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Abstract

Fluoride (F) and cadmium (Cd) are two common water pollutants. There is low information about their co-exposure in low doses.
So, in this study, we evaluated the combination effects of non-toxic doses of F and Cd and the possible mechanism of their
combined interaction. Male rats were exposed to non-toxic doses of sodium fluoride (30 mg/1) and/or cadmium chloride (40 mg/1)
in drinking water for 6 weeks. Then, liver tissues were separated and several factors including oxidative stress, mitochondrial
toxicity, inflammation, apoptosis, and biochemical and histopathological changes were evaluated. Cd and F alone did not induce
any significant changes in evaluated factors compared to control group, while significant elevation in liver enzymes as well as
histopathological changes were observed in rats treated with F+Cd. Also, a remarkable increase in oxidative stress markers
including reactive oxygen species, lipid peroxidation, and protein carbonyl and also decreasing glutathione and superoxide
dismutase levels were detected following co-exposure to F and Cd. Furthermore, a combination of F and Cd resulted in
mitochondrial dysfunction, swelling, as well as a reduction in mitochondrial membrane potential in isolated liver mitochondria.
On the other hand, TNF-«, IL-1[3, and NF-kB inflammatory genes were upregulated in the liver after combined exposure to F
and Cd compared to individual treatments. Also, F+Cd treatment increased the Bax expression but decreased the expression of
Bcl-2 significantly. These findings suggest that Cd and F can potentiate their individual toxic effects on the liver tissue through
disruption of the cellular redox status, inflammation, and apoptosis pathway.
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Introduction

Humans are exposed to hundreds of chemicals in the environ-
ment including metals, pesticides, and polychlorinated biphe-
nyls, which can affect their health (Whittaker et al. 2011). In
the majority of toxicological studies, a single chemical has
been used in highly predictable toxic dose. However, in the
environment, people are encountered with simultaneous mul-
tiple exposure to low doses of these chemicals. So, it is ratio-
nal to investigate the effects of chemical combinations rather
than individuals (Yuan et al. 2014).

Cadmium (Cd) is a well-known environmental pollutant
(Chen et al. 2018). It is not an essential element and does
not play a physiological role in the human body, but it is
widely found in soil, air, food, and water at various concen-
trations (Chen et al. 2016). Therefore, people are chronically
exposed to Cd, raising concerns about its health effects. So,
the Joint FAO/WHO Expert Committee on Food Additives
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(JECFA) defined the provisional tolerable weekly intake
(PTWI) for Cd as 400-500 pg/person/week (Satarug et al.
2000). Furthermore, the World Health Organization (WHO)
estimated the safe level of Cd in drinking water as 1-3 pg/l
(Fouad and Jresat 2015). Biological half-life of Cd is between
5 and 30 years, and also, it can be accumulated in multiple
tissues. Therefore, chronic exposure to Cd even at biologically
low levels is associated with irreversible damages to body
organs, of which the liver, kidney, bone, and testes are the
most sensitive (Khan et al. 2019). The International Agency
for Research on Cancer (IARC) classified Cd into group 1
carcinogens (Andjelkovic et al. 2019).

Fluoride (F), as an inorganic anion, is the 13th most abun-
dant element in the Earth’s crust. It is found in foods, water,
coal, pesticides, bottled teas, and toothpastes. Water is the
main source of human exposure to F (Mohammed et al.
2017; Sun et al. 2018). Also, in many countries, F has been
added to the drinking water because of its role in the preven-
tion of dental caries and maintenance of bone homeostasis
(Alhusaini et al. 2018b). Therefore, many studies investigated
the safe amount of F in drinking water. On this basis, the
WHO has recommended the amount of 1.5 mg/l as a maxi-
mum acceptable limit of F level in drinking water (Tuyen et al.
2016). However, water with F concentration above the per-
missible limit of 1.5 mg/l has been recorded from several parts
of the world such as China, India, Canada, Norway, Turkey,
Mexico, and Brazil (Brindha and Elango 2011). In addition,
based on research articles and some clinical overdose cases,
the probable toxic dose (PTD) of F was defined as 5 mg/kg of
body weight (Kanduti et al. 2016). Indeed, F is a cumulative
toxicant and, in a long-time exposure, it can cause several
damages to soft tissues such as the thyroid, liver, kidney,
brain, and reproductive organ (Alhusaini et al. 2018b).

