD) 

activities using specific kits from Biodignostic, Egypt [29, 
30].

2.6  Histopathological and scoring systems
Representative hepatic and renal tissues were well pre-
served in 10% neutral buffered formalin for two days for 
perfect fixation. Then, the samples were washed with 
water, dehydrated with alcohol, and embedded in paraf-
fin wax. After that, each section was cut at a thickness of 
four μm using a rotatory microtome (MNC-2 microtome, 
USSR) and deparaffinized with xylene. Finally, each sec-
tion was stained either by hematoxylin and eosin (H&E) 
or by Masson’s trichrome stain (MTC) [31]. Three tis-
sue sections were taken from each group, and four fields 
were examined/each (3X4 = 12 field). The sections were 
examined by light microscopy (XSZ-107BN biological 
microscope, China) and photographed by sc30 Olympus 
camera for detection of any pathological changes. The 
histopathological scores were calculated according to the 
data in Tables 1 and 2 [32, 33].

2.7  Transmission electron microscopy (TEM)
Representative renal samples were preserved in cold 
glutaraldehyde (4%), washed in cacodylate, postfixed in 
OsO4(1%), washed in buffer, dehydrated with alcohol, 
and embedded in a mixture of aepon and araldite accord-
ing to the technique of E.M. Unit, Assiut University [34]. 
From the blocks, semi-thin sections were prepared at a 
thickness of 0.5–1 µm using an LKB ultra-microtome, 
and stained with toluidine. After that, ultra-thin sections 
were made at a thickness of 500–700 Å using a Leica 
AG ultra-microtome. The sections were examined by a 
JEM 100 CXII electron microscope at 80 kV and photo-
graphed by a CCD digital camera, Model XR- 41.

Table 1 Histopathological scoring of hepatic parenchyma

Score Apoptosis
(0–4)

Steatosis
(0–4)

Fibrosis
(0–4)

Inflammation (0–4)

0 None None None None

1
(Minimal)

Field showed 1–2 apoptotic cells Field exhibited focal microvesicu‑
lar steatosis

Field exhibited portal fibrosis Field showed occasional one 
inflammatory foci

2
(Mild)

Field showed 3–4 apoptotic cells Field exhibited diffuse microvesi‑
car steatosis

Field exhibited portal fibrosis 
with thin short non‑anastomo‑
sing collagen bundles

Field showed periportal 
inflammatory cell infiltration

3
(Moderate)

Field showed 5–6 apoptotic cells Field exhibited micro‑ to mac‑
rovesicar steatosis

Field exhibited septal fibrosis 
with formation of incomplete 
cirrhotic nodules, no obvious 
cirrhosis

Field showed diffuse portal 
inflammatory cell infiltration

4
(Severe)

Field showed 7–8 apoptotic cells Field exhibited diffuse macrove‑
sicular steatosis with prominent 
signet ring appearance

Field exhibited septal fibrosis, 
complete cirrhotic nodules 
with obvious cirrhosis

Field showed diffuse portal 
and septal inflammatory cell 
infiltration
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2.8  WNT4 gene
Renal samples were collected in Eppendorf tubes, cov-
ered with RNA later, and stored at -20˚C.

2.8.1  Extraction of ribonucleic acid (RNA)
The RNA was extracted using a QIAamp RNeasy Mini kit 
(Qiagen, Germany, GmbH). The steps of the RNA extrac-
tion were applied according to the instructions of the kit. 
The sample (200 µl) was added to the RLT buffer (600 µl) 

containing mercaptoethanol (10 µl/1 ml), and incubated 
at 25ºC for 10 min. Then, the cleared lysate was treated 
with one volume of ethanol (70%).

2.8.2  SYBR green reverse transcription polymerase chain 
reaction (RT‑PCR)

The primers were purchased from Metabion in Germany, 
while the HERA SYBR® Green RT-qPCR Master Mix was 
purchased from Willowfort in the UK. The rat B-actin 
and WNT4 primer sequences were designed and veri-
fied by the gene bank [35, 36]. The Primers were utilized 
in a total reaction of 20-µl, according to the HERA SYBR 
Green PCR kit. The method of the PCR Master Mix 
preparation was detailed in Table 3. A step one real-time 
PCR machine was used for the reaction. The sequences 
of primers and the PCR cycling conditions according to 
the HERA SYBR Green PCR kit were recorded in Table 4.

