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Introduction

Furan (FU) is a volatile, colorless, lipophilic, and aromatic heterocyclic 
molecule. It is a common industrial thermal processing contaminant that 
may be found in many cooked or processed foods, such as baby meals 
that are canned or jarred. Furthermore, it is a part of tobacco smoke and 
a synthetic intermediate used to make fragrances, artificial medications, 
herbal treatments, and environmental toxins (Delost et al., 2018). There 
has been evidence of FU in coffee variants, morning cereals, and baby 
food that contains meat (Husøy et al., 2019) at concentrations exceeding 
100 parts per billion (Kaya et al., 2019). Previous studies found that FU 
adversely affects the biological systems of both humans and animals and 
causes a variety of cancers (Uçar and Pandir, 2017). FU can be absorbed 
through the gastrointestinal system, and its removal from the circulation 
is mostly the responsibility of the liver where it is metabolized by liver cy-
tochrome P450 2E1-mediated ring opening that produces cis-2-butene-
1,4-diol (BDA) (Batool et al., 2021). According to Lu and Peterson (2010), 
it is a highly reactive metabolite of FU that may interact with the amino 
and thiol groups and other peptides. The bioactivation of FU to BDA leads 
to ATP loss, which irreversibly decouples oxidative phosphorylation in the 
mitochondria of the liver. Collectively, cytotoxic enzymes are activated, 
including endonucleases that split DNA strands. Additionally, FU induced 
quick and substantial GSH depletion in hepatocytes, and this disruption 
to the antioxidant defense mechanism within the cell created the circum-
stances for free radicals to cause cell damage (Alizadeh et al., 2018).

Moreover, the environment is heavily contaminated with Cd, which 
arises from manufacturing, agriculture, and numerous other sources of 
pollution along with natural occurrences (Zhang and Reynolds, 2019). For 
the majority of the population, diet and cigarette use are thought to be 
their two main contributors (Rahimzadeh et al., 2017; Zhang and Reyn-
olds, 2019). Through the food chain, Cd can build up in fish, birds, and 

mammals, causing acute and chronic poisoning (Bao et al., 2017). Several 
research investigations have demonstrated that chronic exposure to Cd 
can result in a range of pathophysiological alterations in the body as well 
as various organ damage, including kidney, liver, testicular, and pulmo-
nary edema (Dai et al., 2018; Liu et al., 2018).

Although the mechanisms of Cd toxicity at the tissue level in bio-
logical systems are not fully understood, numerous pathways have been 
found to be the means by which Cd manifests its harmful effects on health. 
One of the most common and significant mechanisms is the imbalance 
in the antioxidant state that occurs in biological systems following Cd 
exposure. Free radical production rises, and essential antioxidant enzyme 
activity is suppressed (Nair et al., 2013). The cellular oxidation-reduction 
equilibrium can be severely disrupted, resulting in tissue and organ dys-
function (Poli et al., 2022).

Since the liver is a highly perfused organ with a large blood volume, 
there is strong evidence that it is a target for FU and Cd intoxication 
(Amamou et al., 2015; Kaya et al., 2019; Seif et al., 2019; Kumar et al., 2021; 
Kousar et al., 2022). Furthermore, because the liver has an abundance of 
enzymes that break down xenobiotics, it serves as the primary location 
for xenobiotic metabolism. Based on the Based on the aforementioned, 
in many circumstances, FU and Cd are consumed by humans and farm 
animals through their foods and water, it was important to monitor the 
level of toxicity following combined exposure to them. To the best of our 
knowledge, a literature survey divulges that, until date, there is no toxico-
logical investigations about the potential impact of combined exposure 
to FU and Cd on the liver. Therefore, the current investigation set out to 
ascertain how FU and/or Cd affected liver function measures, oxidative 
stress markers, histopathological structure, and immunohistochemistry.
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Materials and methods

Chemicals

Tetrahydrofuran (CAS No. 109-99-9; 99.5% Extra pure; LOBA CHEMIE 
PVT.LTD.) was bought from Mumbai, India. The source of CdCl2 was Cen-
tral Drug House Ltd. in New Delhi, India. The kits utilized for the analyses 
were purchased from Bio-diagnostics Company in Giza, Egypt.

