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ARTICLE INFO ABSTRACT
Keywords: Background and objectives: This study aimed to assess the effect of zinc oxide nanoparticles (ZNPs)
Zinc oxide nanoparticles and/or arsenic trioxide (ATO) exposure on the liver of adult male Sprague Dawley rats. Moreover,

Arsenic trioxide

Gallic acid the probable ameliorative impact of gallic acid (GA) against ZNPs and ATO-induced hepatotox-
allic acl

icity and the possible underlying mechanisms were evaluated.

glclllrzu bin Methods: Sixty male Sprague Dawley rats were distributed into six groups. The 1*' and 2™ groups
GPx were orally given distilled water (1 ml/kg) and 20 mg GA/kg b. wt, respectively. The 3" and 4T
MDA groups were orally given 100 mg ZNPs/kg b. wt and 8 mg ATO/kg b. wt, respectively. The 5th
Bax group was co-administered ZNPs and ATO at the doses mentioned above. The last one was co-

administered ZNPs, ATO, and GA at the earlier described doses. All tested compounds were
orally given once a day for 60 successive days. Then, serum levels of alkaline phosphatase (ALP),
alanine aminotransferase (ALT), aspartate aminotransferase (AST), total, direct, indirect bili-
rubin, triglycerides, total cholesterol, HDL, VLDL, and LDL were estimated. The hepatic content of
malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GPx) was
evaluated. Moreover, Bcl-2 and Bax’s reactive proteins were immunohistochemically detected,
and Zn and As residual patterns in hepatic tissues were assessed.

Results: ZNPs, ATO, and ZNPs+ATO-exposed rats showed significantly (P < 0.001) elevated serum
AST (219%, 233%, and 333%), ALT (300%, 400%, and 475%), ALP (169%, 205%, and 294%),
and total bilirubin (42%, 68%, and 109%) compared to the control ones. On the other hand, a
significantly (P < 0.001) declined SOD (58%, 49%, and 43%) and GPx (70%, 63%, and 56%) but
increased MDA (133%, 150%, and 224%) was recorded in the hepatic tissues of ZNPs, ATO, and
ZNPs+ATO exposed rats, respectively, relative to the control rats. Moreover, the hepatic tissues of
the ZNPs, ATO, and ZNPs+ATO exposed rats showed a significant (P < 0.001) decrease in Bcl-2
(28%, 33%, and 23%) but elevation in Bax (217%, 267%, and 236%) immunoreactivities
compared to the control rats. These findings were consistent with the microscopic alterations in
the hepatic architecture and accumulation of Zn and As. Furthermore, a notable hyperlipidemic
condition was recorded following ZNPs and/or ATO exposure. On the contrary, GA notably
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reduced hepatic enzymes compared to ZNPs+ATO-exposed rats. Additionally, GA markedly
improved ZNPs+ATO-afforded liver tissue damage and apoptotic events.

Conclusion: Overall, GA oral dosing significantly mitigated the negative effects of ZNPs and ATO
on the liver by improving the antioxidant defense system and controlling apoptotic changes.

1. Introduction

Zinc oxide nanoparticles (ZNPs) are one of the most highly marketable NPs in the world [1,2]. While using ZNPs for medicinal
purposes is expanding, the biochemical modulation of living cell functions remains deficient [3,4]. Therefore, the potential toxicity of
ZNPs is an imperative issue as they have been used in various commercial products such as paints, toothpaste, cosmetics, and
photographic materials, and as a food additive [5-7]. Moreover, these nanoparticles can effectively treat arthritic gout [8]. ZNPs cause
cytotoxicity by the induction of oxidative stress via Zn ions [9]. ZNPs at over 50 mg/kg concentration significantly altered rats’ hepatic
enzymes and induced oxidative stress [10].

The potential antineoplastic efficacy of arsenic trioxide (ATO) against acute promyelocytic leukemia makes it the top agent in
several countries [11]. ATO can inhibit the proliferation and initiate Caspase-mediated apoptosis in tumor cells [12]. Moreover, it
inactivates the SH-containing proteins and alters the mitochondrial roles [13]. Nevertheless, its use is guarded by its untoward effects,
especially on vital organ functions [14]. Consumption of arsenic (As)-contaminated drinking water constitutes an additional major
global health concern [15].