2.8.3  Analysis of the RT‑PCR results
The step one Stratagene MX3005P software was used to 
determine the amplification curves and Ct values. For the 
estimation of the differences in gene expression on RNA 

Table 2 Histopathological scoring of renal parenchyma

Score Tubular damage
(0–4)

Glomerular damage
(0–4)

Fibrosis
(0–4)

0 None None None

1
(Minimal)

Field exhibited occasional degenerative 
changes only

Field exhibited glomerular degeneration 
and inflammation

Field showed focal replacement of the renal 
parenchyma by thin collagen bundles

2
(Mild)

Field exhibited degenerative changes 
with inflammation

Field exhibited glomerular atrophy Field showed diffuse replacement of the renal 
parenchyma by thin collagen bundles

3
(Moderate)

Field exhibited degenerative changes 
with necrosis of the renal tubular epithelium 
and inflammation

Field exhibited glomerular shrinkage 
and inflammation

Field showed focal replacement of the renal 
parenchyma by thick collagen bundles

4
(Severe)

Field exhibited degenerative changes 
with diffuse necrotizing interstitial nephritis

Field exhibited glomerular shrinkage, 
inflammation, necrosis, thickening 
and lamellar fusion

Field showed diffuse replacement of the renal 
parenchyma by thick collagen bundles

Table 3 Method of the PCR Master Mix preparation

Constituent Volume 
(μl)/
reaction

2 × HERA SYBR® Green RT‑qPCR Master Mix 10

RT Enzyme Mix (20X) 1

Forward primer (20 pmol) 0.5

Reverse primer (20 pmol) 0.5

Water 5

Template RNA 3

Total 20

Table 4 Primer sequences, amplicon sizes, and cycling conditions for SYBER green RT‑PCR

Target gene Primers sequences Reverse transcription Primary 
denaturation

Amplification (40 cycles)

Secondary 
denaturation

Annealing (Optics 
on)

Extension

B- actin TCC TCC TGA GCG CAA 
GTA CTCT 

50 °C
30 min

94 °C
15 min

94˚C
15 s

60 °C
30 s

72 °C
30 s

GCT CAG TAA CAG TCC 
GCC TAGAA 

WNT4 ATG GAG CCG ATC CGG 
TCC AG

CAC CAT GCA CCT CTC 
CCA GC
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in different samples, the Ct value of each sample was 
compared with that of the positive control group accord-
ing to the “ΔΔCt” method stated by [37].

2.9  Statistical analysis
The data were analyzed using one-way (ANOVA) with 
Tukey’s test for group comparison [38]. The hypoth-
esis was depending on the difference between groups 
(p ≤ 0.05). The statistical analysis was applied using 
GraphPad software, version, 5 [39].

3  Results
3.1  Ubiquinone  (Coq10) and lactoferrin (LF) improve 

TAA‑induced hepatorenal dysfunction
To assess the protective efficacy of  Coq10 and LF in ame-
liorating TAA-induced hepatorenal injury, ALT, AST, 
ALP, SCr, and BUN were measured in the serum.

The serum ALT, AST, and SCr activities as well as 
the BUN level were significantly increased in the TAA 
group compared with the control group. The activi-
ties of ALT, AST, SCr, and BUN level were significantly 
decreased in the TAA +  Coq10 and TAA + LF groups 
compared with the TAA group, but still significantly 

different from the control group. The serum hepatic and 
renal parameters were maintained at normal levels in 
the TAA +  Coq10 + LF group compared with the control 
group (Fig. 1).

3.2  Ubiquinone  (Coq10) and lactoferrin (LF) reduce TAA‑ 
induce oxidative stress and improve antioxidant

To investigate the protective efficacy of  Coq10 and LF 
against TAA-induced oxidative stress, oxidative stress 
markers (MDA and NOx) and antioxidants (CAT and 
SOD) were measured in the liver and kidney.

3.2.1  Oxidative parameters (MDA and NOx)
The TAA group showed significant increases in the 
hepatic and renal concentrations of MDA and NOx 
compared with the control group. The hepatic and renal 
concentrations of MDA and NOx were significantly 
decreased in the TAA +  Coq10 and TAA + LF groups com-
pared with the TAA group, but still significantly different 
from the control group. Meanwhile, TAA +  Coq10 + LF 
group recorded significant decreases in the hepatic and 
renal oxidative markers from the TAA group and nonsig-
nificant increases from the control group (Fig. 2).