Experimental animals and ethical endorsement

Fifty Wister albino male rats weighing between 160-200 g were 
acquired from the Center of Laboratory Animals, Faculty of Veterinary 
Medicine, Benha University, Egypt. Prior to the experiment, the rats were 
housed in metal cages that were adjusted to a temperature of 25.0±3.0°C 
for 14 days. They also had unlimited access to water and commercial 
laboratory pellets. The experimental rats complied with the Faculty of 
Veterinary Medicine’s Research Ethical Committee’s (BUFVTM 01–05–23) 
morally acceptable protocols for the care and use of laboratory animals.

Experimental design

Rats were randomly allocated to five equal experimental groups (n = 
6/group). Group 1(Cr-water); received DI water. Group 2 (Cr-oil); received 
corn oil. Group 3 (FU); received FU at a dose of 16 mg/kg b.w (McDaniel 
et al., 2012). Group 4 (Cd); received Cd at a dose of 2 mg/kg b.w (Abdeen 
et al., 2019a). Group 5 (FU+Cd); received FU (16 mg/kg b.w) + Cd (2 mg/
kg b.w). Every treatment was given orally as described above for 30 days. 

Sampling

After the end of trial, isoflurane was used as an inhalation anesthesia 
for drawing blood samples from the hepatic vein. After being extracted, 
the liver tissues were split into two sections. One section was utilized for 
a histological investigation, while the other was kept in storage at -80°C 
for evaluation of oxidative stress indicators.

Biochemical assays

Clotted blood samples were centrifuged at 4000 rpm for 10 min using 
a cooling centrifuge (DLAB D3024R High-Speed Micro-Centrifuge, USA) 
and the serum was taken out and kept at 4°C for additional biochemical 
examination including aspartate aminotransferase (AST), alanine amino-
transferase (ALT), alkaline phosphatase (ALP), triglycerides (TG), and cho-
lesterol to evaluate liver function. The previous biochemical tests were 
evaluated in compliance with the given data process using commercial 
kits from the Laboratory Biodiagnostics Company in Giza, Egypt. 

Evaluation of oxidative stress markers

One g of hepatic tissue was homogenized in 5 ml of cold buffer 
solution (50 mmol K3PO4, 1 mmol EDTA, pH 7.5) was thoroughly mixed 
using a sonic homogenizer. A cooled centrifuge was used to centrifuge 
the resultant homogenate for 20 min at 4000 rpm. The supernatant was 
collected and utilized to assess malondialdehyde (MDA) and glutathione 
(GSH) contents as well as the activities of catalase (CAT) and superoxide 
dismutase (SOD). All procedures were performed according to the manu-
facturer’s protocols (Bio-diagnostic Company, Giza, Egypt).

Histopathological alteration

Fresh liver tissues were cut into slices that were 3–4 mm thick. These 
slices were then fixed in 10% neutral buffered formalin (NBF), dried in 
ethanol at different concentrations, washed in xylene, and processed 

using the typical paraffin-embedding method. After sectioning paraffin 
blocks at a thickness of 4-6 m, they were deparaffinized and then stained 
with hematoxylin and eosin (H&E) for histological changes. Hepatocellu-
lar tissue was examined under a Leica microscope (CH9435 Hee56rbrugg) 
supplied by Leica Microsystems in Switzerland.

