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Introduction

uring the last years, our environment as

well as our health have been exposed to

various toxicants, and the rapid growth

of industry has led to large amounts of

industrial wastes that discharging into

soil and water. Environmental pollutants
can induce oxidative stress by overwhelming the body’s
antioxidant defenses [1] with excessive free radical pro-
duction leading to cellular and tissue damage. Cells have
developed enzymatic and non-enzymatic antioxidant
systems to convert reactive oxygen species into harmless
metabolites, working together to prevent damage caused
by pesticides [2] and metal exposure [3]. Barium, a dense
alkaline earth metal found as divalent cations in various
salts [4] is released into the environment through natural
events and industrial processes. This contamination af-
fects surface waters, soils, foods, and the food chain in
both rural and urban areas [4, 5]. Barium is extensively
used in various industries, such as plastics, electronics,
textile pharmaceuticals and cosmetics [6]. Studies have
shown that barium chloride (BaCl,) can lead to toxicity
in various soft tissues [7, 8] and potentially increase the
risk of congenital heart defects [9] and orofacial clefts
[10] in offspring.

Since the kidneys play many vital functions to main-
tain normal homeostasis in the body, alterations in renal
cells can promote the formation of several sufferings of
people worldwide. The kidney is highly vulnerable to
drugs and environmental chemicals due to high blood
flow and oxygen requirement via the circulation leading
to a high risk of nephrotoxicity [11-13]. Liu et al. [14]
report that barium may impair the human kidney with
renal injury being more prominent in women. This dys-
function could be attributed to the adverse effects of bar-
ium on female reproductive hormones [15] since it plays
a pivotal role in protecting the kidney [16]. Furthermore,
alterations in renal functional capacity have been also re-
ported in a case of barium poisoning of patients treated
with intravenous barium sulfate where renal tubules are
obstructed leading to necrosis [17, 18]. Accordingly, this
study evaluates the nephrotoxicity induced by BaCl, ad-
ministered orally to adult rats for 21 consecutive days
at different doses with a view of the systemic oxidative
stress, biochemical parameters, and histopathological
changes.

Elwej A, et al. BaCl, Induced Nephrotoxicity by Modulating Biochemical and Histological Changes in Rats. PBR. 2024; 10(4):319-330.
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Materials and Methods
Study chemicals

BaCl, was obtained from Loba Chemie (Mumbai,
India). All experiments were performed using other re-
agents of analytical grade purchased from standard com-
mercial suppliers.

Animals and experimental protocols

A total of 24 female rats weighing from 168 to 179 g,
were purchased from the Central Pharmacy (SIPHAT,
Tunisia). They were reared under standard laboratory
conditions (temperature 22+2 °C, relative humidity 40%,
and 12-h light/dark cycle). A commercial pellet diet and
tap water were provided ad libitum. After sufficient time,
the rats were randomly allocated into four groups (n=6):
the first group served as a control and received distilled
water. Group 2 received 67 parts per million (ppm) of
barium (D1), group 3 received 150 ppm of barium (D2),
and Group 4 received barium at a dose of 300 ppm
(D3). The barium doses used in the experiment were
determined based on our previous study [19] and they
induced toxicity without mortality.

Sampling procedure

On the 20™ day, the rats were transferred to individual
metabolic cages for a 24-h urine collection. Subsequent-
ly, urinary samples were collected in bottles and the vol-
ume of each sample was recorded then centrifuged for 5
min at 5000 g.

At the end of the 21-day study period, the animals were
sacrificed by cervical decapitation. Whole blood samples
were collected into serum vacutainer tubes, then centri-
fuged at 2200 xg for 10 min at 4 ‘C and finally stored
at -80 “C until biochemical analysis. The kidneys were
removed from the abdominal cavities, washed in ice-
cold, and frozen immediately until further analysis. To
evaluate oxidative stress, some kidney was cut into small
pieces, homogenized in appropriate phosphate buffer
(10 mM, pH=7.4), and then subjected to centrifugation.
Aliquots of supernatant were kept at -80 °C for further
biochemical assays. Other kidneys were collected, and
fixed in 10% neutral formaldehyde for histological ex-
amination.
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Biochemical analysis
Determination of kidney protein content

Total protein content in kidney homogenates was de-
termined according to the method by Lowry et al. [20],
using bovine serum albumin as standard.