Daily administration of 3 mg ATO/kg b. wt in Wistar rats induces lipid peroxidation and oxidative stress in the liver and kidney [16,
17]. Arsenic causes oxidative stress through cellular macromolecule damage, including DNA, protein, and lipids, with subsequent high
production levels of free oxidative radicals [18]. Additionally, ATO intragastric infusion at 10 mg/kg b. wt. Produced monomethyl
arsenic acid, dimethylarsinic acid, and trimethylarsine oxide in rats’ serum, which caused excessive reactive oxygen species (ROS)
regeneration, cell apoptosis, and acute hepatic damage [19]. Exposure to ATO increased the activity of caspase-3 in the hepatic cells
[20].

Different sources of environmental pollutants co-exist concurrently with NPs, especially heavy metals that are extensively
distributed [21-23]. There are various co-exposure scenarios for ZNPs and As in the environment and in the medical and industrial
fields. For example, ZNPs and As could co-exist in the soil. This is due to the accumulation of As in soils due to anthropogenic activities
like herbicide over-use, coal combustion, and timber preservation [24] and the wide application of ZNPs as fertilizer [25,26].
Additionally, ZNPs has widely used in many industrial and medicinal products such as rubber, coating, paint, and cosmetics [27]. In
parallel, As has been detected in many of the earlier products [28,29]. Hence, animals and humans are at high risk of joint exposure to
ZNPs and As.

Gallic acid (GA) has a unique phenolic moiety with potent anti-inflammatory, antioxidant, and anticancer activities [30]. GA
significantly decreases serum hepatic enzymes, normalizes the expression of pro-inflammatory cytokines, interleukins, cyclooxygenase
2 (COX2) [31], and tumor necrosis factor-alpha (TNF-a) [32], and upregulates antioxidant gene expression of SOD and CAT [33] with
modulation of antioxidant/pro-oxidant balance and inhibits ROS production [34]. GA’s possible protective effect against subchronic
ZNP+ATO toxicity is still unknown. Hence, this study examined the effects of separate or joint ZNPs and ATO exposure on the liver and
GA'’s hepatoprotective actions at their co-exposure in male rats.

2. Materials and methods
2.1. Chemicals and reagents

Zinc oxide nanoparticles ZNPs, molecular weight (MW) = 81.39; average nanosize 30 + nm particle size), gallic acid (C;HgOs. H20,
MW = 188.14), and arsenic trioxide (ATO).2H20, MW = 197.84, 99% purity) were obtained from Alpha Chemica (Mumbai, India). All
additional reagents/chemicals were purchased from Sigma Company and were of analytical quality (St. Louis, MO).

2.2. ZNPs suspension preparation

The ZNPs particles were dispersed in distilled water (10 mg/ml). Following the protocol of Ramadan et al. [35], a fresh suspension
was prepared daily, and the suspensions were sonicated for 15 min with an ultrasonic cleaner (500 W, 42 kHz, 25 °C, FRQ-1010 H T,
Hangzhou, China). The prepared ZNPs suspension was stirred on a vortex agitator directly before animal administration. The earlier
method has achieved high Zn dispersion stability [36].

2.3. Animals and experimental design

Adult male Sprague Dawley rats (n = 60) were bought from the National Research Center’s breeding section (Giza, Egypt). All rats
were kept in well-ventilated, clean steel mesh cages with a 12-h light-dark cycle at 21-24 °C and 50-60% relative humidity. To keep
the cages dry, wood-shaving bedding was used. Rats had unlimited access to tap water, and standard rodent food throughout the
experiment. Before testing, rats were given a two-week acclimatization period prior to the commencement of the experiment. The
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experimental protocol was authorized by Cairo University’s research committee on the ethics of animal use, with the reference number
VET CU 2009 2022461 which followed the general criteria of the National Institutes of Health Guide for the Care and Use of Laboratory
Animals in Scientific Investigations. Rats were weighed and assigned to six groups at random (n = 10 each):

G1: Control group: each rat received 1 ml/day of distilled water.

G2: Gallic acid (GA): orally administered 20 mg/kg b. wt. GA dissolved in distilled water according to the dose used in the
previous study [37].

G3: Zinc oxide nanoparticles (ZNPs): orally administered 100 mg ZNPs/kg b. wt. According to the dose used in the earlier study
[381, ZNPs dissolved in distilled water were dispersed by ultrasonic vibration for 20 min.

G4: Arsenic trioxide (ATO): orally administered 8 mg ATO/kg b. wt. Dissolved in distilled water according to the dose used in the
previous study [39].

G5: ZNPs+ATO: co-administered ZNPs and ATO at the same previous routes and doses separately with 5 min between.