Co-exposure to F and Cd is non-avoidable due to their
common presence in the environment, especially in drinking
water. Based on experimental studies, both F and Cd show
their tissue-toxic effects through induction of oxidative stress
and inflammation. Oxidative stress has been defined as an
imbalance between the production and re-neutralization of
free radicals in the body (Shaki et al. 2019). Oxidative stress
plays an essential role in the emergence of a number of chron-
ic disorders such as diabetes and cancer by inducing inflam-
mation (Acaroz et al. 2019). It was also reported that admin-
istration of Cd led to significant cardiotoxicity in rats through
production of reactive oxygen species (ROS) and also by en-
hancing several inflammatory cytokine levels such as
interleukin-1 (IL-1), tumor necrosis factor-o« (TNF-«), and
nuclear factor kappa B (NF-kB) (Zhang et al. 2018).
Furthermore, in another study, a significant reduction in the
endogenous antioxidants superoxide dismutase (SOD) and
glutathione (GSH) and also an increase of inflammatory me-
diators were observed in the liver tissue of male rats in re-
sponse to F treatment (Alhusaini et al. 2018a). ROS can also

trigger NF-kB inflammatory pathway, which is involved in
generation of several inflammatory mediators such as inter-
leukin-6, nitric oxide (NO), and cyclooxygenase-2 (Hoesel
and Schmid 2013).

On the other hand, mitochondria are the major site for ROS
production and the key intracellular target for Cd as well as F
toxicity (Pan et al. 2018; Wei et al. 2018). Mitochondria are
considered as the major site of oxidative phosphorylation and
play an important role in mediating apoptosis. It is well doc-
umented that mitochondrial dysfunction due to excessive pro-
duction of ROS can trigger the intrinsic apoptosis pathway
(Dai et al. 2018).

The liver, due to its major role in detoxification of xenobi-
otics, is the most sensitive organ against chemical-induced
toxicity. Simultaneous exposure to environmental chemicals
can produce effects different from their individual exposure.
Also, chemicals may synergistically increase the toxicity of
each other even at low doses which are not considered to be
toxic (Alese et al. 2018).

So, to the best of our knowledge, this study is the first
attempt to evaluate the combination of toxic effects of Cd
and F in a sub-chronic experimental model of hepatotoxicity
using doses below the toxic levels. We also investigated the
underlying cellular and molecular mechanisms based on oxi-
dative stress, NF-kB, and mitochondrial apoptosis pathways.

Materials and methods
Animal treatment and study design

Male Wistar rats (200-250 g) were housed at a controlled
room (on a 12-h light/dark cycle at a temperature of 22 °C +
2 °C) with free access to food and water. All experimental
procedures were conducted according to the ethical standards
and protocols approved by the Committee of Animal
Experimentation of Mazandaran University of Medical
Sciences, Sari, Iran.

In the first step, for selecting non-toxic doses, animals were
exposed to several doses of sodium fluoride (15 mg/1, 30 mg/1,
60 mg/l, and 120 mg/l) and cadmium chloride (20 mg/I,
40 mg/l, 60 mg/l, and 100 mg/]) in drinking water, and then
several toxicity hallmarks in liver tissue including ROS gen-
eration, lipid peroxidation, protein carbonyl formation, GSH
depletion, as well as mitochondrial function and serum ALT,
AST, and ALP levels were investigated. These selected doses
were below the common toxic doses, which were used in
previous literatures. Finally, the highest doses which did not
induce any significant toxic effects in the liver (30 mg/I for
sodium fluoride and 40 mg/1 for cadmium chloride) were con-
sidered as non-toxic doses and included in the study (data not
shown).
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Then, rats were divided into four groups of six rats for
evaluation of combination toxicity and were treated as below
for 6 weeks:

