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This study aimed to determine the effect of gallic acid (GA) on ameliorating bisphenol A (BPA)
nephrotoxicity in male rat kidneys. Forty rats were assigned randomly into two groups: control (ten
animals) and BPA (40 mg/kg bwt) (thirty animals), the second group was divided into three subgroups:
BPA alone, BPA + G50 (50 mg/kg bwt), and BPA + G200 (200 mg/kg bwt). The biochemical analysis
included measurements of the contents of nitric oxide, lipid peroxidation, reactive oxygen species,
and cytokines (interleukin-1a and interleukin-6) in the kidney. The antioxidant enzymes catalase and
superoxide dismutase were also measured in the kidney. Kidney function was assessed by determining
uric acid, urea, and creatinine levels. The morphological investigations included hematoxylin and eosin
staining for assessing the general histology and determining the glomerular and corpuscular areas,
the tubular cell degeneration mean area, and the mean leukocyte infiltration area. Also, collagen

fiber intensity and polysaccharide content were analyzed. Furthermore, immunohistochemical,
morphometric, and ultrastructural studies were carried out. The results revealed morphological,
immunohistochemical, and biochemical alterations in the kidney. Most of these changes showed a
satisfactory improvement of kidney damage when BPA-administered rats were treated with GA at
both doses. In conclusion, GA exhibited a strong protective effect against BPA-induced nephrotoxicity.

Bisphenol A [BPA; 2, 2-bis (4-hydroxyphenyl) propane] is a precursor of polycarbonates and is widely used in
plastic containers. It is also considered an endocrine disrupting chemical. BPA can be found in reusable water
bottles, polycarbonate baby bottles, the inner coating of metal food cans, and many other products'. Under some
conditions, such as high temperatures and acidic or basic conditions, BPA can be released into the air, water, and
food from these polycarbonate products. Excessive human exposure to BPA is unavoidable. Inhalation, ingestion,
or absorption of BPA has resulted in its blood concentration levels ranging from 10 to 100 NM?

BPA is a xenoestrogen, a substance that exhibits estrogen-like properties® There have been many conflict-
ing reports on BPA due to its ability to induce oxidative stress. These reports have described the pro-oxidant/
antioxidant behaviour of BPA*, antioxidant depletion®, mitochondrial dysfunction®, and apoptosis’. The induc-
tion of reactive oxygen species (ROS) by BPA may be carcinogenic and toxic®. BPA can also influence cytokine
expression via an oestrogen receptor/(ER/)-dependent mechanism, as evidenced by evidence of ER/ antagonist-
reversed cytokine expression®.

BPA is nephrotoxic, a characteristic related to the accumulation of its toxic metabolites and the inability of the
kidney to eliminate these metabolites!’. It increases lipid peroxidation (LPO) in the kidney, resulting in kidney
damage and dysfunction'. A study confirmed that BPA induces oxidative stress and enhances the cytokine and
chemokine gene expression associated with the immune response. BPA increases tumor necrosis factor- (TNF-)
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and interleukin-6 (IL-6) production in primary human macrophages'?. Asahi et al.!* also reported that BPA
induced cell apoptosis in hepatocytes in vitro.

Natural supplements are currently used to treat many diseases for two reasons: they improve drug efficacy
and/or minimise their harmful side effects'*. Similarly, numerous scientific studies have revealed that polyphenol
compounds have a variety of pharmacological functions related to the antioxidant system'. Gallic acid (GA)
and its derivatives belong to a large group of plant polyphenols and are present in nearly every part of the plant.
It exists in legumes, vegetables, fruits, and beverages'® and is considered a potent free radical scavenger'. It is
widely used in traditional medicines due to its antiallergic, antimutagenic, anti-inflammatory, antioxidant, and
anticancer activities'®. This study aimed to determine the effect of GA on ameliorating BPA nephrotoxicity in
the kidneys of male rats.

Results

Biochemical analysis. Kidney function. Compared with the control group, there was a significant in-
crease in the levels of urea, creatinine, and uric acid in the BPA group (p<0.05, p<0.001, and p <0.01, respec-
tively). These levels were significantly decreased in the BPA + G50 and BPA + G200 groups compared with the
BPA group (p<0.001 and p <0.01, respectively) (Fig. la—c).

Kidney ROS and NO levels. A significant increase in rROS and NO levels was observed in the BPA group
compared with the control group (p <0.001). These elevations were significantly decreased in the BPA + G50 and
BPA + G200 groups compared with the BPA group (p <0.001 for both) (Fig. 2A,B).

Serum NO levels (sNO). There was a significant decrease in sNO levels in the BPA group compared with the
control group (p<0.001). The BPA + G50 group showed relatively significant improvement compared with the
BPA group (p<0.05). A normalized value was found for the BPA + G200 group compared with the control and
BPA groups (p <0.01 for both) (Fig. 2C).

Kidney LPO as malondialdehyde (MDA). LPO levels were significantly higher in the kidneys of rats in the
BPA group than in the control group (p<0.01).This increase was significantly reduced in the BPA + G50 and
BPA + G200 groups compared with the BPA group (p <0.05 and p <0.01, respectively) (Fig. 2D).

Kidney CrPr content. 'The results revealed a significant elevation in CrPr content in the BPA group compared
with the control group (p<0.001). This increase was significantly reduced in the BPA + G50 and BPA + G200
groups compared with the BPA group (p <0.001 for both) (Fig. 2E).

Kidney antioxidants. Statistically, in the kidneys of BPA-treated animals, a significant inhibition of catalase
(CAT) and superoxide dismutase (SOD) activities by (p<0.01 and p <0.001) respectively, in comparison to the
control animals was prominent. However, this inhibition of CAT and SOD in the BPA group was significantly
reversed in the BPA + G50 and BPA + G200 groups compared with the BPA group (p <0.001 for both). CAT activ-
ity was significantly increased in the BPA + G200 group compared with the control group (p <0.001) (Fig. 3A,B).
In addition, GSH levels were significantly lower in the BPA group compared with the control group (p <0.001).
However, this decrease was significantly reversed in the BPA + G50 and BPA + G200 groups compared with the
BPA group (p <0.001 for both) (Fig. 3C).
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Figure 1. Ameliorative effects of GA (50 mg and 200 mg/kg bwt) on kidney functions, serum urea (A),
creatinine (B), and uric acid (C), in rats treated with BPA. Columns with different superscripts are significantly
different at p <0.05 (*versus control and *versus BPA).
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Figure 2. Ameliorative effects of GA (50 mg and 200 mg/kg bwt) on some free radicals. Renal reactive oxygen
species(ROS) (A), Renal nitric oxide (NO) (B), serum nitric oxide (NO) (C), renal lipid peroxidation (LPO)
(D), and renal carbonyl protein (CrPr) (E) levels in the kidneys in rats-treated with BPA. Columns with different
superscripts are significantly different at p <0.05 (*vs. control and *vs. BPA).