G6: ZNPs+ATO+GA: co-administered ZNPs and ATO separately with 5 min between, followed by GA after 1 h at the same previous
routes and doses.

All treatments were given orally via orogastric gavage once a day between 8 a.m. and 10 a.m. using a feeding needle for 60 days (16
gauge). The dosage volumes were adjusted weekly according to the recorded average weekly weight of the rats.

Every week, all treatments were re-adjusted depending on the rats’ body weight changes. Pain, discomfort, damage, abnormal
behavior, distress, mucous membrane color, breathing patterns, morbidity, and mortality were closely monitored during the exper-
imental period. The consumed amount of food and the weight of the animals were measured weekly.

2.4. Sampling

All rats in each group were fasted overnight after the last dose to allow accurate measurement of body and organ weights and
reliable estimation of the biochemical indicators [40]. Then, the rats were weighed, anesthetized, and euthanized by cervical dislo-
cation. Jugular vein blood samples were collected into a plain tube, allowed to clot at room temperature for 20 min, centrifuged for 10
min at 664xg, and the resulting serum was stored at —20 °C for later biochemical analysis. The livers were collected, washed with
physiological saline, and weighed. The liver specimens were divided into three sets. The first set was fixed in a 10% buffered neutral
formalin solution for histopathological and immunohistochemical investigation. The second one was used to prepare tissue homog-
enates for the assays defined below. The last one was kept at 4 °C till analysis of metal residues.

2.5. Estimation of hepatic enzymes and bilirubin levels

Commercial Biodiagnostic kits (Giza, Egypt) were used to estimate serum alkaline phosphatase (ALP), alanine aminotransferase
(ALT), and aspartate aminotransferase (AST) activities following the methods of Reitman and Frankel [41] and Kind and King [42],
respectively. The total and direct serum bilirubin was assessed based on the procedures of Walters and Gerarde [43] method.

2.6. Lipid profile assay

Serum cholesterol was assessed based on the Abel et al. [44] protocol. The triglycerides were evaluated consistently with the
method of Bucolo and David [45]. The serum high-density lipoprotein cholesterol (HDL-C) concentration was estimated according to
Assmann et al. [46].

The low-density lipoprotein cholesterol (LDL-C) and the very low-density lipoproteins (VLDL) values were estimated by the for-
mula of Friedewald et al. [47] as follows: VLDL-C = TG/5 and LDL-C (mg/dL) = TC — (HDL-C + VLDL-C).

2.7. Oxidative stress and antioxidant indicators in liver homogenate

The liver homogenate was prepared following Kaplan and Utiger [48] method. A liver portion was homogenized in phosphate
buffer saline (0.1 M PBS with pH 7.4). The homogenates were then centrifuged for 30 min at 4 °C at 10,000 rpm, and the supernatants
were kept at 70 °C until oxidative stress parameters analysis. The hepatic tissue content of MDA, SOD, and GPx was estimated in liver
homogenate based on the colorimetric method using Biodiagnostic kits, diagnostic and research reagents, Egypt following the pro-
cedures formerly described protocols [49-51].

2.8. Histopathological examination

Each animal’s liver specimens were dissected and fixed in a 10% formalin. Then, they were dehydrated with ascending alcohol
concentrations, cleared in xylene, embedded, and blocked in paraffin. 4 pm sections were taken, stained with Hematoxylin and Eosin
(H & E), and proceeded for the routine protocol of Bancroft and Layton [52]. Samples of all rats were examined randomly with a light
microscope (Olympus, Tokyo, Japan) at different magnifications and analyzed to find histological alterations.

2.9. Histochemical examination

Periodic Acid Schiff’s stain (PAS) was performed to detect the glycogen in the cytoplasm of the hepatocytes, according to Layton



Table 1

Effect of gallic acid (GA) oral dosing on body weight change and hepatosomatic index of Sprague Dawley rats exposed to zinc dioxide nanoparticles (ZNPs) and/or arsenic trioxide (ATO) for 60 days.