1. Group 1, control (received only drinking water)

2. Group 2, received Cd (as cadmium chloride 40 mg/1, dis-
solved in drinking water)

3. Group 3, received F (as sodium fluoride 30 mg/l, dis-
solved in drinking water)

4. Group 4, received cadmium chloride 40 mg/l + sodium
fluoride 30 mg/l, dissolved in drinking water

At the end of 6 weeks, the animals were anesthetized and
blood samples were immediately collected from their hearts.
Then, blood serums were obtained by centrifugation (3500xg
for 10 min). Liver tissues were separated, homogenized, and
then centrifuged at 2000xg for 10 min. Supernatants were
separated and centrifuged again at 10,000xg for 10 min.
Then, supernatants were stored at —80 °C until use for bio-
chemical estimations. Liver tissues required for gene expres-
sion analysis were kept at —80 °C in RNA-later solution.
Liver tissues were fixed in 10% formalin solution for histo-
pathological examination.

Assessment of liver oxidative stress

Primarily, protein concentrations were determined in samples
through the Coomassie Brilliant Blue protein binding as ex-
plained by the Bradford method (Bradford 1976). Then, all
samples were equalized in 1 mg protein/ml for evaluation of
oxidative stress parameters. ROS formation was assessed
using dichlorofluorescin diacetate (DCFH-DA) as an indicator
(Vahidirad et al. 2018). Malondialdehyde (MDA) contents
were estimated by reacting with thiobarbituric acid as a mark-
er of lipid peroxidation (Zhang et al. 2008). Elman’s reagent—
based assay was carried out to determine the GSH activity in
the liver tissues (Ellman 1959). Protein oxidation was evalu-
ated through measuring protein carbonyl production (M)
(Aebi 1984). SOD activity was estimated using Nasdox com-
mercial kit (Navand Salamat, Iran).

Assessment of liver inflammation

Gene expression analysis of NF-kB, TNF-a, and IL-1(3
in the liver

Total RNA was separated from liver tissues using Hybrid-
R kit (GeneAll, Seoul, South Korea). cDNA synthesis was
performed by a commercial kit (Yekta Tajhiz Azama, Iran).
Real-time PCR was done using a Corbett machine (Rotor-
Gene 6000). The thermal profile for the PCR reaction was
95 °C for 15 min (denaturation), followed by 40 cycles of
95 °C for 15 s, 60 °C for 30 s, and 72 °C for 15 s, followed
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by melting curve analysis. After PCR amplification, the
ACt was determined. PCR primers for IL-1f3, TNF-c,
and NF-kB genes were prepared by Metabion
International AG (Metabion GmbH, Germany) using the
Primer-Blast program from the National Center for
Biotechnology Information (NCBI). The housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was employed as an internal control and ap-
peared to be unchanged by the different therapies
(Almeer et al. 2018). The used primer pairs are listed in
Table 1.

Assessment of nitric oxide level in the liver

Nitric oxide was evaluated using the Zistfanteb kit (Cib
Biotech, Iran) based on the Griess reaction (Habibi et al.
2018).

Assessment of mitochondrial toxicity in the liver
Mitochondrial preparation

Liver mitochondria were prepared using differential centrifu-
gation (Shaki et al. 2012). Mitochondria were extracted just
after rats were anesthetized, and fresh isolated mitochondria
were used. Indeed, liver tissues were homogenized and the
nuclei and broken cell debris were sedimented through
centrifuging at 2000xg for 10 min at 4 °C. Then, the superna-
tant was subjected to a further centrifugation at 10,000xg for
10 min. The mitochondrial sediment was suspended in Tris
HCI buffer (0.05 M Tris HCI, 0.25 M sucrose, 20 mM KCl,
2 mM MgCl,, and 1 mM Na,HPOy,, pH of 7.4) (Shaki et al.
2012).