Biochemical assay

The levels of urea, uric acid, and creatinine in plasma
and urine were estimated spectrophotometrically using
commercial diagnostic kits (ref 20151, 20143, 20092;
Biomaghreb, Tunisia). Creatinine clearance, an index
of glomerular filtration rate was calculated by the UV/P
equation [21], where U was the urinary creatinine level,
V was the volume of a urine sample collected within 24
h, and P was the plasma creatinine concentration.

Measurement of kidney oxidative stress and anti-
oxidant defence levels

Lipid peroxidation assay was estimated by following
the method of Draper and Hadley [22]. Absorbance was
measured at 532 nm and results were expressed as nM
of TBARS per milligram protein. Hydrogen peroxide
(H,0,) was carried out by the method of Ou and Wolff
[23]. The amount of H,O, was determined at 560 nm and
values were expressed as pmoles per milligram of pro-
tein. Advanced oxidation protein product (AOPP) levels
were evaluated by the method of Kayali et al. [24]. The
absorbance was recorded at 340 nm and the results were
expressed as nanomoles per milligram protein.

Kidney glutathione (GSH) content was performed ac-
cording to the method of Ellman [25] and modified by
Jollow et al. [26]. The absorbance was measured at 412
nm and total GSH content was expressed as micrograms
per milligram of protein. Non-protein thiols (NPSH)
kidney tissue levels were determined according to the
method of Ellman [25]. Absorbance was measured at
412 nm and the results were expressed as nanomoles
per milligram of protein. Metallothionein (MT) content
in the kidney was measured spectrophotometrically fol-
lowing the protocol of Viarengo et al. [27] and modified
by Petrovic et al. [28]. Ascorbic acid (vitamin C) con-
tent in kidney tissue was assayed by the dinitrophenyl-
hydrazine method described by Jacques-Silva et al. [29]
and results were expressed as umoles per milligram of
protein. Superoxide dismutase (SOD) activity was per-
formed according to Beauchamp and Fridovich [30] and
results were expressed as enzyme units per milligram of
protein. Meanwhile, catalase (CAT) activity was assayed
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by the method of Aebi [31] and the activities were ex-
pressed as micromoles of H,O, consumed per min per
milligram of protein. Glutathione peroxidase (GPx) ac-
tivity was performed according to the method of Flohe
and Gunzler [32] and the enzyme activity was expressed
as moles of GSH oxidized per min per mg protein.

Plasma and kidney lactate dehydrogenase (LDH)
activities

Plasma and kidney LDH activities, were determined
using commercial reagent kits (Biomagreb, Ariana, Tu-
nisia, Ref 20012).

Histopathological analysis

After their fixation in neutral formaldehyde, the kidney
was processed using a graded ethanol series and embed-
ded in paraffin blocks. Hematoxylin—Eosin (H&E) stain-
ing was applied to 5 mm thick sections and examined
under light microscopy (ZEISS, Axiolab) using a Canon
PowerShot camera (model A640). All sections were
evaluated for the degree of tubular and glomerular injury
and necrosis.

Statistical analysis

The results were analyzed using GraphPad Prism soft-
ware, version 9.2 for Windows (GraphPad Software, San
Diego, CA). The statistical analysis was performed by
one-way analysis of variance followed by the Tukey post
hoc test. In all statistical analyses, differences were con-
sidered significant for P<0.05.

Results
General assessment

In the experimental investigation, the general condition
of rats following the oral administration of BaCl, was
changed. Rats subjected to graded doses of BaCl, (67,
150, and 300 ppm) displayed mild to moderate altera-
tions and exhibited symptoms, such as abdominal pain
and increased urination. However, there were no fatali-
ties recorded in all groups during the experimental pe-
riod.