Kidney proinflammatory cytokines (rIL-6 and IL-1a).  The levels of rIL-6 and IL-1a were significantly increased
in the BPA group compared with the control group (p<0.001). However, the levels of rIL-6 and IL-1a were
significantly decreased in the BPA + G50 and BPA + G200 groups compared with the BPA group (p <0.001 for
both) (Fig. 3D,E).

Morphology. Histological analysis. Hematoxylin and eosin (H&E) and toluidine blue staining. In H&E
staining, a normal kidney cortex structure was observed in control rats (Fig. 4a). However, several histopatho-
logical changes in the kidney were observed in the rats in the BPA group compared with those in the control
group. The kidney tissue lost its architecture, and the lumen of some renal tubules seemed to be obliterated. Also,
the alterations were seen in the Malpighian corpuscles, indicating damaged glomerular capillaries that resulted
in a broad capsular gap (Fig. 4b,c). Damage to the epithelial lining and its brush borders was observed in several
proximal and distal convoluted tubules (Fig. 4b). Also, necrotic cells and large lumens were observed in these
tubules owing to flattening of the epithelial lining (Fig. 4d). Infiltrated leukocytes and congested blood vessels
were observed (Fig. 4b,c). However, improvement in the cortical kidney structure in terms of renal tubules and
Malpighian corpuscles was observed in the BPA + G50 and BPA + G200 groups compared with the BPA group
(Fig. 4e,f). The development in gallic acid groups demonstrated by the majority of tubular cells having brush
borders and normal-sized lumens.

In toluidine blue staining, semithin sections of the control group revealed that the cytoplasm of the cells
of the proximal tubule exhibited rounded vesicular nuclei with prominent nucleoli. The apical cell membrane
showed brush borders (Fig. 5a). However, destruction of most proximal and distal convoluted tubular cells was
observed in the BPA group. These destroyed tubular cells exfoliated into the lumen. Also, some of the tubular
cells showed hydropic degeneration (Fig. 5b,c). Splitting of glomerular tufts and their capsule was observed
(Fig. 5d). In the BPA + G50 and BPA + G200 groups, many cortical tubules exhibited apical brush borders, and
their cytoplasm contained basophilic granules. Rounded vesicular nuclei with prominent nucleoli were also
observed. However, only a few cortical tubular cells showed hydropic degeneration. Renal corpuscles in these
groups appeared approximately similar to those in the control group (Fig. 5e,f).

Masson’s trichrome stain. Few and fine collagen fibres were observed surrounding the Bowman’s capsule, the
blood vessels, and the basal lamina of the renal tubules in the control group (Fig. 6a). The amount of collagen
fibres surrounding the Bowman’s capsule and renal blood vessels and between the kidney tubules was increased
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Figure 3. Ameliorative effects of GA (50 mg and 200 mg/kg bwt) on some antioxidants in the kidney, catalase
activity (CAT) (A), superoxide dismutase activity (SOD) (B), and glutathione level (GSH) (C) in rats-treated
with BPA. Columns with different superscripts are significantly different at p <0.05 (*versus control and *versus
BPA). GA (50 mg and 200 mg/kg bwt) ameliorates the effects of BPA on some pro-inflammatory cytokines in
the kidney, interleukin-6 (IL-6) (D) and interleukin-1la (IL-1a) (E). Columns with different superscript are
significantly differences at p <0.05 (*versus control and *versus BPA).

in the BPA group (Fig. 6b). In the BPA + G50 and BPA + G200 groups, an obvious reduction in the amount of
collagen fibres in the tissue was noted compared with the BPA group. This amount was approximately similar to
that of the control (Fig. 6¢,d).

Histochemical analysis. PAS. The polysaccharide content of the kidney cortex in the control group was rep-
resented by a deep purple color in the brush borders, the basement membranes of the renal tubules, the Bow-
man’s capsule, and the glomerular tufts of capillaries (Fig. 6e). A decrease in the PAS reaction was observed in
the brush borders of renal tubules and the Malpighian corpuscles in the BPA group compared with the control
group (Fig. 6f). An increase in the polysaccharide content in the renal tubules and Malpighian corpuscles was
observed in the BPA + G50 and BPA + G200 groups compared with the BPA group. The polysaccharide content
in the BPA + G50 and BPA + G200 groups appeared more or less similar to that in the control group (Fig. 6g,h).

Morphometric analysis of the histological and histochemical sections. Morphometric analysis of the histological
sections (H&E staining).

a. Glomerular space and capsular space areas

As shown in Fig. 7A and Table 1, compared with the control group, the glomerular area was significantly
decreased by 76.3% in the BPA group (p <0.001). In the BPA + G50 and BPA + G200 groups, the percentage of
the glomerular area increased significantly compared with the BPA group (p <0.001) and was similar to that
in the control group, with no significant differences. Further, there was no significant difference between the
BPA + G50 and BPA + G200 groups.

As indicated in Table 1, the BPA group’s capsular space area significantly increased by 174.9% when compared
to the control group (p <0.001).The BPA + G50 and BPA + G200 groups showed a decrease in the capsular space
percentage compared with the BPA group (p <0.001), but these groups showed no significant differences com-
pared with the control group. Further, there was no significant difference between the BPA + G50 and BPA + G200
groups (Fig. 7A).
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Figure 4. A photomicrograph of kidney cortex sections of rats (a). Control rats showing normal glomeruli (G), Bowman’s
capsule (arrow), proximal convoluted tubule (P), and distal convoluted tubule (D). (b) BPA-treated rats showing the kidney
tissue lost its architecture, and the lumen of some renal tubules seemed to be obliterated. leukocytic infiltration (I), dilated
blood vessel (a), atrophy of the glomerulus (G), large capsular space (»), damaged parietal layer of Bowman’s capsule (head
arrow), vacuolation (1) and necrosis (11) of most tubular epithelial cells. (c) BPA-treated rats with dilated and congested blood
vessels (bv) with wall destruction (1), glomerular atrophy (G), large capsular space (*), and tubular necrosis (head arrows)
(d) BPA-treated rats showing flattened tubular epithelial lining (head arrow), leaving a large lumen (-.), tubular necrosis