Estimated parameters Control GA ZNPs % of control* ATO % of control* ZNPs+ATO % of control* GA+ZNPs+ATO % of restoration”
Initial Body weight (g) 21333 +4.71  206.67 +4.71  206.67 + 471 97 206.67 + 4.71 97 200.00 + 0.00 94 206.67 + 4.71 103

Final body weight (g) 266.00° +5.72  272.67°+2.62  223.67°+0.24 84 215.00° +7.18 81 207339+ 062 78 238.33°+3.06 115

Body weight gain (g) 52.67°+£591  66.00°+6.16 17.009 + 460 32 8.339+2.66 16 7.339+0.62 14 31.67°+1.65 432

Liver weight (g) 6.46 + 0.27 6.98 + 0.14 6.13 +0.43 95 6.35 + 0.41 98 6.45 + 0.10 100 6.00 + 0.32 93
Hepatosomatic index (%)  2.43° +0.12 2.56 "°+0.03 2.74 340,19 113 2.96  +0.19 122 3.11°+0.06 128 2.52°40.13 81

*9 of control = (mean value of the intoxicated group/mean values of the control group)*100. 7 % of restoration= (mean value of GA+ZNPs+ATO group/mean values of ZNPs+ATO group)*100. Means
within the same row carrying different superscripts (a, b, ¢, and d) are significantly different at p < 0.05. The values shown are means + SE. n = 10.

Ip 32 pnoog-TI-0qy N

9zEL12 (£20T) 6 UoAoH



Table 2

Effect of gallic acid (GA) oral dosing on serum levels of biochemical parameters of rats exposed to zinc dioxide nanoparticles (ZNPs) and/or arsenic trioxide (ATO) for 60 days.
Estimated parameters Control GA ZNPs % of control* ATO % of control* ZNPs+ATO % of control* GA+ZNPs+ATO % of restoration”
AST (U/dl) 7.00°4+1.22 5.67°+0.47 1533 +1.93 219 16.33 %+ 2.25 233 23.33%42.01 333 15.33 "+ 0.24 66
ALT (U/m) 4.00 4 +0.41 2.67 4+ 0.24 12.00* + 0.41 300 16.00°+2.12 400 19.00%+1.47 475 7.00°40.71 37
ALP (U/dl) 36.679+262  36.00%+1.08 62.00°+2.55 169 75.33 % + 1.55 205 107.67°+6.11 294 66.33 >°+0.85 62
Total bilirubin (mg/dl) 0.64°+0.07 0.40°+£0.04 0.91 "+ 0.07 142 1.08° 4+ 0.12 168 1.34°+0.13 209 0.97° +0.06 72
Direct bilirubin (mg/dI) 1.30 ¢ £ 0.03 1.05°+0.05 1.92°+0.05 148 2.05°+0.09 158 3.08%+0.01 237 2.53°+0.10 82
Total cholesterol (mg/dl) ~ 180.33°+2.59 160.00 ¢ £1.08  201.67° +4.13 112 229.00%+4.71 127 239.33%+5.91 133 187.00°+7.49 78
Triglyceride (mg/dI) 77.339+£1.43  59.00°+2.68 89.33°+2.25 116 110.00° +2.12 142 123.00°+£1.22 159 95.67°+2.78 78
LDL (mg/dl) 25.67°4+0.85 23.679+1.31 38.33°P £330 149 43.22° + 2,61 168 45.33%+2.09 177 31.67 *+2.49 70
VLDL (mg/dl) 16.139% +£1.02  13.93°+0.66 19.07°4+0.87 118 34.60° + 2.11 215 42.47°+2.08 263 22.00°+1.69 52
HDL (mg/dl) 23.18" +0.91 35.41+1.06 18.43°+0.13 219 13.119+0.77 57 11.119+1.11 48 21.66 " + 0.67 195

0 of control = (mean value of the intoxicated group/mean values of the control group)*100. ” % of restoration= (mean value of GA+ZNPs+ATO group/mean values of ZNPs+ATO group)*100. AST:
Aspartate aminotransferase; ALT: Alanine aminotransferase; ALP: alkaline phosphatase; LDL: low-density lipoprotein; VLDL: Very low-density lipoprotein; HD: High-density lipoprotein. Means within the
same row carrying different superscripts (a, b, ¢, and d) are significantly different at p < 0.05. The values shown are means + SE. n = 10 group.

Ip 32 pnoog-TI-0qy N

9zEL12 (£20T) 6 UoAoH
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et al. [53].
2.10. Immunohistochemical analysis

According to Pedrycz and Czerny [54] and Kandemir et al. [55], 4 pm cross-sections taken from each paraffin block were placed on
slides coated with poly-L-lysine to determine Bcl-2 and Bax immunohistochemical changes.