Effect on renal function

Table 1 exhibits data concerning kidney oxidative stress
analyses (creatinine, urea, and uric acid levels). The re-
sults showed that barium administration at graded doses
(67, 150, and 300 ppm) led to a significant increase in
creatinine and urea levels in plasma as +30%, +31% and

Elwej A, et al. BaCl, Induced Nephrotoxicity by Modulating Biochemical and Histological Changes in Rats. PBR. 2024; 10(4):319-330.
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Figure 1. LDH activities in kidney and plasma of control and treated rats with BaCl, at graded doses (67, 150, and 300 parts per

million) during 21 days

BaCl,: Barium chloride.

"BaCl,-treated groups (67, 150 and 300 ppm) vs control group (P<0.001), ¥ *BaCl, 150 ppm, BaCl, 300 ppm group vs BaCl, 67
ppm group (P<0.05 and P<0.01), ‘BaCl, 300 ppm group vs BaCl, 150 ppm group (P<0.05).

Notes: Data are expressed as MeantSD (n=6).

+34%, and 53%, +57% and +54% and a decrease in urine
as —46%, —55%, and —56% and —40%, —48%, and —46%,
respectively, as compared to controls. On the other hand,
uric acid levels exhibited a dose-dependent pattern, with
decreases of —27%, —30%, and —34% in plasma and in-
creases of +34%, +37%, and +45% in urine, when com-
pared with controls. Furthermore, additionally, compared
to controls, rats treated with BaCl, showed disorders in
renal function which are manifested by an increase in
urine volume (+27%, +32%, +32%) and a decrease in
creatinine clearance (-47%, -48% and -50%) considered
as an indicator of glomerular dysfunction.

Elwej A, et al. BaCl, Induced Nephrotoxicity by Modulating Biochemical and Histological Changes in Rats. PBR. 2024; 10(4):319-330.

LDH activities in plasma and kidney homogenates

Activities of LDH in the different groups of rats are il-
lustrated in Figure 2. The results showed statistically sig-
nificant increases in plasma LDH activity by 55%, 70%,
and 79% and decrease in kidney LDH activity by 46%,
46%, and 54%, were observed in the three groups treated
with BaCl, (doses=67, 150, and 300 ppm, respectively)
as compared to control rats.



http://pbr.mazums.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en
http://pbr.mazums.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en

PBR

Pharmaceutical & Biomedical Research

December 2024. Volume 10. Number 4

Figure 2. Levels of total MTs in the kidney of rats, controls and treated with BaCl, (67, 150 and 300 ppm)

BaCl,: Barium chloride.

""BaCl,-treated groups (67, 150 and 300 ppm) vs control group (P<0.001), ¥BaCl, 150 ppm, BaCl, 300 ppm group vs BaCl, 67
ppm group (P<0.05), $BaCl, 300 ppm group vs BaCl, 150 ppm group (P<0.05).

Notes: The data are expressed as Mean+SE of the mean (n=6).

Effect on renal oxidative stress and antioxidant
enzymes

The effect of BaCl, on renal oxidative stress of the ex-
perimental groups is provided in Table 2. The results re-
vealed a significant increase of tissue lipid peroxidation
and H,O, levels in the kidney of the BaCl -treated group
by +92%, +93%, and +113%, in addition to 48%, 78%,
and 80% respectively, when compared to controls. The
oxidative damage of kidney protein was demonstrated
by a significant increase in AOPP levels of exposed rats
to BaCl,-graded doses when compared to those of con-
trols (Table 2).

Nonenzymatic and enzymatic antioxidant status
in kidney

The deleterious effects of BaCl, on the renal tissue of
the experimental groups are shown in Tables 2 and 3. A
significant (P<0.001) depletion of nonenzymatic antioxi-
dants as evidenced by a decrease in NPSH (-23%, -23%,
and -42%), GSH (-37%, -42%, and -45%) and vitamin
C (-19%, -22%, and -22%) was shown in the kidney of
exposed rats to doses of BaCl, (67, 150 and 300 ppm, re-
spectively) when compared to the controls (Table 2). On
the other hand, BaCl, induced the depletion of renal an-

tioxidant enzyme activities as illustrated in Table 3. The
activities of CAT, GPx, and SOD decreased significantly
(P<0.001) in the barium-treated group’s control group at
graded doses compared to controls (Table 3).