Fig. 1 Effect of TAA,  Coq10, and LF on serum parameters (ALT and AST and SCr and BUN) in the studied groups: mean ± SEM, means with different 
letters indicate a significant difference (P ≤ 0.05), SEM = standard error of the mean
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3.2.2  Antioxidants (CAT and SOD)
The hepatic and renal activities of CAT and SOD were 
significantly decreased in the TAA group compared 
with the control group. The TAA +  Coq10 and TAA + LF 
groups recorded significant increases in the hepatic and 
renal activities of CAT and SOD from TAA group and 
significant decreases from the control group. However, 
TAA +  Coq10 + LF group showed a significant increase in 
the hepatic and renal antioxidant markers from the TAA 
group and a nonsignificant decrease from the control 
group (Fig. 3).

3.3  Ubiquinone  (Coq10) and lactoferrin (LF) reduce 
TAA‑induced hepatorenal histopathological damage

In order to evaluate the protective effects of LF and  Coq10 
against TAA-induced hepatorenal dysfunction, histo-
pathological examinations of the hepatic and renal sec-
tions were recorded following exposure to TAA.

The hepatic alterations were significantly increased in 
the TAA group compared with the control group and the 
other experimental groups (p ≤ 0.05) (Fig. 4H).

In the hepatic sections, normal hepatic parenchyma 
with normally arranged hepatic cords, normal portal 

areas, and sinusoids were seen in the control,  Coq10, and 
LF groups (Fig. 4A–C).

The TAA group showed dense fibrous septa separated 
and divided the hepatic parenchyma into multiple cir-
rhotic nodules, infiltrated with mononuclear cells, many 
apoptotic bodies together with hyperchromasia, small 
cell-type dysplastic cells with eosinophilic intranuclear 
inclusion, mitotic figures, and macrovesicular steatosis 
(Fig. 4D1–D5). Conversely, the hepatic parenchyma was 
divided into incomplete hepatic nodules by thin fibrous 
septa infiltrated with mononuclear cells, and congested 
blood vessels were seen in the TAA +  Coq10 group. 
Additionally, Moderate microvesicular steatosis was 
also observed (Fig.  4E). TAA + LF group exposed portal 
fibrosis with short fibrous tissue extensions, containing 
few mononuclear cells and mild microvesicular steatosis 
(Fig. 4F), while TAA +  Coq10 + LF group showed minimal 
portal fibrosis infiltrated with few mononuclear cells and 
mild microvesicular steatosis (Fig. 4G).

The MTC stained hepatic sections signified no fibrous 
deposition in hepatic parenchyma around the portal 
areas in control,  Coq10, and LF groups (Fig.  5A–C). 
TAA group showed thickened fibrous bridges divid-
ing the hepatic parenchyma into separate various-sized 

Fig. 2 Effect of TAA,  Coq10, and LF on oxidative markers (MDA and NOx) in the studied groups: mean ± SEM, means with different letters indicate 
a significant difference (P ≤ 0.05), SEM = standard error of the mean
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nodules (Fig. 5D1–D3). In contrast, TAA +  Coq10 group 
revealed deposition of thick non-anastomosing fibrous 
septa mainly in the portal area (Fig.  5E). Additionally, 
thin anastomosing portal fibrous septa were obviously 
seen in the TAA + LF group (Fig. 5F). TAA +  Coq10 + LF 
group showed a clear decrease in the positive fibrotic 
portal area with a very thin and very short non-anas-
tomosing fibrous extension (Fig. 5G). The renal altera-
tions were significantly increased in TAA group 
compared with control group and the other experimen-
tal groups (P ≤ 0.05) (Fig. 6H).

Normal renal parenchyma, normal renal tubules, 
and glomeruli were observed in control,  Coq10, and 
LF groups (Fig. 6A–C). The renal sections of the TAA 
group showed perivascular fibrosis and edema, diffuse 
ballooning degeneration, and coagulative necrosis of 
tubular epithelial lining (Fig.  6D1, D2). Additionally, 
the glomeruli are atrophied, shrunken, necrotic, and 
crescent in shape with thickened basement membrane 
(Fig. 6D3–D5). On the other hand, TAA +  Coq10 group 
showed moderate hydropic degeneration of the tubu-
lar lining epithelium in a few tubules and dilated Bow-
man’s space (Fig.  6E). TAA + LF group recorded mild 
tubular dilation and dilated Bowman’s space (Fig.  6F). 