(1), leukocytic infiltration (I), lobulated glomeruli (G), wide capsular space (*), and destruction of their capsules (11). (e)
BPA + G50-treated rats showing few destructed tubular cells (1), capsular space (), normal glomerulus (G), and Bowman’s
capsule (head arrow). (f) BPA + G200-treated rats showing normal renal corpuscle and renal tubules (P&D) structures. (H&E
stain, x 40).
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Figure 5. A photomicrograph of kidney cortex in semithin sections of rats (a). Control rat showing the
proximal tubule exhibits apical brush borders (11), rounded vesicular nuclei with prominent nucleoli (N),
peritubular capillaries (1) and a normal renal corpuscle. (b) BPA-treated rats showing hydropic degeneration
of most tubular cells (1), destruction of brush borders (1), pyknosis of many nuclei (N), and congestion of
peritubular capillaries (C). (c) BPA-treated rats showing exfoliated cells in the lumens (L) (d). BPA-treated rats
showing necrosis of some proximal tubules cells (P), split of the glomerular tufts of capillaries (G) and their
capsule (7). (e) BPA + G50-treated rats have more advanced renal corpuscle; many cortical tubules have apical
brush borders (b), and their cytoplasm contains basophilic granules (1), a few hydropic degenerating cells (head
arrow), and other cells have been completely destroyed (11). (f) BPA + G200-treated rats showing normal renal
corpuscle (G), intact renal corpuscle (1) and renal tubules exhibiting apical brush borders (11). (Toluidine blue
stain, x 100).
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Figure 6. A photomicrograph of kidney cortex sections of rats showing; (a—d) Masson’s trichrome stain: (a) Control rats
showing fine collagenous fibres surrounding Bowman’s capsule (1) and the blood vessels (11). (b) BPA-treated rats showing
large amounts of collagenous fibres around the dilated, thickened wall of the blood vessel (bv), between the renal tubules (1)
and around Bowman’s capsule (head arrow). (c) BPA + G50-treated rats showing a moderate amount of collagenous fibres
around the Bowman’s capsule, between the renal tubules, and around renal blood vessels. (d) BPA + G200-treated rats had less
collagenous fibres around the Bowman’s capsule, between the cortical tubules, and around the blood. (e-h) PAS reaction: (e)
Control rats showing a strong PAS + ve reaction of polysaccharides in glomerular tufts of capillaries (G), Bowman’s capsule (1),
brush borders (head arrow), and the basement membrane of renal tubules (11). (f) BPA-treated rats showing a decrease in the
carbohydrate content of many renal tubules (.) and Malpighian corpuscles. (g) BPA + G50-treated rats showing positive PAS
reactions in many renal tubules (11), Bowman’s capsule (1) and glomerular tufts of capillaries (G). (h) BPA + G200-treated rats
exhibited strong PAS +ve reactions in the majority of renal tubules, Bowman’s capsule, and glomerular capillary tufts (x40).
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Figure 7. Mean morphometric analysis of kidney sections in control and treated groups of rats. (A) glomerular
area and capsular space area; (B) leukocytic infiltration area of kidney sections; (C) tubular cell degeneration
area in control and different treated groups of rats; (D) mean area percentage of collagenous fibers; and (E)
mean area percentage of PAS reaction intensity.

Measurements
Groups Glomerular area | Increasing or decreasing % | % Capsular space area | Increasing or decreasing % | %
Control 78.60+1.78* 26.22+£2.53*
BPA 18.64 +2.24+* Dec. versus control 76.3 | 72.08 +6.52%** Inc. versus control 174.9
Dec. versus control 1.4 Inc. versus control 22.6
BPA + G50 77.50 + 3.842¢* 32.15+1.56%**
Inc. versus BPA 315.8 Dec. versus BPA 55.4
Dec. versus control 1.9 Dec. versus control 3.0
BPA + G200 77.13+£1.3730%* 25.43 £ 1.67%**
Inc. versus BPA 313.8 Dec. versus BPA 64.7

Table 1. Mean value of morphometric analysis of glomerular area and capsular space area of kidney
sections, increasing (%) or decreasing (%) in control and different treated groups of rats. Data are present as
means + SE. Values in the same column with unlike superscript letters. *Control. ®Versus control. *Versus BPA.
***Significance when p<0.001.

Based on these findings, it appears that gallic acid restores the normal size and structure of Malpighian cor-

puscles. As a result, it presumably gets the Malpighian corpuscles ready to resume their function in a healthy
and normal manner.

b. Mean area of leukocyte infiltration

In Table 2, morphometric analysis revealed a 331.9% increase in the leukocyte infiltration areas in the BPA
group compared with the control group (p<0.001). In the BPA + G50 and BPA + G200 groups, there was a
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Measurements
Tubular cells Increasing or Increasing or
Groups degeneration decreasing % % Leukocytic infiltration | decreasing % %
Control 34.08 £1.35* 0.47+0.03*
BPA 83.48 £2.41>* Inc. versus control 145.0 | 2.03+0.19%* Inc. versus control 331.9
Inc. versus control 71.7 Inc. versus control 114.9
BPA + G50 58.53 +4,890%* orox 1.01 £0.155% o+**
Dec. versus BPA 29.9 Dec. versus BPA 50.3
Inc. versus control 19.2 Inc. versus control 27.7
BPA+G200 | 40.61 4 3.45%%0 dex 0.60+0.08+
Dec. versus BPA 514 Dec. versus BPA 70.4

Table 2. Mean area of morphometric analysis of tubular cells degeneration and leukocytic infiltration of
kidney sections, increasing (%) or decreasing (%) in control and different treated groups of rats. Data are
present as means * SE. Values in the same column with unlike superscript letters. *Control. ®Versus control.
“Versus BPA. ¢Versus BPA + G50. *Significance when p<0.05. **Significance when p <0.01. ***Significance
when p<0.001.

significant decrease in the percentage of the mean leukocyte infiltration area compared with the BPA group
(p<0.001). Compared with the control group, the BPA + G50 group showed significant differences in the per-
centage of the mean leukocyte infiltration area (p <0.05), whereas the BPA + G200 group showed no significant
differences. A significant difference was found between the BPA + G50 and BPA + G200 groups (p < 0.05) (Fig. 7B).
These results demonstrated that large doses of gallic acid are capable of enhancing the kidney damage brought
on by BPA.

c. Mean area of tubular cell degeneration

In the BPA group, tubular cell degeneration increased by 145% in comparison with the control group. The
increase was statistically significant (p <0.001). A statistical analysis of the two GA-treated groups showed a
significant improvement (restoration of degenerated cells) (p <0.001) compared with the BPA group. There
were significant differences between the BPA + G50 group and the control and BPA + G200 groups (p <0.01), as
shown in Table 2 and Fig. 7C. Both dosages of gallic acid increase (restore) deteriorated cells’ capacity to func-
tion more effectively.