MTs content

Asignificant increase of MT levels was observed in the
kidneys of rats exposed to doses of BaCl, (67, 150, and
300 ppm) by 82%, 95%, and 128% respectively when
compared to those of controls (Figure 2).

Light microscopy results

The kidney histological assessment and attributed
scores of BaCl -treated and control groups of rats were
shown in Figure 3 and Table 4 after 3 weeks of treat-
ment. The kidney tissues of the control group showed a
typical histological appearance with normal glomerulus
and tubules displaying regular morphology (Figure 3C).
While kidney sections after BaCl, exposure induced re-
nal damage and various alterations such as multiple foci
of hemorrhage (Figure 3D1), fragmentation of glomeruli
with enlarged Bowman’s space, leucocytes infiltration,
and cytoplasmic vacuolization of tubular epithelial cells
(Figures 3D1, D2, and D3). The severity scores of histo-
pathological findings are summarized in Table 4.

Elwej A, et al. BaCl, Induced Nephrotoxicity by Modulating Biochemical and Histological Changes in Rats. PBR. 2024; 10(4):319-330.



http://pbr.mazums.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en
http://pbr.mazums.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en

December 2024. Volume 10. Number 4 PBR

Pharmaceutical & Biomedical Research

PBR
Figure 3. Light microscopic examination of kidney sections of controls (C) and BaCl,-treated rats at graded doses (D1=67 ppm;
D2=150 ppm; D3=300 ppm) (hematoxylin and eosin staining)
Notes: Arrows indicate the following: %y Glomeruli with enlarged Bowman’s space, e Glomeruli fragmentation, \ Mul-
tiple foci of hemorrhage, ¥ Leucocytes infiltration, ‘ Enlarged Tubular lumen, == Cytoplasmic vacuolization of tubular
epithelial cells.t

Elwej A, et al. BaCl, Induced Nephrotoxicity by Modulating Biochemical and Histological Changes in Rats. PBR. 2024; 10(4):319-330.
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Table 1. Mean plasma and urinary levels of renal function markers in four study groups (n=6)

MeanzSE

Parameters and Treatments

Controls 67 Parts Per Million 150 Parts Per Million 300 Parts Per Million
Plasma 118.91+5.08 155.62+4.72"" 155.77+8.82"" 159.994+8.32"""
Creatinine®

Urine 4695+359.07 2525.00+489.64"" 2078.33+373.92" 2056.666+372.8™"

Plasma 4.12+0.49 6.33+0.57"" 6.57+1.36™" 6.41+0.64™"
Urea®

Urine 444.04+66.68 263.30+44.85" 230.82+44.8™" 237.48+34.91°
Plasma 371.37£15.56 269.87+17.9” 260+27.38™" 246+65.8""

Urine 1708.33+111.43 2301.66 +221.84™ 2333.33+309.3"" 2486+246.23™

Uric acid®

Creatinine clearance 347.95+30.67

Urinary volume 8.73+0.47

182.08+37.1™

11.16+1.02"

179.36126.57"""

11.57+0.8""

172.02+23.45™"

11.6+0.59""

aumol/L, "'mmol /L, “P<0.01, “P<0.001.

Discussion

Barium, one of the main environmental and occupa-
tional pollutants, is widely employed in different indus-
tries [33-35]. The extensive use of barium compounds
leads to its environmental release health risks and fatali-
ties [4, 9, 36]. Exposure to barium compounds causes
deleterious effects in soft tissues, particularly the kidney.
This study focused on the potential nephrotoxicity of
BaCl, by disrupting the pro-oxidant/antioxidant balance
and causing histological changes in kidney tissue.

The kidney excretes excess xenobiotics and endog-
enous substances. Urea, uric acid, creatinine, and creati-

PBR

nine clearance, are used as indicators of renal function.
In the present study, exposure rats to barium-graded dos-
es led to a decrease in their glomerular filtration rate, as
evidenced by an increase in plasma creatinine and urea
and a decrease of creatinine clearance and accompanied
by an increase in a 24-h urinary volume output in all
barium-treated rats.