Evaluation of mitochondrial ROS generation

Mitochondrial ROS level was measured using DCFH-DA as
an indicator. DCFH-DA is hydrolyzed by cellular esterases to
dichlorofluorescin (DCFH), which can be oxidized by ROS to
dichlorofluorescein (DCF), which is a fluorescent product
(Kalyanaraman et al. 2012). Briefly, DCFH-DA was added
to fresh isolated mitochondrial samples and, after the 10-min
incubation, the fluorescence intensity of DCF was determined
using a fluorescence spectrophotometer (Shimadzu
RF5000U) at 485 nm excitation and 520 nm emission wave-
lengths (Habibi et al. 2018).

Evaluation of mitochondrial function

Mitochondrial function was evaluated by measuring the re-
duction of tetrazolium salt (MTT). Briefly, MTT (0.4%) was
added to 100 ul of fresh isolated mitochondrial suspensions
(1 mg protein/ml) and then incubated at 37 °C for 30 min. The
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Table 1 Primers for quantitative

real-time PCR Genes Forward primer Reverse primer
TNF-o 5’AGCCCTGGTATGAGCCCATGTA3' 5'CCGGACTCCGTGATGTCTAAGT3'
IL-13 5'GGAAGGCAGTGTCACTCATTGTG3' 5'GGTCCTCATCCTGGAAGCTCC3'
NF-kB 5’"AGCACCAAGACCGAAGCAA3' 5'TCTCCCGTAACCGCGTAGTC3’
Bcl-2 5’ACTTCTCTCGTCGCTACCGTCGC3' 5'"AGAGCGATGTTGTCCACCAGGG3’
Bax 5'CCAGGACGCATCCACCAAGAAG3' 5'CCCAGTTGAAGTTGCCGTCTGC3'
GAPDH 5'CCCCCAATGTATCCGTTGTG3' 5'TAGCCCAGGATGCCCTTTAGT3’

product of formazan crystals was dissolved in 150 pl dimethyl
sulfoxide, and the absorbance was measured with an ELISA
reader (ELX800; BioTek, USA) at 570 nm wavelength
(Shokrzadeh et al. 2015).

Estimation of the mitochondrial membrane potential

Mitochondrial uptake of the cationic fluorescent dye, rhoda-
mine 123, has been used to estimate mitochondrial membrane
potential (MMP). Ten micromolars of rhodamine 123 was
added to the fresh isolated mitochondrial fraction (1 mg pro-
tein/ml) solution in MMP assay buffer (220 mM sucrose,
68 mM D-mannitol, 10 mM KCI, 5 mM KH,PO,, 2 mM
MgCl,, 50 uM EGTA, 5 mM sodium succinate, 10 mM
HEPES, and 2 uM rotenone). The fluorescence intensity of
released rhodamine in the outer space of mitochondria was
monitored using a fluorescence spectrophotometer
(Shimadzu RF5000U) at the excitation and emission wave-
lengths 0f490 nm and 535 nm, respectively (Arab-nozari et al.
2019). Increasing the fluorescence intensity shows reduction
in MMP.

Determination of the mitochondrial swelling

Analysis of mitochondrial swelling in the isolated liver mito-
chondria was estimated through changes in light scattering as
monitored spectrophotometrically at 540 nm. Briefly, fresh
isolated mitochondria were suspended in swelling buffer
(70 mM sucrose, 230 mM mannitol, 3 mM HEPES, 2 mM
Tris-phosphate, 5 mM succinate, and 1 uM rotenone). The
absorbance was read using an ELISA reader (Tecan;
Rainbow Thermo, Austria). Decreasing absorbance indicates
an increase in mitochondrial swelling (Hosseini et al. 2013).

Evaluation of apoptosis in liver tissue

Expression levels of Bax and Bcl-2 genes were evaluated
through the real-time PCR method as described in the section
“Gene expression analysis of NF-kB, TNF-«, and IL-1f3 in
the liver.” The primer pairs are listed in Table 1.