Morphometric analysis of collagen fibre intensity. When compared to the control and GA-treated groups, the
BPA group had a greater amount of collagen fibers. This increase was significant and was 1373.2% higher com-
pared with the control group (p <0.001). Rats in the BPA + G50 and BPA + G200 groups showed a decrease in the
amount of collagen fibers compared with those in the BPA group (p <0.001). Compared with the control group,
the intensity of the collagen fibres in the BPA + G50 group significantly increased (p <0.05), but no significant
difference was noted in the BPA + G200 group. The intensity of collagen fibres was decreased to a greater extent
in the BPA + G200 group than in the BPA + G50 group (Table 3 and Fig. 7D). Gallic acid therefore demonstrated
its capacity to reduce the severity of fibrotic alterations brought on by BPA.

Morphometric analysis of the PAS reaction intensity. Morphometric analysis of PAS reaction intensity in the
BPA group revealed a significant decrease of 50.4% compared with the control group (p <0.001). This depletion
was not significantly reversed in the BPA + G50 group. However, the PAS reaction intensity was significantly

Measurements
Intensity collagenous Increasing or Intensity of PAS Increasing or
Groups fibers decreasing % % reaction decreasing % %
Control 0.41+0.04* 11.90+1.00*
BPA 6.0410.59 b*** Inc. versus control 1373.2 5.900.71%%** Dec. versus control 50.4
Inc. versus control 309.8 Dec. versus control 46.0
BPA +G50 1.68 £0.11%* *** 6.43+0.15 b***
Dec. versus BPA 72.2 Inc. versus BPA 9.0
Inc. versus control 17.1 Inc. versus control 11.2
BPA + G200 0.48+0.033+* d* 13.23 £0.61%0% doox
Dec. versus BPA 92.1 Inc. versus BPA 124.2

Table 3. Mean area of morphometric analysis of collagenous fibers and PAS reaction intensity of kidney

sections, increasing (%) or decreasing (%) in control and different treated groups of rats. Data are present as
means + SE. Values in the same column with unlike superscript letters. *Control. ®Versus control. *Versus BPA.
dVersus BPA + G50. *Significance when p <0.05. ***Significance when p <0.001.
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decreased in the BPA + G50 group compared with the control group (p <0.001). Although the depletion of PAS
reaction intensity was significantly reversed in the BPA + G200 group compared with the BPA group (p <0.001),
no significant difference was noted between the BPA + G200 and control groups. Thus, the depletion of polysac-
charide content was counteracted significantly more in the BPA + G200 group than in the BPA + G50 group
(p<0.001) (Table 3 and Fig. 7E). These findings highlight the importance of gallic acid in restoring polysaccha-
ride levels. Gallic acid was more effective when given in high doses than low doses.

Electron microscopy (ultrastructure study). The cells of the proximal tubules were cuboidal in shape, and the
apical surfaces showed numerous microvilli in the control group rats. The basal membrane showed basal infold-
ings with numerous mitochondria of different sizes and shapes. The nuclei were large, rounded, and euchromatic
with peripheral clumps of heterochromatin (Fig. 8a,b). The proximal tubule exhibited a narrow, clear lumen
(Fig. 8b). In the BPA-group rats, the apical cell membrane showed destructed microvilli and their remnants.
Damaged mitochondria were observed between widely destructed basal infoldings, and degeneration of cell
organelles was noted, leaving large areas of rarified cytoplasm. The nuclei appeared small with irregular nuclear
membranes. Destructed organelles were noted in wide lumens (Fig. 8c,d).

Electron microscopy analysis of the two GA-treated groups revealed a notable improvement in the proximal
tubular cells. This improvement was represented by intact microvilli in the proximal tubular cells and regular
basal infoldings enclosing numerous polymorphic mitochondria. In addition, the nuclei appeared euchromatic,
and narrow, clear lumens of proximal convoluted tubules were observed. The kidney cortex revealed few lys-
osomes (Fig. 8e,f).

Immunohistochemical and morphometric analyses. Bax immunostaining was used to assess apoptosis in the kid-
ney cortex epithelial cells. Negative cytoplasmic Bax immunoreactivity was noted in the control group (Fig. 9a).
In the BPA group, most epithelial cells exhibited a strongly positive cytoplasmic Bax reaction in the form of a
dark brown colour in the glomerular and tubular cells (Fig. 9b), with significant differences compared with the
control group (p<0.001) (Fig. 9¢,f). In addition, there was a positive immune reaction in many infiltrated leu-
kocytes (Fig. 9b). However, a decrease in the intensity of Bax immunoreactivity was observed in the glomerular
and tubular cells in the BPA + G50 group compared with the BPA group (Fig. 9¢). The decrease in the intensity
of Bax immunoreactivity of glomerular cells in BPA + G50 was significant (p<0.001) compared with that of
the BPA group but increased significantly (p <0.001) when compared with that of the control group (Fig. 9e).
Bax immunoreactivity decreased significantly in the tubular cells (p <0.001) of the rats in the BPA + G50 group
compared with those in the BPA group (Fig. 9f). In the BPA + G200 group, the decrease in apoptotic activity was
significant compared with the BPA group (p <0.001) (Fig. 9d-f). Following the detrimental effects of bisphenol,
gallic acid, an antioxidant, was able to return the cell to its normal state.

Table 4 compares the previous histopathological changes in kidney tissues in all treated groups to the control

group.

Discussion

Biochemical studies. The present study showed that BPA administration leads to a significant increase
in the serum levels of urea, uric acid, and creatinine compared with the control. Our results corroborate those
reported by Pal et al.”’. El-Yamani®® reported that BPA causes hyperglycemia, which may be related to kidney
damage and renal dysfunction and, consequently, increased serum creatinine, urea, and uric acid levels. The
results of the present study showed that a significant increase in kidney function markers in BPA-treated rats
was normalized after GA treatment at both doses. These results corroborate those reported by Dutta and Paul?’,
who carried out studies on rat livers.