TAA +  Coq10 + LF group signified marked improvement 
of the histological picture of tubules and glomeruli with 
normalized Bowman’s space (Fig. 6G).

The renal sections stained by MTC recorded no colla-
gen fiber deposition in the renal parenchyma of control, 
 Coq10, and LF groups (Fig.  7A–C). Marked deposition 
of thick bluish collagen bundles in the renal parenchyma 
was revealed in TAA group (Fig.  7D1–D3). Meanwhile, 
TAA +  Coq10 group showed lower bluish collagen deposi-
tion in renal parenchyma and decrease in the deposition 
of the bluish collagen (Fig. 7E). TAA + LF group showed 
mild bluish collagen bundles in the renal parenchyma 
(Fig.  7F). TAA +  Coq10 + LF group showed no collagen 
deposition in the renal parenchyma (Fig. 7G).

3.4  Ubiquinone  (Coq10) and lactoferrin (LF) reduce 
TAA‑induced renal ultrastructural changes

The ultrastructural examination of the renal tissues was 
done to investigate the mechanism of hepatorenal injury 
following TAA exposure and to confirm the histopatho-
logical findings.

The TEM micrographs of the renal tubules from con-
trol,  Coq10, and LF groups revealed normal tubules with 
normal ultrastructures of nucleus, mitochondria, rough 

Fig. 3 Effect of TAA,  Coq10, and LF on antioxidative markers (CAT and SOD) in the studied groups: mean ± SEM, means with different letters indicate 
a significant difference (P ≤ 0.05), SEM = standard error of the mean
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Fig. 4 Representative photomicrographs of hepatic sections from different experimental groups: A–C showing normal hepatic parenchyma 
with normal radially arranged hepatic cords, normal portal area (PA) in control,  Coq10, and LF groups, respectively. D1–D5 TAA group, showing thick 
fibrous septa, infiltrated with mononuclear cells (black arrows) separated and divided the hepatic parenchyma into complete cirrhotic nodules. 
The hepatocytes of the cirrhotic nodules are showing apoptosis (opened arrowheads), marked dysplasia with hyperchromasia (dashed arrow), 
small cell‑type dysplastic cells with eosinophilic intranuclear inclusion (blue circles), mitotic figures (black circle), and diffuse severe macrovesicular 
steatosis with prominent signet ring appearance (closed arrowhead). E TAA +  Coq10 group, showing fibrous septa infiltrated with mononuclear cells 
partially divided the hepatic parenchyma into incomplete nodules(black arrows) together with congested blood vessels (red arrow) and moderate 
microvesicular steatosis of the hepatic parenchyma (blue Square). F TAA + LF, showing mild portal fibrosis with short fibrous tissue extensions, 
containing some mononuclear cells (black arrows) and few hepatocytes appearing with microvesicular steatosis (black square). G TAA +  Coq10 + LF 
group, showing minimal portal fibrosis infiltrated with few mononuclear cells (black arrows), and mild microvesicular steatosis (closed arrowhead), 
(H&E) staining (X:400, Bar = 50 µm). H showing the histopathological score of the hepatic parenchyma in the different experimental groups (0–4), 
Mean ± SE, means with different letters indicate a significant difference (P ≤ 0.05), SEM = standard error of the mean
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endoplasmic reticulum besides intact tubular basement 
membrane (Fig.  8A). TAA induced marked ultrastruc-
tural damage including irregular thickened basement 
membrane, clumped rough endoplasmic reticulum, 
numerous lipid droplets, and lysosomes with autophagic 
vacuoles (Fig.  8B). The mitochondria were either 
shrunken clumped, or partially damaged with marked 
decrease in numbers. Conversely, the tubular micro-
graphs of TAA +  Coq10 group mostly appeared normal 
with few occasional mitochondrial clumping (Fig.  8C). 
TAA + LF group showed normal ultrastructures of 
nucleus, abundant intact mitochondria and rough 

endoplasmic reticulum (Fig.  8D). TAA +  Coq10 + LF 
group showed minimal to mild enlarged nucleus with 
abundant autophagic vacuoles (Fig. 8E).