Serum biochemical evaluation

Serum levels of ALT, AST, and ALP were determined as one
of the important indicators of liver tissue damage using com-
mercial kits (Pars Azmun, Iran).

Liver histopathological examination

Liver tissue samples were fixed in 10% formalin, dehydrated
and embedded in paraffin, and then sectioned. The
deparaffinized sections were consistently stained with hema-
toxylin and eosin for light microscopy (Abarikwu et al. 2017).

Statistical analysis

Results are presented as mean + SD. Data from various eval-
uations were investigated by one-way analysis of variance
followed by Tukey’s post hoc test using a statistical program
(SPSS, version 17.0). In this study, p values < 0.05 were con-
sidered statistically significant.

Results
Effects of treatments on liver oxidative stress markers

As shown in Table 2, exposure to the combination of F and Cd
demonstrated a significant (p < 0.05) increase in ROS, MDA,
and protein carbonyl levels, while SOD and GSH levels were
reduced compared to control and individual groups. In con-
trast, animals, which were exposed to F or Cd alone, showed
no differences in above parameters compared to their control
animals.

Effects of treatments on liver inflammation

Effects of treatments on liver TNF-q, IL-1B, and NF-kB gene
expression levels

Figure 1 shows the effects of F or/and Cd on the gene expres-
sion of liver pro-inflammatory cytokines (TNF-«, IL-1{3) and
also NF-kB. Expression of TNF-«, IL-1[3, and NF-kB was
markedly upregulated (p < 0.05) in the liver of the rats treated
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Table 2 Effect of treatments on oxidative stress parameters
Parameters Groups

C F Cd F+Cd
ROS formation (fluorescence intensity) 512+ 6.7 593 +49 60.11 £ 5.9 744 + 57k #SS
GSH concentration (nM) 217 £13.6 202 +13.4 200 +12.9 176 + 12,75 # S
Lipid peroxidation (uM MDA) 6.57 £ 0.7 7.22 + 0.69 7.21 £0.51 8.51 + 1.2k # S
Protein carbonyl (M) 0.75 £ 0.07 0.84 = 0.06 0.86 £ 0.08 1.03 £ 011 %% ## 9
Superoxide dismutase (U/ml) 10.11 = 1.14 8.88 £ 0.93 8.91 = 1.06 6.91 + 0.87##x * S

Values are expressed as mean + SD for six rats in each group
C control, F fluoride, Cd cadmium, F+ Cd fluoride + cadmium

#tp < 0,001, significantly different compared to the C group; * p <0.05 and *# p < 0.01, significantly different compared to the F group; *p <0.05 and

%% <0.01, significantly different compared to the Cd group

with a combination of F and Cd compared to the animals
exposed to F alone or Cd alone, while exposure to F and Cd
alone did not significantly affect the expression of these
markers.

Effects of treatments on liver nitric oxide levels

NO level was significantly increased in the liver of rats treated
with F+Cd in comparison with individual and control groups
(p <0.05), while F or Cd treatment alone did not show a
significant change in the NO levels in comparison with the
control group (Fig. 2).

Effects of treatments on isolated liver mitochondria
Effects of treatments on liver mitochondrial ROS formation

As shown in Fig. 3a, ROS formation was increased in rats that
received a combination of F and Cd compared to control and
individual groups in isolated liver mitochondria, while F or Cd
alone could not induce significant ROS generation compared
to control rats.

Effects of treatments on liver mitochondrial function

The mitochondrial function was evaluated by the MTT
test. The yellow tetrazolium salt (MTT) was metabolized
by a mitochondrial succinate dehydrogenase enzyme to
yield a purple formazan reaction product, which is an in-
dicator of mitochondrial function. As shown in Fig. 3b, the
combination of F and Cd significantly decreased mito-
chondrial function in comparison with control and F or
Cd alone groups (p <0.05). However, individual exposure
to F or Cd did not specify marked alteration in mitochon-
drial function.