2.11. Determination of Zn and as hepatic contents

Each liver sample was microwave-digested with 8 ml of nitric acid and 1 ml of 30% hydrogen peroxide. Then, the Zn and As
contents were determined by a coupled plasma-Optical Emission Spectrometer (ICP-OES, model 5100, Agilent, Santa Clara, CA) with
Synchronous Vertical Dual View (SVDV). The standard intensity curve was settled for each set of samples using a blank and three or
more Merck Company standards (Germany). Reference standards from Merck were used to verify the accuracy and precision of the
metal’s measurements. The results were validated using known concentrations of trace elements from the National Institute of
Standards and Technology (NIST).

2.12. Statistical analysis

The data were analyzed with SPSS version 14 and one-way analysis of variance (ANOVA) (SPSS, Chicago, IL, USA). To compare
means, Tukey’s Multiple Range Test was used. The differences between groups were considered significant at p-value <0.05, <0.01,
and <0.001. A Shapiro-Wilk W test was used to ensure all data were distributed normally.

3. Results
3.1. Effects on body weight change

No mortalities were recorded throughout the experiment. The ZNPs, ATO, and ZNPs+ATO-exposed rats showed a significant (P <
0.001) reduction in the final body weight (84%, 81%, and 78%, respectively) and body weight gain (32%, 16%, and 14%, respectively)
relative to the control group (Table 1). On the other hand, GA+ZNPs+ATO-treated rats displayed a significant (P < 0.001) increase in
the final body weight and body weight gain to be 115% and 432%, respectively, relative to the ZNPs+ATO-co-exposed ones.

No significant change was recorded in the hepatosomatic index of the ZNPs-exposed rats compared to the control group (Table 1).
Nevertheless, the ATO and ZNPs+ATO-exposed rats displayed a significant (P = 0.01) increase in the hepatosomatic index to 122%
and 128%, respectively, compared to the control ones. On the contrary, GA+ZNPs+ATO-treated rats demonstrated a significant (P =
0.01) reduction in the hepatosomatic index to be 81% relative to the ZNPs+ATO-co-exposed ones.

3.2. Effects on liver function indicators

The serum hepatic enzymes activities, including ALP, ALT, and AST, were significantly (P < 0.001) increased in the ZNPs (169%,
300%, and 219% respectively), ATO (205%, 400%, and 233%, respectively), and ZNPs+ATO (294%, 475%, and 339% respectively)-
exposed rats compared to the control group (Table 2). Besides, a significant (P < 0.001) elevation in the total and direct bilirubin was
recorded in the ZNPs (142% and 148%, respectively), ATO (168% and 158%, respectively), and ZNPs+ATO (209% and 237%
respectively)-exposed group compared to the control group.

On the other hand, GA treatment significantly suppressed the ZNPs+ATO-induced increment of ALP, ALT, AST, total, and direct
bilirubin to be 62%, 37%, 66%, 72%, and 82%, respectively, compared to the ZNPs+ATO-co-exposed group.

3.3. Effects on lipid profile

Differences in the serum lipid profile of rats orally exposed to ZNPs/or ATO for 60 days and those orally treated with GA are
displayed in Table 2. Compared with the control group, the serum levels of TC, TG, LDL, and VLDL were significantly (P < 0.001)
increased in the ZNPs (112%, 116%, 149%, and 118%, respectively), ATO (127%, 142%, 168%, and 215% respectively), and (133%,
159%, 177%, and 263% respectively)-exposed group. On the contrary, a significant (P < 0.001) decline in the HDL level was evident in
rats exposed to ZNPs, ATO, and ZNPs+ATO to be 80%, 57%, and 48%, respectively, relative to the control group. Of note, the ZNPs and
ATO co-exposed rats showed a significantly (P < 0.001) higher TG and VLDL than those exposed to each individually. In contrast,
GA+ZNPs+ATO co-treated group showed a significantly (P < 0.001) lower TC, TG, LDL, and VLDL at 78%, 78%, 70%, and 52%,
respectively, compared to the ZNPs+ATO exposed group. Besides, a significantly (P < 0.001) higher HDL was evident in the
GA+ZNPs+ATO co-treated rats to be 195% compared to the ZNPs+ATO exposed ones. Noteworthy, GA+ZNPs+ATO-treated rats
showed marked improvement in TC, LDL, and HDL, where no significant changes exist compared to the control rats.