The TEM micrographs of the renal glomeruli from 
control,  Coq10, and LF groups showed normal capil-
lary loops with a fenestrated endothelium and intact 
basement membrane (Fig.  9A). The foot processes of 
podocytes were regular in shape and connected with an 
intact filtration slit pores. TAA group exhibited intralu-
minal proliferated and fused endothelial cells, partially 
detached endothelium with loss of endothelial fenes-
tration. The basement membrane showed multifocal 

Fig. 5 Representative MTC stained hepatic micrographs from different experimental groups: A–C showing no collagen deposition in hepatic 
parenchyma around the portal areas (PA) in control,  Coq10, and LF groups, respectively. D1–D3 TAA group, showing dense thick bluish fibrous septa 
dividing the hepatic parenchyma into separate nodules (arrows). E TAA +  Coq10 group, revealing lower bluish collagen deposition in the portal 
area with short non‑anastomosing fibrous extension and decrease in the deposition of the bluish collagen bundles (arrows). F TAA + LF, showing 
bluish portal thin anastomosing fibrous septa (arrows). G TAA +  Coq10 + LF group, showing mild portal bluish collagen deposition very thin and very 
short non‑anastomosing fibrous extension (arrow), (MTC) staining (X:400, Bar = 50µm)
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Fig. 6 Representative photomicrographs of renal cortex from different experimental groups: A–C showing normal renal parenchyma with normal 
glomeruli and renal tubules in control,  Coq10, and LF groups, respectively. D1–D5 TAA group, showing diffuse hydropic degeneration (thin black 
arrows), and coagulative necrosis (thick black arrow) of tubular lining epithelium, perivascular fibrosis (dashed arrows), and edema (asterisks), 
besides cellular cast in the lumen of renal tubules (red arrow). The renal glomeruli are atrophied shrunken and necrotic (closed arrowheads), 
atrophied with thickened basement membrane (gray arrow), and crescent shape with thickened basement membrane (yellow arrow). E 
TAA +  Coq10 group showing mild hydropic degeneration of tubular lining epithelium (black arrow) in few tubules and dilated Bowman’s space 
(blue arrow). F TAA + LF group, showing dilated Bowman’s space (red arrow). G TAA +  Coq10 + LF group, showing an improved histological 
picture of tubules and glomeruli with normalized Bowman’s space, (H&E) staining (X:400, Bar = 50 µm). H showing the histopathological score 
of the renal parenchyma in the different experimental groups, Mean ± SE, means with different letters indicate a significant difference at (P ≤ 0.05), 
SEM = standard error of the mean
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segmental thickening and effacement of podocyte’s foot 
processes with closure of the filtration slit pores (Fig. 9B). 
TAA +  Coq10 showed partial loss of endothelial fenes-
tration, focal irregularity of basement membrane and 
minimal fused podocytes (Fig.  9C). TAA + LF group 
showed regular structure of glomerular capillaries with 
fenestrated endothelium, intact basement membrane 
(Fig.  9D). The podocytes revealed numerous long pro-
cesses with intact filtration pores. TAA +  Coq10 + LF 
group showed minimal alterations in glomerular capillary 
represented by focal thickening of the basement mem-
brane with a minimal fusion of podocyte’s foot process. 
Moreover, the sections presented intact podocytes with 
normal foot processes and normal filtration slit (Fig. 9E).

3.5  Ubiquinone  (Coq10) and lactoferrin (LF) 
decrease TAA‑induced secondary renal damage 
by down‑regulating WNT4 gene expression

The analysis of WNT4 gene expression was applied to eval-
uate the efficacy of the WNT4 as a biomarker of TAA renal 
injury and investigate the protective ability of LF and  Coq10 
against TAA-induced renal damage.

The relative expression of WNT4 gene was significantly 
up-regulated in TAA group compared to the control group. 
However, the expression of WNT4 gene was significantly 
down-regulated in TAA +Coq10 and TAA + LF compared 
to TAA and the control groups. Meanwhile, a signifi-
cant decrease in WNT4 expression was observed in the 
TAA +  Coq10 + LF group compared to the TAA group with 
an insignificant increase from the control group (Fig. 10).