Immunohistochemistry

For immunohistochemical examination, liver sections from each 
group under study were deparaffinized, dehydrated in graded ethanol 
solutions, and fixed on positively charged slides by using avidin-biotin- 
peroxidase complex (ABC) method. Liver section was pre-incubated with 
a Mouse Anti-TNF alpha Monoclonal Antibody (Elabscience Cat# E-AB-
22159, Dilution: 1:50), and another section was pre-incubated with Rabbit 
Anti PCNA Polyclonal Antibody, (Elabscience Cat# E-AB-64562, dilution; 
1:50) antibodies before being treated with the reagents needed for the 
ABC technique (Vectastain ABC-HRP kit, Vector labs). Marker expression 
was found using peroxidase and stained with diaminobenzidine (DAB, 
Sigma) to distinguish antigen-antibody complexes. Instead of prima-
ry or secondary antibodies, negative controls were implemented using 
non-immune serum. Using a Leica microscope (CH9435 Hee56rbrugg) 
(Leica Microsystems, Switzerland) with various magnification powers, im-
muno-stained slices were examined and taken as photographs.

Statistical data

The statistical program SPSS (Version 20.0; SPSS Inc., Chicago, IL, 
USA) was used for all statistical analyses. The considerable divergence 
across several groups was analyzed using one-way ANOVA and Duncan’s 
post hoc test. Every value is shown as mean ± standard error (SE) and 
deemed significant at P < 0.05. 

Results

Biochemical analyses

As shown in Figure 1, FU, Cd, and FU+Cd groups caused hepatoxicity 
demonstrated by an increase in serum liver indicators. In comparison to 
control animals, there was a significant rise in AST, ALT, and ALP activ-
ity. Furthermore, we found that, in contrast to control rats, there were 
significant increases in the amounts of TG and cholesterol in the serum. 
These findings revealed that the synergistic action of FU and Cd together 
caused greater liver damage in rats than did either one alone.

Oxidative/antioxidative biomarkers assay

The effects of FU, Cd, and FU+Cd intoxication on lipid peroxidation 
and liver oxidative parameters are displayed in Figure 2, treatment with 
FU and Cd resulted in significant oxidative stress, which was accompanied 
by a marked decrease in CAT, GSH, and SOD activity in the hepatic tissue 
relative to the control group. MDA levels increased dramatically. Remark-
ably, co-exposure to FU+Cd may clearly cause more hepatic oxidative 
damage than either exposure alone.

Histopathological finding of liver

In order to verify the previously described findings, the morphologi-
cal disturbance in the hepatic tissues after treatment with FU, Cd, or their 
combination (FU+Cd) was evaluated. As illustrated in Figure 3, Cr-water 
group (a) and Cr-oil group (b) show the typical hepatic structure with 
intact endothelial lining of central vein, hepatic cords appeared with their 
regular organization and lined with light and vesicula hepatocytes, he-
patic sinusoids presented between hepatic cords with its usual structure. 
In contrast, FU group (c) and Cd group (d) demonstrated degeneration 
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along hepatic tissue with degenerated central vein endothelial lining with 
inflammatory cell infiltrations around it. Some hepatocytes showed deep 
basophilic apoptotic nuclei and others with deep acidophilic cytoplasm. 
Hepatic sinusoids show severe congestion, microvascular steatosis, ad-
ditionally, some necrotic areas, and interstitial edema that causes the 
hepatic cords to disperse. compared to normal controls, FU+Cd group 
(e) displayed severe hepatic injury with severe congestion and degen-
eration of central vein endothelial lining, microvascular steatosis, some 
hepatocytes showed hydropic degeneration, and others with karyolysis 
nuclei and deep eosinophilic cytoplasm. Hepatic sinusoids dilatated and 

congested with interstitial edema leading to dispersion between hepatic 
cords.

Immunohistochemical study  

Here, we investigated the apoptotic effects caused by FU, Cd, or their 
combination (FU+Cd) on liver tissue. Changes in PCNA and TNF-α ex-
pressions in liver tissues in the nuclei and/or cytoplasm are illustrated in 
Figures 4 and 5, respectively. FU group or Cd group displaying a mod-
erate positive nuclear and cytoplasmic expression of PCNA and TNF-α in 
hepatocytes compared to control group. Moreover, co-treatment with 
both remedies exhibited intense positive nuclear and cytoplasmic expres-
sion of PCNA and TNF-α in hepatic tissue. 