Effects of treatments on liver mitochondrial membrane
potential

MMP is a sensitive indicator of the mitochondrial mem-
brane condition. MMP collapse results in an increase in
rhodamine release from the mitochondria to the outer
space. Therefore, an increase in florescence intensity of
rhodamine can be considered as an indicator of MMP loss
and mitochondrial damage. As shown in Fig. 4a, F+Cd
treatment significantly increased rhodamine fluorescence
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Fig. 1 Effect of treatments on IL-1f3, TNF-«, and NF-kB gene
expression in rat liver tissue. Groups: C control, F fluoride, Cd
cadmium, F+Cd fluoride + cadmium. Values are expressed as mean =+
SD. *##**p <0.001, significantly different compared to the C group.
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Fig. 2 Effect of treatments on nitric oxide levels in rat liver tissue.
Groups: C control, F fluoride, Cd cadmium, F+Cd fluoride + cadmium.
Values are expressed as mean + SD. *##p < 0.001, significantly different
compared to the C group. *p <0.05, significantly different compared to
the F group. %p < 0.0, significantly different compared to the Cd group

intensity (decreased the MMP) (p <0.05). Additionally,
there was no significant difference between F and Cd
alone in comparison with the control group.

Effects of treatments on liver mitochondrial swelling

We assayed mitochondrial swelling, as an indicator of
mitochondrial membrane permeability. Mitochondrial
swelling results in more light scattering and ultimately
reduced the detected absorbance. As shown in Fig. 4b,
co-exposure to F and Cd resulted in significant (p <
0.05) mitochondrial swelling in comparison with control
and individual F or Cd groups. In contrast, treatment of
F or Cd alone had no significant effect on mitochondrial
swelling.
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Fig. 3 Effect of treatments on mitochondrial function (panel a) and ROS
production (panel b) in isolated liver mitochondria. Groups: C control,
fluoride, Cd cadmium, F+Cd fluoride + cadmium. Values are expressed
as mean + SD. *#**p <0.001, significantly different compared to the C

Effects of treatments on liver apoptosis

As shown in Fig. 5, the expression levels of anti-apoptotic
Bcl-2 were significantly downregulated, while those of apo-
ptotic Bax were significantly upregulated in the liver tissue of
the rats treated with F plus Cd (p < 0.05). However, no signif-
icant alteration occurred in the expression levels of Bcl-2 and
Bax following treatment with F or Cd alone in comparison
with the control group.

Effects of treatments on serum biochemical indicators
of hepatotoxicity

Exposure to F or Cd demonstrated no significant alterations in
the ALT, AST, and ALP levels in comparison with the control
group. On the other hand, the levels of these enzymes were
significantly (p < 0.05) increased following exposure to F+Cd
in comparison with the F or Cd individual exposure (Table 3).

Effects of treatments on liver histopathological
features

As shown in Fig. 6, the hepatic tissue of the control group
showed a normal liver architecture with normal lobular pat-
tern. The examined liver tissue of the F+Cd-treated rats
showed sinusoidal dilation, inflammatory cell infiltration,
and proliferation of Kupffer cells. On the other hand, we were
not able to observe any significant changes within the liver
anatomical structure of rats treated with these two chemicals,
individually.

Discussion
Recently, there are increasing toxicological research studies

focusing on the interaction between chemicals in the environ-
ment (Philippot et al. 2019). In this study, non-toxic doses of
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group. #p <0.01 and "*p < 0.001, significantly different compared to the
F group. *» <0.05 and ***p <0.001, significantly different compared to
the Cd group
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Fig. 4 Effect of treatments on rhodamine fluorescence intensity (panel a)
and swelling (panel b). Rhodamine fluorescence intensity was
determined as an indicator of mitochondrial membrane potential
condition. Mitochondrial swelling was assessed by reading the

two water pollutants (Cd and F) were employed alone and in
combination in order to investigate whether the toxic effects of
these chemicals were enhanced by their combination in com-
parison with their alone effects.