Fig. 7 Representative MTC stained renal micrographs from different experimental groups: A–C showing no collagen deposition in renal 
parenchyma in control,  Coq10, and LF groups, respectively. D1–D3 TAA group, showing deposition of dense and thick bluish collagen bundles 
in the renal parenchyma (arrows). E TAA +  Coq10 group, revealing mild fibrosis with decrease in the deposition of the bluish collagen in the renal 
parenchyma (arrows). F TAA + LF, showing minimal fibrosis with very low bluish collagen deposition in the renal parenchyma (arrows). G 
TAA +  Coq10 + LF group, showing no collagen deposition in the renal parenchyma, (MTC) staining (X:400, Bar = 50µm)



Page 12 of 17El‑Hameed et al. Beni-Suef Univ J Basic Appl Sci           (2024) 13:41 

4  Discussion
TAA is a powerful hepatotoxin with prolonged injury and 
recovery pattern [40]. In this study, TAA induced signifi-
cant increase in the activities of ALT and AST in agree-
ment with the work of Elnfarawy et  al. [41]. Thus, ALT 
and AST are hepatic enzymes located in the cytoplasm of 
hepatocytes [42]. Hence, the elevated serum activities of 
ALT and AST indicating hepatic structural damage and 
impairment of the liver functions [43].

BUN is the first marker of renal injury, while SCr is the 
most reliable renal marker, and those parameters only 
increased when the bulk of renal functions is lost [44]. 
Our study showed a significant increase in the SCr activ-
ity and BUN level in TAA group suggesting severe renal 
injury [45]. The results are in consistent with the previous 

study that documented increase of SCr and BUN with 
TAA treatments in rats [46].

This study investigated the possible protective effects of 
 Coq10, LF and their combination on TAA-induced hepa-
torenal injury. The serum activities of ALT and AST in 
the TAA +  Coq10 and TAA + LF groups were considerably 
decreased compared to TAA group after singular oral 
administration of  Coq10 and LF. These results are con-
cord with the previous studies [47, 48].

Additionally, TAA +  Coq10 and TAA + LF groups 
showed significant decrease in the SCr and BUN com-
pared to TAA group. These findings partially agreed with 
the previous studies on the therapeutic effects of  Coq10 
and LF in renal injury [49, 50]. Furthermore, our study 
showed that the combined oral administration of  Coq10 

Fig. 8 Representative TEM micrographs of renal tubules from different experimental groups: A control group, showing normal ultrastructures 
of the nucleus with intact cytoplasmic mitochondria (M), rough endoplasmic reticulum (RER), and pinocytotic vesicle (V) besides intact tubular 
basement membrane (BM). B TAA group, showing thickened, irregular basement membrane (BM), clumped RER, numerous electron lucent lipid 
droplets (L), and autophagic vacuoles (AV) besides scattered electron‑dense lysosome (LY). The mitochondria are shrunken and clumped (blue 
arrow), partially damaged mitochondria (white arrow) with marked decrease in number. C TAA +  Coq10 group, showing mostly appeared normal 
ultrastructures with few alterations represented by occasional mitochondrial clumping with electron‑dense matrix (black arrow). D TAA + LF 
showing normal ultrastructures of the nucleus, abundant intact mitochondria (M) and rough endoplasmic reticulum RER, few vesicles (V). E 
TAA +  Coq10 + LF group, showing minimal to mild enlarged nucleus (N), few clumped mitochondria (thin arrow) with abundant membrane‑bound 
organelles (autophagic vacuoles). Some bounded cytoplasmic organelles as mitochondria or granular particulate materials (arrowheads), most 
of them had clear phagocytic vacuoles Bar = 2 µm



Page 13 of 17El‑Hameed et al. Beni-Suef Univ J Basic Appl Sci           (2024) 13:41  

and LF in TAA +  Coq10 + LF group maintained the serum 
activities of ALT, AST, SCr and BUN level into the nor-
mal values. To the best of our knowledge, our study could 
be the first study discussed the combined protective 
effects of  Coq10 and LF against TAA hepatic and renal 
injury.