In the present study, BPA intoxication resulted in a significant elevation in ROS levels compared with the
control. Our results corroborate those reported by Manucha et al.2. This elevation in ROS levels may be a result
of BPA-induced damage, mainly to mitochondrial peroxisomes. Consequently, it could be associated with the
elevation of pro-oxidant parameters, such as rLPO and rCrPr, and the marked rise in ROS levels in response to
BPA intoxication?. The marked rise in rROS levels observed in BPA-treated rats improved after GA treatment.
Another study also reported that GA significantly reduces renal and cardiac ROS levels in BPA-treated rats®.

The data obtained herein showed that rNO levels significantly increased in response to BPA treatment com-
pared with the control. This elevation in renal NO levels may be attributed to the disturbances in amino acid
metabolism, possibly due to BPA treatment. Yildirim? demonstrated that in streptozotocin-treated rats, renal
nitrite levels were increased owing to some disturbances in amino acid metabolism in diabetes, which may
increase intrarenal NO production. Szentivényi et al.”® noted a chronic increase in plasma arginine vasopres-
sin levels, which enhanced the protein expression of nitric oxide synthase in the renal medullary endothelium,
resulting in a chronic increase in NO concentration in this region of the kidney to counteract the hypertensive
effects of arginine vasopressin.

In the present study, NO levels normalized in BPA-treated rats after GA treatment at both doses. NO is related
to many biological processes, such as vasodilatation?”. GA relaxes the aortic rings through an endothelium-
dependent pathway in rats, resulting in eNOS phosphorylation and potassium channel opening?. This suggests
that GA could restore normal sNO levels in BPA-treated rats and might be associated with vasodilation, increased
blood flow, and improved ischemia.

Peerapanyasut et al.” reported an increase in MDA in the kidney and liver of BPA-treated rats, substantiat-
ing an alteration in mitochondrial redox homeostasis. In the present study, rLPO was significantly elevated in
the kidney after BPA intoxication compared with the control. Khan et al.** demonstrated that mitochondrial
samples from rat livers treated with BPA had increased CrPr content. Similarly, the present study revealed a
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Figure 8. Electron micrograph of a cell in the proximal convoluted tubule of a rat’s kidney. (a) Control rats
show a rounded basal euchromatic nucleus (N), numerous mitochondria (M) present within basal membrane
infoldings, apical microvilli (MV), and basement membrane (11). (b) Control rats showing narrow, clear lumen
(L). (c) BPA-treated rats with rare cytoplasm (R) and nuclei that lost their basal localization and appeared in
the apical part of the cell (N), as well as destructed mitochondria (M), basal infoldings (1), and apical microvilli
of the two adhering cells (MV). (d) BPA-treated rats showing a small nucleus (N), destructed microvilli (MV),
disappearance of the basal infoldings and destroyed mitochondria (M), rarified cytoplasm (R), and the lumen
filled with destructed organelles (L). Few microvilli are still present (11). (e) BPA + G50-treated rats and (f).
BPA + G200-treated rats showing a normal nucleus (N) with a prominent nucleolus, numerous polymorphic
mitochondria (M) between the intact basal infoldings, intact microvilli (MV), and a narrow clear lumen (L).
Note: lysosomes (LY).
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Figure 9. Immunohistochemistry findings of cytoplasmic Bax immunoreactivity in the different experimental
groups (X40). (a) Control group showing a negative cytoplasmic Bax reaction in glomerular and tubular

cells, (b) BPA-treated rats showing a strong positive cytoplasmic Bax reaction in leukocytic infiltration,
glomerular and tubular cells. (¢) BPA + G50-treated rats showed a decrease in the cytoplasmic Bax reaction in
glomerular and tubular cells, and (d) BPA + G200-treated rats showed a negative cytoplasmic Bax reaction in
both glomerular and tubular cells and appeared more or less similar to the control group. (e, f) Morphometric
analysis of mean counts of positive Bax protein reaction of kidney sections in control and different treated
groups of rats: (e) glomerular cells and (f) tubular cells.
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Organ Lesion Control | BPA | BPA +G50 (50 mg/kg bwt) | BPA + G200 (200 mg/kg bwt)
Kidney Atrophy of glomerular capillaries - +++ |+ _

Large capsular space - +H+ |+ -

Tubular cells vacuolation - +++ | - _

Tubular cells necrosis - +++ |+ _

Leukocytic infiltration - ++ - _

Dilated blood vessels - ++ — _

Congestion of blood vessels - ++ - _

Widening of tubular lumens - ++ - -

Cytoplasmic bax immunoreactivity | — +++ |+ -

Table 4. Summary of histological, and immunohistochemical findings and their scores in the kidney of
control group and other groups in adult male albino rats. Lesions were scored based on their severity as
(- none, + mild, ++ moderate, +++ severe).

significant increase in rCrPr levels in response to BPA intoxication compared with the control. Consequently,
BPA can induce nephrotoxicity. In addition, the elevated rCrPr levels may exacerbate kidney damage, which was
revealed in the histological analysis in this study. Biochemical analysis of the rLPO levels in the BPA + G50 and
BPA + G200 groups revealed normalization compared with the control. Our results corroborate those reported
by Maurya et al.’!, who reported that GA completely reversed LPO elevation in septic mice.

The present study showed that BPA intoxication induced significant inhibition of rCAT and rSOD activities
and decreased rGSH levels compared with the control. These findings could be attributed to the overproduction
of free radicals and their association with a marked increase in rCrPr levels, as shown in the present data. The
effect of GA on improving rCrPr levels in the present study may be related to its ability to scavenge ROS formed
due to BPA toxicity. In addition, all activities of renal enzyme reactions measured in the present study were
increased. In another study, GA treatment significantly increased SOD activity and GSH levels compared with
diazinon (insecticide) treatment in the renal tissues of rats®%. Sheweita et al.** reported that GA could restore
renal CAT and SOD activities and GSH levels in tramadol-treated rats. Further, another study reported that GA
significantly increased both renal and cardiac antioxidant levels in BPA-treated rats*.

In this study, BPA treatment resulted in a significant increase in rIL-6 and IL-1a levels compared with the
control. The present results corroborate those reported by Moon et al.** in BPA-treated rats. IL-6 can result in
the improvement of renal disease®. Consequently, these findings could confirm that BPA-induced renal inflam-
mation is strongly associated with an increase in both rIL-1a and rIL-6. In a rat cirrhosis model, GA prevented
an increase in the levels of proinflammatory cytokines (IL-1a and TNFa) in the plasma and the depletion of
the anti-inflammatory cytokine IL-4 resulting from chronic bile duct ligation®®. GA significantly reduced both
renal IL-6 and IL-1a levels in this study. These results may confirm the anti-inflammatory effects of GA on the
kidneys of BPA-treated rats.