3.4. Effects on hepatic oxidative stress and lipid peroxidation indicators

In comparison with the control groups, ZNPs, ATO, and ZNPs+ATO groups showed a significant (P < 0.001) reduction in the
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hepatic SOD (58%, 49%, and 43%, respectively) (Fig. 1A) and GPx (70%, 63%, and 56%) activities (Fig. 1B). On the contrary, hepatic
MDA concentration significantly (P < 0.001) increased in ZNPs, ATO, and ZNPs+ATO groups to 133%, 150%, and 224%, respectively,
relative to the control group (Fig. 1C). Nonetheless, GA+ZNPs+ATO-treated rats showed a significant (P < 0.001) increases in hepatic
GPx (152%) and SOD (203%) concentrations but a significant (P < 0.001) decrease in hepatic MDA level (72%) compared to the
ZNPs+ATO exposed ones and the values returned to near-normal values.

3.5. Histopathological findings

Asillustrated in Fig. 2 A and B, the untreated control and GA-treated groups liver sections showed normal histological features with
normal hepatocytes without any necrosis or inflammation. Whilst ZNPs or ATO treatments induced hepatocyte disorganization and
vacuolar degeneration with necrotic changes of the hepatocytes. Mononuclear cellular inflammatory infiltrations, mostly lymphocytes
and macrophages, were also observed between hepatic cords. The central veins and blood sinusoids showed prominent dilation,
congestion, and thickened wall of the central vein. There was perivascular edema and slight areas of hemorrhage with brown he-
mosiderin pigment deposition. In addition, the portal area revealed marked periportal fibrosis and hyperplastic bile duct epithelium
associated with newly formed bile ductules (60 days). Prominent thickening of the liver capsule was associated with subcapsular
congestion, hemorrhage, edema, and inflammatory cell infiltrations (Fig. 2C and D).

However, the ZNPs+ATO co-exposed group showed more severe hepatic damage than the groups individually exposed to each. The
pathological alterations detected in the ZNPs+ATO co-exposed group were mainly widespread necrosis and vacuolar degeneration
throughout the hepatic tissues, particularly the centrilobular cells (Fig. 2 E1, E2, and E3). On the contrary, GA treatment significantly
reduced most histopathological perturbations, particularly inflammatory cell infiltration, and necrotic damage, in the hepatic tissues
of ZNPs and ATO-co-exposed rats (Fig. 2F).

3.6. Histochemical findings

Additional liver sections from all groups were stained with PAS to gain more insight into the content of the vacuolar contents of
hepatocytes (Fig. 3A-F). The PAS-stained hepatic tissue sections showed that exposure to ZNPs and/or ATO significantly diminished
the hepatic contents of the glycogen granules compared to the control group. On the other hand, treatment with GA largely rescued the
glycogen granules hepatic contents and regained the near-normal magenta color in the GA+ZNPs+ATO co-treated group.

3.7. Immunohistochemical evaluation
The liver section of the control rats showed strong cytoplasmic reactions to the antiapoptotic protein Bcl-2 (Fig. 4A-F) and weak

nuclear and cytoplasmic reactions of the proapoptotic protein Bax (Fig. 5A-F). Yet, as shown in Table 3, the ZNPs, ATO, and
ZNPs+ATO-exposed rats showed a significantly (P < 0.001) decreased cytoplasmic immunoexpression of Bcl-2 (28%, 33%, and 23%,

80
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Fig. 1. Effects of gallic acid (GA) on antioxidant enzymes including superoxide dismutase (SOD) (A) and glutathione peroxidase (GPx) (B) and the
lipid peroxidation indicator, malondialdehyde (MDA) (C) in liver homogenate of rats exposed to zinc oxide nanoparticles (ZNPs) and/or arsenic
trioxide (ATO) for 60 days. Data are expressed as the mean =+ SE (n = 10). Columns carrying different superscripts are significantly different (one-
way ANOVA) (p < 0.05).
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Fig. 2. Liver sections of rat stained with H&E. A: Control group showing a normal architecture with normal hepatocytes in the hepatic cords and
central vein. B: Gallic acid-treated (GA) group showing normal hepatocytes in the hepatic cords around the central vein. C: Zinc oxide nanoparticles-
exposed (ZNPs) group showing a severely dilated, congested, and hypertrophied blood vessel wall, newly formed bile ductules, fibrotic portal area,
and edema (H&E x 100). D: Arsenic trioxide-exposed (ATO) group showing hepatocytes disorganization, congested blood vessels, vasculitis, and
hypertrophy of blood vessels wall associated with newly formed bile ductules and fibrosis in the portal area. E1: ZNPs+ATO co-exposed group
showing disorganization of hepatocytes, necrotic areas along the hepatocytes, congested blood vessels, vasculitis and hypertrophy of blood vessels
wall associated with newly formed bile ductules, and fibrosis in the portal area. E2: ZNPs+ATO co-exposed group showing hepatocytes disorga-
nization, necrotic areas along the hepatocytes, congested blood vessels associated with prominent thickening and inflammatory cell infiltration of
the liver capsule, subcapsular hemorrhage, and edema. E3: ZNPs+ATO co-exposed group showing disorganized hepatocytes, hepatocytes vacuo-
lations, necrosis with pyknotic nuclei, congested blood vessels, sinusoids, vasculitis, newly formed bile ductules, mononuclear leucocytic in-
filtrations. F: ZNPs+ATO+GA-treated group showing normal hepatocytes in the hepatic cords around the central vein and sinusoids.
Abbreviations: H: Hepatocytes, CV: Central vein, BV: Blood vessel, Arrow: Bile ductules, Arrowhead: Portal area, E: Edema, N: Necrotic area, C:
Capsule, HM: Hemorrhage, Green arrow: Vacuolations, Yellow arrow: Mononuclear leucocytic infiltrations, CV: Central vein, S: Sinusoid. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