Experimental studies declared that both Cd and F could
induce oxidative stress in the liver tissues. For example,
Saleh (2018) reported that exposure to Cd for 4 weeks led to
elevation of lipid peroxidation and reduction in endogenous
antioxidants (GSH and SOD) in the liver of male rats (Saleh
2018). In another study, it was shown that F administration
increased ROS levels, which resulted in oxidation of mem-
brane lipids and GSH as well as reduction of SOD and cata-
lase levels in the liver of mice (Lu et al. 2017). Our results
showed that the combination of non-toxic doses of F and Cd
resulted in significant generation of ROS and also oxidative
damage to cellular macromolecules such as lipids and pro-
teins. Free radicals can promote breakdown of membranes
and oxidation of membrane phospholipids to form MDA as
a hallmark of tissue oxidative damage (Abu-El-Zahab et al.
2019).

In addition, ROS is capable of targeting cellular proteins.
During this event, ROS react with amino acid chains of the
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Fig. 5 Effect of treatments on Bax and Bcl-2 gene expression in rat liver
tissue. Groups: C control, F fluoride, Cd cadmium, F+Cd fluoride +
cadmium. Values are expressed as mean + SD. **p <0.01 and

@ Springer

o

3q

s il $

Liver mitochondrial swelling
(absorbance)

< <

absorbance at 540 nm wavelength as described in the Materials and
methods. **p <0.01, significantly different compared to the C group.
#p <0.05, significantly different compared to the F group. *p <0.05 and
%59 <0.01, significantly different compared to the Cd group

protein molecule, producing a detectable marker of protein
oxidative damage, called protein carbonyl (Baskaran et al.
2018).

On the other hand, in our study, F+Cd treatment resulted in
aremarkable decline in the activity of two pivotal endogenous
antioxidants (GSH and SOD), which have clear protective
effects against oxidative stress. GSH is considered as a prima-
ry indicator of oxidative damage to organs. It is a reservoir of
cysteine and participates in immediate cell response to xeno-
biotics (Bharti et al. 2014). It has been found that both F and
Cd can react with sulfhydryl group in the GSH structure,
destroying its normal function (Almeer et al. 2018; Chouhan
et al. 2013). On the other hand, SOD is the first line of cell
defense against deleterious effects of ROS by converting su-
peroxide anion radicals into hydrogen peroxide and molecular
oxygen (Faraji et al. 2019). F acts as a competitive inhibitor of
SOD and alters its function by binding with CU*™ at the bind-
ing site of this enzyme (Jana et al. 2018). Furthermore, Cd can
affect the stability of SOD, due to its high affinity to thiol
groups in SOD enzyme (Elkhadragy et al. 2018).

We also found that combined exposure to non-toxic levels
of F and Cd showed an increase in the hepatic NF-kB, IL-13,
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##%p < 0.001, significantly different compared to the C group. *p <0.05
and ™p < 0.01, significantly different compared to the F group. *p < 0.05
and ***p < 0.001, significantly different compared to the Cd group
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Table 3  Effect of treatments on ALT, AST, and ALP levels in the rat’s blood serum

Groups ALT (U/l) AST (U/) ALP (U/))

C 2531 +3.28 3291 +4.29 1238 + 11.9

F 289 +2.33 37.88 +3.52 132 +15.7

cd 2991 + 2.54 38.68 + 4.06 1415 + 14.4

F+Cd 37.11 + 5.1 # S 47.6 + 6.9%%x * S 166.8 + 14,1 #S

Values are expressed as mean + SD for six rats in each group
C control, F fluoride, Cd cadmium, F+ Cd fluoride + cadmium