Morphological study. The present study demonstrated that 30 days of oral administration of BPA results
in multiple toxic morphological changes in the kidney tissues. The Malpighian corpuscles of the BPA-treated
rats showed several lesions, including the splitting and atrophy of many glomerular tufts, loss of the glomerular
epithelium, and widening of the capsular space. The morphometric analysis revealed a significant decrease in
the glomerular area. Similar results were reported by Wahbby et al.*” and Ola-Davies et al.*® in BPA-treated
rats. Herein, BPA resulted in a marked elevation in urea and creatinine levels. Ahmed et al.° confirmed that
the increased urea and creatinine levels in BPA-treated rats were associated with nephrotoxicity. In BPA-treated
rats, atrophy of renal corpuscles with segmented glomerular tufts complicated by widened capsular spaces can
exacerbate the impairment of the Bowman’s capsules filtration function?®.

Examination of semithin sections revealed swollen and hydropic degeneration of proximal and distal con-
voluted tubular cells in BPA-treated rats. In response to injury, hydropic change is considered an early sign of
cellular degeneration and may signify tissue hypoxia-related water accumulation in the cell. Hypoxia results
from a decrease in aerobic respiration in mitochondria and ATP production®. Sangai and Verma*' confirmed a
reduction in ATP production in the liver cells of BPA-treated mice. Shimizu et al.*? said that the necrosis could
be caused by a lack of ATP, which led to cell death in the end.

Dogrul et al.** examined poly (ADP-ribose) polymerase (PARP) in GA and BPA-treated cells. PARP is an
enzyme involved in the DNA repair mechanism and apoptosis. They found a significant increase in PARP
expression in GA HGF-1-treated cells. These results may be proof that GA has a positive effect on the DNA
repair mechanism by increasing PARP expression in benign cells and decreasing replication in malignant cells.
Gu et al.* reported that GA in normal cells acts as a powerful antioxidant and has antiapoptotic effects, inhibit-
ing dose- and time-dependent mitochondrial respiration, thereby resulting in decreased oxidative stress and its
consequent harm.

Korkmaz et al.** reported that BPA produces oxidative damage related to ROS in the brain and kidney. Hassan
et al.* explained that this oxidative damage could cause cell rupture and membrane damage in human erythro-
cytes. These findings corroborate those of the present study, which demonstrated that BPA causes degeneration
and necrosis of both proximal and distal convoluted tubules. Moreover, there was exfoliation of destructed
tubular cells in their lumens.
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Leukocyte infiltration between renal tubules and around dilated, congested blood vessels in the renal cortex
was observed in the BPA-treated group. The morphometric analysis also confirmed significantly larger leukocyte
infiltration areas in the BPA-treated group compared with the control group. Our results were in agreement with
the findings of Ola-Davies et al.*® in BPA-treated rat livers. Wetherill et al.*’ reported that macrophages produce
proinflammatory cytokines in BPA-treated animals. These mediators lead to the second phase of injury, involving
endothelial cell adhesion molecules that intermediate the adhesion and transmigration of neutrophils from the
vascular space into the parenchyma®®. The proteases and oxidants released from these accumulations directly
injure the vascular endothelial cells®.

GA showed a protective effect on BPA-induced leukocyte infiltration. The morphometric analysis of leuko-
cyte infiltration supports this finding. These findings support those of Asci et al.*, who found that GA reduced
tubular cell necrosis and decreased the expression of elevated inflammatory markers like TNF-, and that CRP
changes were immunohistochemically significant in rats after methotrexate-induced kidney damage treatment.

In the current study, the amount of collagen fibres in the BPA-treated group was higher than in the control
group.A similar observation was recorded by Kattaia and Abdel Baset®!, who found increased collagen fibre
deposition in the lungs of BPA-treated rats. Ramos et al.>? suggested that BPA causes fibroblast hyperplasia in
different organs. The first step in the aetiology of organ fibrosis is the damage to the epithelia and their base-
ment membranes. Many cell types, including inflammatory and immune cells, migrate to and proliferate in the
affected areas and release abundant cytokines that cause further cell recruitment, inflammation, and eventually
matrix remodeling. This finding demonstrates an overproduction of collagen®. Morphometric analysis in this
study confirmed the increase of collagen fibers. This finding is in agreement with the results of Fadda et al.>,
who reported similar findings in their study on BPA-treated rat kidneys.

Histological and morphometric analyses of the BPA + G200 group in the current study revealed that the
amount of collagenous fibres in this group was lower than in the BPA group. However, this amount appeared
more or less similar to that in the control group. This corroborates the findings of Fadda et al.>*, who confirmed
that the coadministration of green tea extract (a mixture of polyphenols) and BPA led to a significant decrease
in the area of collagen deposition compared with BPA treatment alone. Polyphenols inhibited inducible NO
synthase, Fas ligand, -actin smooth muscle, and desmin immunoreactivity in rat renal tissues, according to
the authors. The results of previous studies are in line with those of the present biochemical analysis, which
demonstrated that GA causes the depletion of NO. This could also explain the protective role of GA against
vasodilatation in renal tissues.

The mechanism of blood vessel dilatation was explained by Palmer et al.*®, who reported that NO is a small
bioactive gas that was first identified as mediating arterial vasodilatation. The present biochemical study showed
a substantial increase in NO production in the kidneys of BPA-treated rats, which might be related to blood
vessel dilatation.

ROS and RNS (oxidative stress) are formed during normal metabolic activities in various biochemical reac-
tions and cellular functions, such as mitochondrial respiration. Any excess of ROS- and RNS-induced deteriora-
tion of macromolecule structures (carbohydrates, proteins, lipids, and nucleic acids) leads to the loss of organ
function®® The increase in ROS levels in the BPA-treated rats in the present study resulted in a decrease in the
polysaccharide content, suggesting loss of kidney function. The decrease in PAS reaction intensity in this group
compared to the control group was also shown by the morphometric analysis.

Electron microscopy revealed the degeneration of cell organelles, leaving areas of rarified cytoplasm. El-
Banhawy and Ganzuri* illustrated that these changes could be due to the injuries to the lysosome membranes
caused by many drugs. These membranes are destroyed due to their sensitivity to any pathologic effects and the
release of their powerful enzymes, leading to the dissolution and degeneration of various cellular components.