Scoring of PCNA and TNF-α expressions induced by FU and/or Cd 
in liver are depicted in Figures 4f and 5f, respectively. The data obtained 
from the immunohistochemical scoring revealed that concurrent expo-
sure to FU and Cd drastically aggravated the inflammatory and apoptotic 
process compared to their single exposure.
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Fig. 1. Changes in serum biochemical parameters after treatment with FU and/or Cd. All 
values are represented as the mean ± SE (n = 6). AST, aspartate aminotransferase; ALT, 
alanine aminotransferase; ALP, alkaline phosphatase; FU, Furan; Cd, Cadmium.

Fig. 2. Changes in oxidative/antioxidative status in liver tissues after treatment with FU and/
or Cd. All values are expressed as the mean ± SE (n = 5). MDA, malondialdehyde; CAT, 
catalase; GSH, glutathione; SOD, superoxide dismutase; FU, Furan; Cd, Cadmium

Fig. 3. Liver histoarchitecture after treatment with FU and/or Cd. Cr-water group (a) and 
Cr-oil group (b) show typical hepatic structure with intact endothelial lining of central vein 
(rectangles), hepatic cords appeared with their regular organization, lined with light and 
vesicular hepatocytes (arrows), hepatic sinusoids presented between hepatic cords with its 
usual structure (arrowheads). FU group (c) demonstrated degeneration along hepatic tissue 
with degenerated central vein endothelial lining (rectangle), hepatocytes showed hydropic 
degeneration, deep basophilic apoptotic nuclei (arrow), and others with deep acidophilic 
cytoplasm (wave arrow). Hepatic sinusoids have severed congestion (arrowhead), micro-
vascular steatosis (arrow with tail), additionally some necrotic areas (curvy arrow). Cd 
group (d) marking moderate injury along hepatic tissue with loss of hepatic organization 
with degeneration of hepatic cords (circle), degenerated central vein endothelial lining with 
inflammatory cells infiltration around it (rectangle). Hepatocytes show deep basophilic 
apoptotic nuclei (arrow), others showed hypertrophy, increasing cytoplasmic/nuclear ratio, 
and deep acidophilic cytoplasm (wave arrow), also seen with karyolitic changes (arrow with 
tail). Hepatic sinusoids appeared with severe congestion (arrowhead), additionally, some 
necrotic area is seen (curvy arrow), notice also interstitial edema that leads to dispersion 
between hepatic cords (star). FU+Cd group (e) displays severe hepatic injury with severe 
congestion, degeneration of central vein endothelial lining (rectangle), microvascular ste-
atosis (arrow with tail), some hepatocytes show hydropic degeneration (arrow), while others 
with karyolitic nuclei and deep eosinophilic cytoplasm (wave arrow). Hepatic sinusoids 
exhibited dilatation and congestion (arrowhead), additionally, interstitial edema leading to 
dispersion between hepatic cords (star). (Bars = 50 μm).



Discussion

FU is a naturally occurring substance that may cause cancer and is 
found in many thermally driven processed foods having a number of 
negative impacts on biological systems (Pandir, 2015; Uçar and Pandir, 
2017). While Exposure to toxic metals has grown to be a global issue, 
particularly, Cd is a hazardous occupational and environmental pollutant 
that even at low exposure levels could be harmful to both humans and 
animals. It is the most dangerous metal that is found naturally in the en-
vironment including cigarette smoke, air, soil, water, food, and beverages 
(Singh et al., 2013).