respectively) but increased nuclear and cytoplasmic immunoexpression of Bax (217%, 267%, and 236%, respectively) compared to the
control group. Besides, the Bcl-2/Bax ratio significantly (P < 0.001) decreased in the livers of ZNPs, ATO, and ZNPs+ATO-exposed to
be 13%, 12%, and 10%, respectively, compared to the control group. Nonetheless, the hepatic sections of GA+ZNPs+ATO-treated rats
showed a significant (P < 0.001) increases in immunoexpression of Bcl-2 (351%) and Bcl-2/Bax ratio (933%) but a significant (P <
0.001) decreases in Bax (37%) compared to the ZNPs+ATO exposed ones.

3.8. Zinc and arsenic hepatic residues

Relative to the control rats, significantly (P < 0.001) higher hepatic As content was recorded in rats exposed to ATO and ZNPs+ATO
to be 172% and 205%, respectively (Table 4). On the contrary, the hepatic tissues of GA+ZNPs+ATO-treated rats had a significantly
lower As content (59%) compared to the ZNPs+ATO-co-exposed ones.

Regarding Zn accumulation in the hepatic tissue, the ZNPs, ATO, and ZNPs-+ATO exposed groups had significantly (P < 0.001)
higher Zn content (162%, 132%, and 167%, respectively) compared to the control group. In contrast, the oral dosing of GA signifi-
cantly (P < 0.001) reduced the ZNPs+ATO induced Zn accumulation in hepatic tissues to 56% compared to the ZNPs+ATO exposed
ones, and the values returned near-normal values.

4. Discussion

The current study demonstrated that the ZNPs, alone or with ATO, significantly elevated the serum indicators of hepatocyte
membrane disruption and cellular efflux [56]. Our findings were consistent with previous studies, which showed that ZNPs [10] and
ATO [16,17] induced liver injury with severe oxidative stress. GA lessened ZNPs-ATO-induced hepatotoxicity by significant decreases
in the elevated AST, ALT, and ALP levels, with the protection of hepatocytes’ efficiency. These findings were similar to those previously
reported by Zhu et al. [31], who found that GA significantly decreases serum hepatic enzymes and normalizes the expression of
pro-inflammatory cytokines, interleukins, and COX2.

Our results showed obvious hyperlipidemia in the ZNPs and/or ATO-exposed rats. Similar findings were obtained by Jiang et al.
[571, who confirmed that ATO exposure elevated the lipid profiles and induced hyperlipidemia in rats. Additionally, Mondal et al. [58]
found that adult male rats orally administered 3 mg ATO/kg b. wt for 30 consecutive days showed a marked increase in serum TC, TG,
and LDL but decreased HDL levels. Moreover, Moatamed et al. [59] recorded significant increases in TG, total cholesterol, and LDL
serum levels with an extensive decrease in serum HDL in the ZNPs-exposed group, and the toxicity was dose-dependent. GA
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Fig. 3. Liver sections stained with PAS, identified by their magenta color of glycogen granules in the cytoplasm of hepatocytes (arrows). A: Control
group showing strong PAS reaction. B: Gallic acid-treated group showing strong positive cells. C: Zinc oxide nanoparticles-exposed (ZNPs) group
showing wide areas that give negative results. D: Arsenic trioxide-exposed (ATO) group shows a decrease in cells’ positivity to the stain. E:
ZNPs+ATO co-exposed group showing wide areas of weak positivity to the stain. F: ZNPs+ATO+GA treated group showing an increase in the
glycogen content of cells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