Uric acid was another parameter used in the present
study to assess kidney function. This compound is wide-
ly recognized as an antioxidant and it is potentially as-
sociated with kidney dysfunction. In this study, exposure
of rats to barium led to a decrease in plasma uric acid
levels and an increase in its urinary excretion, reflecting

Table 2. Mean levels of MDA, H202, AOPP, NPSH, GSH, and vitamin c in the kidney of rats in four study groups

Mean+SE
Parameters and Treat-
ments

Controls BaCl, 67 PPM BaCl, 150 PPM BaCl, 300 PPM

MDA?® 0.48+0.07 0.93+0.12™" 0.9410.06™" 1.04+0.07"""¥
H,0° 0.018+0.001 0.024+0.002™" 0.032+0.007""" 0.033+0.002"""
AOPP? 0.19+0.01 0.29+0.02™ 0.288+0.02™" 0.29+0.05 ¥

NPSH? 6.91+0.41 5.29+0.25™ 5.3+0.82"" 5.22+0.49™"*
GSHe® 0.45+0.08 0.27+0.05™" 0.260.034™" 0.250.029""""
Vitamin C° 1.8310.077 1.44+0.125™ 1.42+0.076™" 1.43+0.043"""#

PBR

Abbreviations: MDA: Malondialdehyde; H,O,: Hydrogen peroxide; AOPP: Advanced oxidation protein products; NPSH:
Non-protein thiols; GSH: Glutathione; BaCl,:Barium chloride; Ppm: Parts per million.

*“BaCl,-treated groups (67, 150 and 300 ppm) vs control group (P<0.001), *BaCl, 300 ppm group vs BaCl, 67 ppm group
(P<0.001), ¥BaCl, 300 ppm group vs BaCl, 150 ppm group (P<0.05), ¥**BaCl, 300 ppm group vs BaCl, 150 ppm group (P<0.01),

*nmol/mg protein,’umol/mg protein,ug/mg protein.

PBR
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Table 3. Mean levels of antioxidant enzymes in the kidney of rats in four study groups

Mean#SE
Parameters and Treatments
CAT® GPx" SOD¢
Controls 12.69+1.06 3.57+0.49 69.03+9.53
Barium 67 ppm 8.050.89™" 3.00£0.13" 52.7945.85™
Barium 150 ppm 8.49+0.20™" 3.020£0.217"" 49.23+4.22°
Barium 300 ppm 8.1740.127""#* 3.091+0.24™" 48.919+1.96™""

PBR

Abbreviations: CAT: Catalase; SOD: Superoxide dismutase; BaCI2: Barium chloride; ppm: parts per million; GPx: Glutathione

peroxidase.

sumol H,O,/min/mg protein, "nmol GSH/min/mg protein, “U/mg protein, *™ " BaCl,-treated groups (67, 150 and 300 ppm)
vs control group (P<0.05, P<0.01, P<0.001), **BaCl, 300 ppm group vs BaCl, 67 ppm group (P<0.05, P<0.01), *BaCl, 300 ppm

group vs BaCl, 150 ppm group (P<0.05).

Table 4. The severity histopathological findings in the kidney of controls and BaCl -treated rats at graded doses

histopathological Pameters Controls 67 PPM 150 PPM 300 PPM
Glomeruli with enlarged Bowman’s space - + + ++
Glomeruli fragmentation - ++ ++ ++
Multiple foci of hemorrhage - ++ -
Leucocytes infiltration - + ++ ++
Enlarged tubular lumen - + ++ .
BaCl: Barium chloride; Ppm: Parts per million. @

“No change, *Mild change, **Moderate change, ***Severe change.

the body’s response to an excess of reactive oxygen spe-
cies production. Our results are consistent with previous
in vivo findings [37-39], already confirmed tubular dam-
age in rats exposed to heavy metals.