FU is transformed by CYP2E1 into the cytotoxic metabolite BDA, 
which mediates FU toxicity by forming long-lasting bonds with proteins 
and nucleotides. Additionally, the metabolite promotes cell proliferation 
and uncouples mitochondrial oxidative phosphorylation as another fea-
ture of furan toxicity (Selmanoǧlu et al., 2012). Moreover, Cd has a greater 
affinity for compounds found within biological cells that contain sulfur, 
like glutathione (GSH), catalase (CAT), and metallothionein (MT). Accord-
ing to Rani et al. (2014), the liver expresses significant levels of MT that 
is essential for the sequestration and detoxification of Cd. The primary 
modulatory mechanism of Cd-induced cytotoxicity is the disruption of 
molecules containing SH, especially those that are involved in detoxifica-
tion and oxidative phosphorylation. The present investigation found that 
treatment with either FU or Cd alone or in combination led to hepatic 
dysfunctions marked by elevations in serum biochemical indicators as 
well as histological alterations. 

According to our findings, the experimental rats’ exposure to FU and 
Cd changed the redox balance in their livers. The loss of redox equilib-
rium resulted in oxidative damage to DNA, pro-inflammatory response, 
and apoptosis (Pandir et al., 2016; Abdeen et al., 2019a; Das and Al-naemi, 
2019; Gill et al., 2022). It is widely recognized that when ROS level (hy-
drogen peroxide (H2O2), hydroxyl radicals (HO•), superoxide anions (O2¯)) 
above the endogenous antioxidant capacity, the cellular antioxidant state 

is altered, resulting in an oxidative stress instance. These processes cul-
minated in the breakdown of mitochondrial redox hemostasis, accumu-
lation of ROS, and subsequent activation of oxidative injury (Murugavel 
and Pari, 2007).

Free radical’ produced by oxidative stress damages nucleic acids, lipid 
membranes, and proteins, which results in cell death (Sarkar et al., 2021). 
Antioxidant enzymes like CAT, GSH, SOD, and MDA can protect cellular 
components from the harm caused by free radicals. CAT speeds up the 
process by which H2O2 breaks down into water and oxygen. Fenton’s re-
action generates a lot of OH• from H2O2 in the event of CAT depletion, 
which immediately assaults the membrane lipid and increases the gen-
eration of lipid peroxidation and MDA (Abdel-Daim and Abdeen, 2018). 
Since GSH directly scavenging ROS, it is the most significant sovereign 
antioxidant and is ubiquitous in every cell in the body (Abdel-Daim et al., 
2021). Additionally, the endogenous enzyme SOD serves as the first line 
of defense against oxidative damage in mitochondria, which dismutase 
conversion of O2• to O2 and H2O2, therefore squelching oxidative damage 
(Abdeen et al., 2019b). The findings here demonstrated that oxidative 
stress played a crucial role in the hepatic damage caused by FU and Cd. 
This was demonstrated by the drop in CAT, GSH, and SOD content levels 
in rats subjected to FU and/or Cd but when concurrently administered to-
gether, higher significant hepatic oxidative damage occurred compared 
to other groups.

Alarmingly, MDA is a byproduct of lipid peroxidation, which can cre-
ate unpredictable bonds with other compounds such as DNA and pro-
tein (Uddin et al., 2021). Similar to this claim, the results of the current 
investigation’s results demonstrated a significant increase in MDA con-
centrations, indicating that FU and/or Cd-induced lipid peroxidation had 
damaged the liver cell’s membrane and caused leakage of the efficient 
intracellular enzymes (AST, ALT, and ALP), which signify liver dysfunction, 
into the bloodstream (Ibraheem et al., 2016). The transaminases (AST and 
ALT) are utilized as an indicator of liver damage, with ALT being regard-
ed as the gold standard which confirms liver dysfunction (McGill, 2016). 
Moreover, we noticed disturbed lipid metabolism as evidenced by high-
er triglyceride and cholesterol levels in the blood suggesting that there 