It was obvious that oxidative stress is the root of TAA 
toxicity, accrediting to TAA biotransformation, extensive 
production of ROS, surpassing the capacity of endog-
enous antioxidant protective mechanisms, resulting in 
oxidation of polyunsaturated fatty acids in biomem-
branes [51, 52]. In this study, TAA significantly increased 
the hepatic and renal concentrations of MDA, NOx as 
well as significantly decreased the hepatic and renal 

activities of SOD, CAT. These findings were similar to the 
earlier studies on TAA toxicity [6, 40]. Furthermore, the 
single administration of  Coq10 and LF noticeably reduced 
oxidative stress. These findings are in consistent with the 
previous studies on the antioxidative activities of  Coq10 
and LF [53, 54].

The histopathological data are pointed to the protective 
effects of  Coq10 and LF against TAA-induced hepatorenal 
injury. TAA induced severe hepatic damage signified by 
cirrhosis, inflammation, steatosis, apoptosis hyperchro-
matia, and mitotic figures in the hepatic parenchyma. In 
addition, the renal parenchyma showed fibrosis, necro-
sis of tubular lining epithelium, atrophy, and necrosis of 
glomeruli with thickened basement membrane in TAA 

Fig. 9 Representative TEM micrographs of renal glomeruli from different experimental groups: A control group, glomerulus, showing normal 
capillary loops with a fenestrated endothelium (F), intact glomerular basement membrane (GBM) (arrowhead), regularly shaped foot process 
(FP) connected with an intact filtration slit (white arrow). B TAA group, showing intraluminal fused and proliferated endothelial cells (blue arrow), 
partially detached endothelium (thin black arrow) with loss of endothelial fenestration. The basement membrane showing a multifocal segmental 
thickening (arrowheads), and effacement of podocytes foot processes with closure of the filtration slit pores (thick arrows). C TAA +  Coq10 group, 
showing partial loss of endothelial fenestration with focal irregularity of the GBM (arrowhead) and minimal fusion of podocytes (thick arrow). 
D TAA + LF group, showing regular structure of glomerular capillary with fenestrated endothelium (F), intact GBM(arrowhead), numerous long 
podocytes processes (FP) with intact filtration pores, occasionally detached podocyte processes (thin arrow). E TAA +  Coq10 + LF group, showing 
minimal alterations in the glomerular capillary represented by focal thickening in GBM (arrowhead) with a minimal fusion of podocyte foot process. 
The section also showing intact podocyte with normal podocyte foot processes and normal filtration slit, Bar = 2 µm (A and C and E), Bar = 1 µm (B 
and D)



Page 14 of 17El‑Hameed et al. Beni-Suef Univ J Basic Appl Sci           (2024) 13:41 

group. These histopathological observations were in 
accordance with the biochemical findings and parallel to 
the findings of previous studies [55, 56]. Our histopatho-
logical analyses showed that the hepatic and renal lesions 
were decreased in groups exposed to TAA and treated 
with both/or  Coq10 LF compared to TAA group.

The ultrastructural findings confirmed the histopatho-
logical data and illustrated the mechanism of heptorenal 
injury. TAA induced severe ultrastructural damage of the 
renal tubular epithelium, represented in clumped, dense, 
or fragmented mitochondria, besides degenerated and 
fragmented rough endoplasmic reticulum. Mitochon-
dria are the cellular house of energy [57]. Therefore, the 
mitochondrial damage indicated cellular oxidative dam-
age [58]. These findings resembled the ultrastructural 
findings of amoxicillin nephrotoxicity in mice [59]. In 
the context of this, the renal glomeruli showed thicken-
ing of the glomerular basement membrane, damage in 
the glomerular endothelium and effacement of podocyte 
foot process with closure filtration slit pores. The podo-
cytes are highly specialized cells that play the main role 
in the glomerular filtration barrier [60]. They are finely 
organized to maintain the slit membrane of the glomeru-
lus[61]. The previous studies revealed that the structural 
loss of the podocytes is represented by the effacement 
of their foot processes [62]. The injury of podocytes and 
glomerular endothelium are incorporated in glomerulo-
sclerosis which considered the hallmark of chronic kid-
ney disease [61].

The mechanism of TAA-induced hepatorenal renal 
injury secondary to liver cirrhosis were not clari-
fied before. We suggested that TAA active metabolites 
induced marked oxidative stress resulted in marked 
hepatic injury and associated with fibrosis and cirrhosis. 