Bax immunostaining showed a strong positive reaction in most of the epithelial cells of the kidney cortex in
the BPA-treated group. This result was similar to that of Peerapanyasut et al.*3, who found a significant increase
in the Bax/Bcl-2 ratio in the kidneys of BPA-treated rats. Accordingly, Bosch-Panadero et al.* demonstrated that
apoptotic death in kidney tubular cells was observed in rats exposed to BPA. Olea-Herrero et al.®’ also found that
BPA could cause apoptotic death in podocytes in culture media. Kourouma et al.®! illustrated that the increase
in LPO caused by BPA was related to caspase activity. This activation causes many apoptotic signals to be sent,
which leads to apoptosis and hepatotoxicity in rat liver tissue.

In the present study, the two doses of GA were able to decrease cytoplasmic Bax immunoreactivity in the
renal cortex tissue. Also, the morphometric analysis of Bax immunostaining confirmed the histological results
obtained herein. Mard et al.®* reported a significant decrease in the protein expression of caspase-3 after GA
treatment. Similarly, GA pretreatment in a model of human epithelial cells (HeLa cells) has been associated with
a decrease in the increased activity of caspase-9 resulting from H,O,-induced oxidative stress, which ultimately
causes apoptotic cell death®,

Materials and methods

Materials. Chemicals. BPA [4,4'-(propane-2,2-diyl)diphenol; 98% pure] was purchased from Alpha Dark
English Company. GA (3,4,5-trihydroxybenzoic acid; 99.5% pure) was purchased from Oxfored Company. So-
dium dodecyl sulphate (SDS), epinephrine, potassium dibasic, potassium monobasic, trichloroacetic acid, ethyl-
ene diamine tetraacetic acid (EDTA), 5,5-dithiobis-2-nitrobenzoic acid, hydrogen peroxide (H,0,), salfosalsylic
acid, and thiobarbituric acid were purchased from Fluka Company. All other chemicals were of the highest
available quality.

Experimental animals and ethics. Experimental animals. Forty healthy adult male Wistar albino rats
(12 weeks old, mean weight 130+ 30 g) were maintained under normal day/night conditions (12 h of light:12 h
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of darkness) at room temperature (25 °C+2 °C). They were maintained under standard laboratory care and
provided food and tap water ad libitum throughout the experimental period. The animals were purchased from
Assiut University Joint Animal Breeding, Assiut, Egypt.

The rats were allowed to acclimatize for 2 weeks before initiating the experiment. The rats were weighed and
assigned to four groups according to their body weights to achieve approximately the same mean body weight
for each group.

Ethical approval. The experimental setup and animal handling procedures were approved by the Research
Ethical Committee of the Faculty of Science, Assuit University, Assuit, Egypt. All experimental procedures were
performed in accordance with the relevant ARRIVE guidelines and regulations. And all methods were per-
formed in accordance with the relevant guidelines and regulations.

Methods. BPA preparation. BPA grains (40 mg) were first dissolved in 1 ml of absolute ethanol (1% etha-
nol) and then dissolved in 100 ml of drinking water. According to Mahmoudi et al.*%, ethanol can be used as a
solvent for BPA. A standard working solutions of BPA was prepared by dilution of the stock standard solution
with ethanol.

GA preparation. To avoid the loss of GA doses in the normal diet, GA powder was first dissolved in some
drinking water and mixed with the food of the rats daily.

Experimental design. Male rats were employed in the current investigation as the standard since female rats
could be unpredictable and exhibit varying responses to the same stimuli as a result of the hormone changes that
occur throughout the female cycle.

The animals were randomly divided into two groups: Group 1 (control): 10 control rats received a normal
diet and water. Group 2 (treated animals): 30 rats were treated with BPA. BPA was added to the drinking water
provided ad libitum (tap water) (40 mg/100 ml), which was nearly equivalent to (40 mg/kg bwt) according to
Wahbby et al.”. This group was then divided into three subgroups (10 animals each). Subgroup 1 was consid-
ered the positive control treated with BPA and designated as BPA; Subgroup 2 was administered with GA (G50;
50 mg/60 g diet) ad libitum to a normal diet equivalent to that of a previous study (50 mg/kg bwt) and designated
as BPA + G50. Subgroup 3 was administered GA (G200; 200 mg/60 g diet) ad libitum to a normal diet equivalent
to that of a previous study (200 mg/kg bwt) and designated as BPA + G200. The GA doses used in the present
study were determined according to the study by Karimi-Khouzani et al.*>.

For 30 days, the administrations were repeated daily. All experimental protocols on animals were performed
according to the regulations of the Institutional Animal Care and Use Committee and were approved by Assiut
University.

Experimental procedures. Blood collection. Blood samples were collected by cardiac puncture from each rat
for haematological studies. The cardiac puncture was performed when the rats were deeply anesthetized; blood
was drowning slowly according to the procedure described by Parasuraman et al.®. Blood that did not contain
EDTA was used for the preparation and separation of serum after centrifugation at 3000 rpm for 5 min. Serum
samples were kept at — 20 °C for subsequent biochemical analysis.

Preparation of kidney homogenate for biochemical assays. For the preparation of 10% w/v kidney homogen-
ate for biochemical assays, 500 mg of kidney tissue was homogenized in 5 ml of phosphate buffer (0.1 M, pH
7.4) using a homogenizer (IKA Yellow Line DI 18 Disperser, Germany). The homogenates were centrifuged at
5000 rpm for 30 min at 4 °C, and the supernatant cytosols were kept frozen at—20 °C for subsequent biochemi-
cal analysis.

Preparation of kidney homogenate for immune assays. For preparing kidney homogenates for immune assays,
500 mg of kidney tissue were used. Tissue homogenates were prepared using RIPA buffer [20 mM Tris-HCI, pH
7.5; 120 mM NaCl; 1.0% Triton X-100; 0.1% SDS; 1% sodium deoxycholate; 10% glycerol; 1 mM EDTA; and 1%
protease inhibitor cocktail (Roche; Basel, Switzerland)].

Tissue preparation. ~ After 30 days of treatment, the rats were subsequently anaesthetized with urethane (1.25 g/
kg, i.p.) and sacrificed by cervical dislocation®, and their kidneys were excised immediately. Kidney pieces were
divided into two parts: one part was used for homogenization, and the other was fixed in formol acetic alcohol
for histological and histochemical analyses.
Biochemical analyses. Kidney function. Tietz's® method was used to measure serum creatinine, and Tietz’s®
method was used to measure serum urea and uric acid.