#p < 0,001, significantly different compared to the C group; * p <0.05 and * p < 0.01, significantly different compared to the F group; *p < 0.05,

significantly different compared to the Cd group

and TNF-« expression as well as NO level. These were con-
sistent with the results of previous studies, which reported the
ability of F and Cd to induce inflammatory mediators in dif-
ferent tissues (Alhusaini et al. 2018a; Almeer et al. 2018).
Based on explanations of mechanistic studies, oxidative stress
is involved in triggering several inflammatory processes in
cells, in which the NF-kB signaling pathway is the most no-
table (Hoesel and Schmid 2013). The NF-kB is a cytosolic
protein complex, which is responsible for controlling the

expression of many inflammatory mediators. IL-13 and
TNF-o are the most important stimulating signaling mole-
cules in the induction of canonical pathway of NF-kB. After
activation, NF-kB pgs sub-unit is released from cytosolic in-
hibitors and translocates to the nucleolus and subsequently
upregulates the expression of a large number of inflammatory
target genes such as interleukin-6, nitric oxide synthase, and
cyclooxygenase (Hoesel and Schmid 2013). Accumulated ev-
idences have suggested that oxygen-derived free radicals can

Fig. 6 Representative photomicrographs of liver sections from rats
treated with control (C), fluoride (F), cadmium (Cd), and fluoride +
cadmium (F+Cd). (Liver sections were fixed in 10% buffered formalin,
embedded in paraffin, sectioned, and stained with hematoxylin-eosin).

Light microscopic examination (x 40 objective lens) of tissues. a Tissue
sections from control rat. b F+Cd-administered rat tissue sections. ¢ Cd-
treated rat tissue sections. d Tissue sections from F-treated rat
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promote NF-kB upregulation through overproduction of IL-
13 and TNF-« cytokines (Wang et al. 2019). So, it can be
concluded that the elevation of these inflammatory markers in
our study may be due to the occurrence of oxidative stress in
liver tissue.

Previous studies reported mitochondrial toxicity and also
apoptosis induced by F as well as Cd (Pan et al. 2018; Wei
et al. 2018; Zhang et al. 2018). In the present study, we ob-
served significant mitochondrial swelling and loss of MMP in
F+Cd-treated rats compared to control and individual groups,
which can reflect mitochondrial dysfunction. Exposure to ox-
idant chemicals can induce oxidation of —SH groups in the
mitochondrial outer membrane, leading to formation of disul-
fide cross-link between thiol groups and opening of mitochon-
drial membrane transition pore. This event is associated with
the release of cytochrome c to the cytosol and activation of
caspase-9 and caspase-3, which finally results in cell death
(He and Lemasters 2002). Furthermore, we found that intox-
ication with a combination of F and Cd upregulated Bax (pro-
apoptotic) and downregulated Bcl-2 (anti-apoptotic) proteins.
Indeed, mitochondria are the primary site of ROS generation
in organs. It is well documented that excessive ROS can pro-
mote apoptosis through mitochondria-dependent pathway. So,
inhibition of Bel-2 and also induction of Bax result in opening
of the mitochondrial permeability transition pore and induc-
tion of apoptosis as mentioned above (Wang et al. 2019).

Furthermore, ROS-induced lipid peroxidation is also ac-
companied with the rupture and loss of integrity of hepatocyte
membrane, which appears with releasing ALT, AST, and ALP
enzymes to the bloodstream (Chen et al. 2011). As shown in
the study of Alhusaini et al. (2018a) and Elbaghdady et al.
(2018), marked elevation in serum ALT, AST, and ALP was
observed in F- or Cd-treated animals, which was in accor-
dance with our findings in the combined F+Cd group.

As evident from our histopathological findings, co-
exposure to F+Cd resulted in sinusoid dilatation and prolifer-
ation of Kupffer cells. Activation of these cells induces release
of many inflammatory mediators such as NO, IL-1f3, and
TNF-« in hepatocytes. These pathological changes were par-
allel with increasing oxidative stress and inflammation in the
liver of rats treated with F+Cd.

Conclusions

For the first time, the present study revealed that the combi-
nation of non-toxic doses of F and Cd has the ability to induce
toxicity in the liver tissue of rats. We speculated that F and Cd
can potentiate their individual toxicity through different mech-
anistic pathways including mitochondrial damage, oxidative
stress, apoptosis, and inflammation. Therefore, the combina-
tion of F and Cd in the environment can be considered as a
potential health risk to humans and animals.
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