The deposition of the fibrous tissue caused marked por-
tal hypertension and increased the intrahepatic vascu-
lar resistance [63]. Also, the oxidative stress enhanced 
the release of the vasodilators as NOx in the splanchinic 
circulation resulted in splanchinic vasodilatation [64]. 
The portal hypertension together with the splanchinic 
vasodilatation caused decrease in the effective blood 
pressure and decrease in the renal blood flow [65]. The 
decreased renal blood flow resulted in damage of the glo-
merular endothelium and injury of the podocytes with 
fusion or effacement of their foot process, causing thick-
ening of the glomerular basement membrane. The dam-
aged endothelium and the thickening of the glomerular 
basement membrane resulted in closure of the filtration 
slit and decrease of the glomerular filtration. This inter-
fered with the renal reperfusion, causing renal fibrosis 
and renal failure.

The renal TEM of TAA +  Coq10 and TAA + LF groups 
showed minimal mitochondrial alterations in the renal 
tubules and minimal damage to the glomerular endothe-
lium and podocytes. TAA +  Coq10 + LF group showed 
marked morphological improvements of the renal 
tubules including minimal focal thickening of the glo-
merular basement besides intact podocytes with normal 
foot processes and normal filtration slit. To the best of 
our knowledge, this is the first study demonstrated the 
single and combined ultrastructural protective activities 
of  Coq10 and LF in renal parenchyma.

The injury of the mature kidney triggers a sum of devel-
opmental genes including WNT4 [66]. To verify that 
the expression of WNT4 related to tubular damage, we 
detected significant up-regulation of WNT4 gene in TAA 
group, indicating renal injury. As previously mentioned 
the expression of WNT4 elevated in the pathogenesis of 
podocyte injury and renal tubular damage [67, 68]. This 
illustrates the relation between the expression of this 
gene and the ultrastructural findings and clarifies the 
mechanism of TAA-induced renal damage. Additionally, 
its expression is increased in cases of chronic renal injury 
[66]. This renal ischemia is secondary to hepatic cirrho-
sis, splanchnic vasodilatation and consecutive renal vaso-
constriction [69, 70]. Hence, WNT4 gene could be more 
helpful for detecting renal ischemia and thus renal dam-
age [71]. In contrast, the expression of WNT4 gene was 
significantly decreased in TAA +  Coq10 and TAA + LF 
groups compared to TAA group, and was significantly 
increased compared to control group. Meanwhile, 
TAA +  Coq10 + LF group recorded significant down-reg-
ulation in the expression of WNT4 compared to TAA 
group without significant increase from the control 
group. These findings speculated the protective effects 
of LF and  Coq10 against TAA-induced secondary renal 
damage. As far we know, the influence of TAA,  Coq10, 

Fig. 10 Relative expression of the WNT4 gene by RT‑PCR in different 
studied groups: mean ± SEM, means with different letters indicate 
a significant difference (P ≤ 0.05), SEM = standard error of the mean
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and LF on the expression of WNT4 gene has not been 
discussed before.

Taken together, our data showed the protective effect 
of  Coq10 and LF against TAA-induced hepatorenal injury 
by improving hepatrorenal functions, histopathology 
and ultrastructural alterations, reducing oxidative stress 
marker and down-regulating the WNT4 gene. Addition-
ally, the combined protective effect of both  Coq10 and LF 
was more effective than the single effect of  Coq10 or LF. 
This assumed to the synergetic effects of the antioxidative 
effect of  Coq10 and the antioxidative, antiinflammatory 
and the antifibrotic effects of LF. Hence, the combination 
of  Coq10 and LF could be established as a potential pro-
tective regimen against hepatorenal damage.

5  Conclusion
In conclusion, (a) the ultrastructural findings clarified 
the mechanism of TAA-induced hepatorenal injury; (b) 
the WNT4 gene expression confirmed the mechanism of 
TAA hepatorenal injury;  Coq10 and LF biochemically and 
histopathologically diminished TAA-induced hepatic and 
renal damage; (c)  Coq10 and LF significantly inhibited 
oxidative stress biomarkers (MDA and NOx) and sig-
nificantly increased the antioxidative systems (SOD and 
CAT); (d)  Coq10 and LF significantly decreased hepatic 
fibrosis, cirrhosis, apoptosis, steatosis, and inflammation; 
and (e) the combination between  Coq10 and LF was more 
effective and powerful than  Coq10 and LF alone. Based on 
all the findings,  Coq10 and LF could be a potential pre-
venting regimen against hepatic and renal injury.
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