Free radical content in the kidney.

a. Reactive oxygen species (ROS) and Nitric oxide (NO) levels
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ROS levels were estimated according to the method described by Kalyanaraman et al.”. Nitric oxide (NO)
levels in the kidney and serum were colorimetrically measured as nitrite concentrations according to the method
described by Ding et al.”*.

b. Lipid peroxidation (LPO) and Carponyl protein (rCrPr)

LPO was estimated using the method described by Ohkawa et al.”?. Carponyl protein (rCrPr) was estimated
according to the method described by Stadtman and Levine”. LPO and (rCrPr) are regarded as indicators of
oxidative stress.

Antioxidant determinations in the kidney. Catalase (CAT) activity was measured according to the method
described by Beers and Sizer’. Superoxide dismutase (SOD) activity was estimated according to the method
described by Misra and Fridovich™. Also, glutathione (GSH) was estimated according to the method described
by Ellman’®.

Proinflammatory cytokine levels in the kidney. The levels of interleukin 6 (IL-6) and interleukin la (IL-1a)
were measured via enzyme-linked immunosorbent assay using a Bio-Plex Cytokine Assay Kit (Bio-Rad, Hercu-
les, CA, USA) according to the manufacturer’s instructions.

Total protein assay. The total protein levels were determined according to the method described by Lowry””.

Preparation of histological sections. Histological and histochemical analyses. Light microscopy Formol acetic
alcohol was used to fix small kidney specimens. Before further processing, the fixed samples were thoroughly
washed in 70% ethanol (3 x24 h) to remove the fixative. The samples were dehydrated in ascending grades of
alcohol (80%, 90%, 1001, 100% II), cleared in methyl benzoate, and then embedded in paraffin wax for three
hours’. Sections were cut 4-5-um thick and stained with hematoxylin and eosin” (H&E) for general histology
and Masson’s trichrome stain® for detection of collagen fibers. Periodic acid-Schiff (PAS) staining was used to
detect polysaccharide content according to the method described by McManus®!. Some paraffin sections were
used for immunohistochemical analysis. All stained sections were examined under light microscopy; a Leitz
Dialux 20 microscope provided with a digital camera captured the images.

Immunohistochemical analysis. Bax is proapoptotic and functions as a promotor of apoptosis®. As a result,
the expression of Bax in the current study assessed apoptosis in kidney cortex epithelial cells.

Immunohistochemical staining for Bax, deparaffinization, and dehydration were performed with xylene and
alcohol. After washing the sections with distilled water, antigen retrieval was performed using a microwave-based
method, followed by incubation in a protein blocking solution.

For Bax protein, rabbit polyclonal anti-rat antibody (1:1000 to 1:2000 v/v) was used (from immunoglobulin
(Ig) fractions, diluted in PBS, pH 7.6, containing 1% BSA and 0.09% sodium azide). Subsequently, the sec-
tions were incubated for 1 h with 1:200 (v/v) biotinylated goat anti-rabbit antibody (Dako A/S, Copenhagen,
Denmark) and peroxidase-conjugated streptavidin (Dako A/S). DAB (3,3'-diaminobenzidine) was stained at
room temperature with hematoxylin for counterstaining. Under a light microscope, the presence of dark brown
precipitates was determined as positive expression or staining®. Images were captured using a Leitz Dialux 20
Microscope equipped with a digital camera.

Transmission electron microscopy. Small specimens were taken from the kidney after sacrificing the animals)
and fixed in 5% cold glutaraldehyde for 24 h. The specimens were then washed four times for 20 min each in
cacodylate buffer (pH 7.2) and post-fixed in cold osmium tetraoxide for two hours. Thereafter, the specimens
were washed four times for 20 min each in cacodylate buffer. Dehydration was performed using increasing con-
centrations of ethyl alcohol (30%, 50%, and 70%), with each treatment lasting for 2 h. This was followed by two
treatments each of 90% and 100% ethyl alcohol for 30 min. Embedding was performed in Epon 812. The embed-
ded samples were kept in an incubator at 35 °C for 1 day, at 45 °C for another day, and at 60 °C for 3 days®%. A
LKB ultramicrotome (Germany) was used to prepare semithin sections of 0.5-1-um thickness, which were then
stained with toluidine blue, observed with a light microscope, and photographed. Ultrathin sections (50-80 nm)
from selected areas of the trimmed blocks were taken and collected on a copper grid. The ultrathin sections were
contrast stained with uranyl acetate for 10 min and with lead citrate for 5 min, after which they were examined
via transmission electron microscopy (JEOL 100 CX; JEOL, Japan) and photographed at 80 kV in the Assiut
University Electron Microscopy Unit.

Morphometric analysis. ~ After the rat kidneys were histologically processed and stained, Digital images were
obtained under 40 x magnification using a digital camera connected to a light microscope; a Leitz Dialux 20
Microscope provided with a digital camera captured the images.

Morphometric analysis was performed using the computerised image analysis software Image] version 6.
Spatial calibration with an object micrometre was performed before each analysis. Five images were selected
from each animal in each group. The following morphometric parameters were measured: glomerular area
(um?), capsular space area (um?) of Malpighian corpuscles, areas of tubular cell degeneration (%), and leukocytic
infiltration (%) stained with H&E. Collagen fibre intensity (%) and polysaccharide content (%) were measured.
The mean counts of the Bax positive reaction areas in glomerular and tubular epithelial cells were measured.
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Statistical analysis. A close comparison was made between the data obtained from the normal group and those
from the treated groups. The comparison results were expressed as means standard errors. One-way analysis of
variance was used to test the differences between the means, followed by the Student-Newman-Keuls test for
multiple comparisons. These analyses were conducted using the Prism 5.0 package (Graph and Software, Inc.,
San Diego, USA) and Microsoft Excel. The threshold for statistical significance was set at p <0.05, 0.01, or 0.001.
The percent of stimulation (S%) or inhibition (I%) in the mean values was calculated as follows:

o/ __ Mean control value—Mean treated value
Lor 8% = Mean control value x 100.

For different treatments as follows:

Mean value of treatmentl —Mean value of treatment2
0, —
LorS% = Mean value of treatmentl % 100.

Conclusion

This study suggests that the use of GA restores the deleterious effects induced by BPA, possibly due to its antioxi-
dant properties. The high dose of GA was more effective than the low dose. Hence, the consumption of nutrients
rich in polyphenols (GA) could reduce the side effects and toxicity resulting from the use of any products con-
taining BPA or other harmful substances. It is necessary to stay away from any products that contain BPA and
use glasses or pottery to avoid the use of and injuries resulting from BPA as much as possible.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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