Fig. 4. Effects of FU and/or Cd on the expression of PCNA in the liver tissue of rats. Cr-wa-
ter group (a) and Cr-oil group (b) marking scarce positive nuclear expression of PCNA 
along hepatocytes (arrow). FU or Cd-treated rats displayed a moderate positive nuclear ex-
pression of PCNA in hepatocytes (arrow) (c and d, respectively). FU+Cd treated rats exhib-
iting intense positive nuclear expression of PCNA along hepatocytes (arrow), and positive 
cytoplasmic expression (arrowhead) (e). P< 0.05. Values were expressed as mean ± SE.  The 
column chart shows the scoring of PCNA expression in liver tissue among different treated 
groups (f). FU, Furan; Cd, cadmium; arrow, nuclear expression of PCNA along hepatocytes; 
arrowhead, cytoplasmic expression of PCNA along hepatocytes. (Bars = 50 µm).

Fig. 5. Effects of FU and/or Cd on the expression of TNF-α in the liver tissue of rats. con-
trol Cr-water group (a) and Cr-oil group (b) marking scarce positive nuclear expression of 
TNF-α along hepatocytes (arrow). FU- or Cd-treated rats showing moderate positive nucle-
ar expression of TNF-α in hepatocytes (arrow) (c and d, respectively). FU+Cd treated rats 
exhibiting intense positive nuclear expression of TNF-α along hepatocytes (arrow) (e). The 
column chart shows the scoring of TNF-α expression in liver tissue among different treated 
groups (f). P< 0.05. Values were expressed as mean ± SE.
FU, Furan; Cd, cadmium; arrow, nuclear expression of TNF-α along hepatocytes. (Bars = 
50 µm)
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was liver damage after FU and/or Cd treatment as demonstrated by mi-
crovascular steatosis in hepatocytes shown in our histological finding of 
the liver. The outcomes of this investigation align with previous studies 
which found that FU induces hepatotoxic damage in liver tissue (Kaya et 
al., 2019; Owumi et al., 2022a). The present investigation further showed 
that Cd-induced hepatic injury, which was supported by histological data, 
but when administered in conjunction with FU, more substantial hepatic 
damage had occurred compared to other groups. These findings are in 
line with studies by Samarghandian et al. ( 2015); Abdeen et al. ( 2019a), 
and Noor et al. ( 2022) that show the substantial harm that causes to rat 
liver cells.

Increased generation of ROS is expected to cause an intensified in-
flammatory response because it triggers an intracellular signaling cascade, 
increases the expression of genes linked to inflammation, and releases 
inflammatory mediators (Owumi et al., 2020). According to mounting 
evidence, exposure to FU (Owumi et al., 2022b) and Cd (Elmallah et al., 
2017; Joardar et al., 2019) are linked to an inflammatory response. This is 
supported by the large rises in pro-inflammatory cytokines (TNF-α) in the 
hepatic tissue of rats subjected to FU and testicular tissue homogenates 
of Cd-intoxicated rats. These events initiate the apoptotic cascade. 

Apoptosis is a regulated process of cell death that is influenced by 
many signals and metabolic processes. In the current study, the cellu-
lar apoptosis was significantly instigated after FU and/or Cd -treatment 
demonstrated by upregulation of PCNA protein expression in hepatic tis-
sue in combined exposure than either substance alone. PCNA is thought 
to be a useful biomarker for cellular proliferation that controls the rates 
of DNA replication and the cell cycle. These data are consistent with the 
findings of  Awad et al. (2018) who evinced evoke in the immunostaining 
for PCNA after FU exposure in hepatic tissues of rats, also in another 
study done by Koyuturk et al. (2007) who demonstrated Cd caused signif-
icant upregulation of PCNA protein expression in liver tissues of rats. This 
impact is thought to be caused by the generation of free radicals caused 
by FU and/or Cd, which accelerates the oxidation of DNA in hepatic cells.

Conclusion

The results of this study indicate that the combined administration of 
FU and Cd had greater toxicities than their individual exposure. Oxidative 
stress caused by increased production of ROS and MDA, as well as the de-
pletion of endogenous antioxidant components along with inflammatory 
damage occur in liver tissue were the primary mechanisms attributed to 
this potentiated toxicity. 
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