Although reactive oxygen species are normally pro-
duced through cellular metabolism, their overproduc-
tion in abnormal conditions, such as toxicity leads to the
accumulation of H,0,, which promotes lipid peroxida-
tion, oxidative stress, and cell death [40]. In the present
study, exposure of rats to BaCl, resulted in a significant
increase in malondialdehyde (MDA) and H,O, levels
in renal tissue. Barium ions (Ba?") disrupt the balance
between antioxidants and reactive oxygen species by
damaging mitochondria [41]. This imbalance leads to
excessive reactive oxygen species production, which not
only damages cell membranes by altering their structure
and function [42] but also causes deleterious effects on
proteins. Our present study showed a significant increase
in AOPP levels, suggesting the formation of protein oxi-
dative damages in the kidney after exposure of the rats
to BaCl,.

The antioxidant system is one of the several mecha-
nisms that protect renal tissues from oxidative stress,
lipid peroxidation, or inflammation, thereby prevent-
ing the occurrence of renal damage. Among them, CAT,
SOD, and GPx are major antioxidant enzyme systems.
In the present study, the barium-treated group showed
a marked diminution in CAT, SOD, and GPx activities.
Our results were following the recent study of Omole
[43] and Mohammed [44], who have reported that rats’
exposure to graded barium doses significantly disrupts
the antioxidant enzyme levels in their soft tissue.

Over-accumulation of free radicals is maintained by
both enzymatic and nonenzymatic antioxidant defense
systems like GSH, NPSH, and vitamin C as well as MT
that can work synergistically. In particular, GSH and its
metabolizing enzymes have a crucial role in modulating
oxidative stress damage. MTs are well-known for their
potent metal-binding properties and maintaining heavy
metal homeostasis. This protein shares with GSH an
important similarity which they contain both cysteine
residues. In line with our findings, a significant decrease

PBR
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in GSH, NPSH, and vitamin C levels was shown after
exposure of rats to graded barium doses. Our results are
concordant with anterior investigations that demonstrat-
ed the failure of antioxidant defense systems in kidney
rats after barium exposure [44].

MTs are recognized as key cellular defense mecha-
nisms against oxidative stress due to their low molecu-
lar weight and cysteine-rich polypeptide and tripeptide
structures. Our results demonstrated that to counteract
the oxidative stress induced by barium, the body up-
regulated MT levels in a dose-dependent manner. While
MT is typically involved in metal detoxification [45-48]
its induction suggests a protective role against barium-
induced toxicity. Although MT can bind and transport
barium from the liver to the kidney, the subsequent re-
lease of barium within renal tubules may contribute to
tubular injury, thus highlighting a potential role for MT
in the protection of barium-induced nephrotoxicity.

The biochemical findings are associated with histo-
pathological observations. The histoarchitecture inves-
tigation in the kidney of barium-treated rats revealed
structural degeneration in glomerular vessels and renal
tubules. Our findings on the kidneys of rats exposed
to BaCl, showed various alterations such as interstitial
hemorrhage and glomerular fragmentation with enlarged
glomeruli Bowman’s space, renal tubular epithelial cell
damage with cytoplasmic vacuolization, and leucocytes
infiltration. Our results corroborate the previous finding
[49] that lead-induced similar histopathological observa-
tions. The most harmful outcome associated with large
doses of barium exposure was tubular cell damage, as
indicated by scoring changes in the kidney histoarchitec-
ture. The histopathological alterations in the renal tissue
of barium-treated rats are likely attributable to an accu-
mulation of free radicals resulting from enhanced lipid
peroxidation.

Conclusion

To the best of our knowledge, the findings of this study
provide for the first time the mechanism underlying the
induction of MT production and renal damage based on
biochemical disorders as well as histological changes
in the kidney of rats treated with doses of BaCl, (67,
150, and 300 ppm). These findings provide substan-
tial evidence regarding the toxicity of BaCl, exposure,
contribute to increasing public awareness to understand
the risks of environmental pollutants and help to inform
clinical practice and public health policies to minimize
BaCl, exposure and protect children, pregnant women,
and occupationally exposed workers.
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