significantly normalized the total cholesterol, TG, LDL, and VLDL and increased HDL concentrations in diabetic rats [60]. Interestingly,
the same authors reported that GA improved lipid profiles, oxidative stress, and inflammation by regulating microRNA expressions
associated with endothelial dysfunction. Of note, the results of LDL-C and VLDL-C reported herein should be considered in light of one
limitation. Despite the several earlier studies that depended on Friedewald et al. [47] equation in estimating LDL-C and VLDL-C
[61-63], as in our case. Yet, the equation’s use of a fixed factor of 5 to represent the link between TG and VLDL-C makes it suscep-
tible to inaccuracy at low LDL-C and/or high TG levels, where errors in calculating VLDL-C are accentuated [64,65]. Hence, to reduce
the possibility of error and improve the reliability of LDL-C readings, direct LDL-C assays could be used in future studies.

Our findings illustrated that the direct bilirubin (conjugated hyperbilirubinemia) level was significantly elevated in ZNPs, either
alone or with ATO indicating hepatic or prehepatic jaundice. However, the rise in conjugated bilirubin suggests cholestasis or he-
patocellular injury [66]. Total bilirubin elevation can occur in cholestatic or hepatocellular disorders, and elevated serum-conjugated
bilirubin suggests hepatocellular disease or biliary obstruction [67]. The catabolic product, bilirubin, is produced when the catalase
and peroxidase enzymes act on the heme moieties in the hemoglobin structure. Subsequently, the total hepatic bilirubin is converted to
conjugated bilirubin by the glucuronate pathway [68]. The histopathological findings support the earlier results as various patho-
logical changes were recorded in the hepatic tissues of the ATO and/or ZNPs-exposed rats. Moreover, the ZNPs + ATO-co-exposed rats
showed more severe histopathological alterations than those exposed to each individually.

Herein, the hepatic tissue of ZNPs and/or ATO-exposed rats showed a noticeable reduction of the antioxidant enzyme activities
(SOD and GPx) and increased lipid peroxidative damage. Several endogenous antioxidative indicators, such as SOD and GPx, are
activated to counteract synthesized free radicals and protect cells from oxidative injury [69]. When the liberated ROS free radicals
exceed the cell’s antioxidant capacity to scavenge them, oxidative stress arises from the peroxidation of membrane lipids [70]. Several
studies have previously recorded oxidative stress following ZNPs and/or ATO exposure [10,15,17]. However, GA co-administration
protects the liver against adverse changes in oxidative stress and increases the reduced levels of endogenous antioxidant bio-
markers [71]. GA suppressed tert-butyl hydroperoxide (t-BHP)-induced hepatic cytotoxicity and protected the tissues against ROS
oxidation [72]. The potential antioxidant of GA may be attributed to the restoration of cellular antioxidants [73], mitochondrial
enzymatic activities (including citrate synthase and cytochrome c oxidase), and intracellular ATP levels [74].

Our biochemical results were confirmed by the histological and immunohistochemical findings (Figs. 2-5 and Table 3). Histo-
pathologically, different changes indicate the hepatotoxic effects of ZNPs or ATO exposure, including vacuolar degeneration with
necrotic changes of the hepatocytes. The hepatic tissues of ZNPs or ATO-treated rats showed mononuclear cellular inflammatory
infiltrations, mostly lymphocytes and macrophages between hepatic cords. Perivascular edema and hemorrhage indicate the inter-
action between toxicants and the interstitial hepatic tissues, causing a variety of inflammatory responses [75]. Similar results were
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Fig. 4. Liver sections stained with Bcl-2, identified by a brown cytoplasmic reaction to Bcl-2 antibodies in the hepatocytes (arrows). A: Control
group showing strong immunoreactions. B: Gallic acid-treated group showing strong Bcl-2 antibodies mainly in the cytoplasm of hepatocytes. C:
Zinc oxide nanoparticles-exposed (ZNPs) group showing the moderate reaction of hepatocytes. D: Arsenic trioxide-exposed (ATO) group showing
moderate labeling cells. E: ZNPs+ATO co-exposed group showing weak expression of hepatocytes to the stain. F: ZNPs+ATO+GA treated group
showing the increased positive reaction of hepatocytes to the stain. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

reported by Zhang et al. [76] and Almansour et al. [77], who established that sinusoidal dilatation, lobular and portal triads in-
flammatory cells infiltration, necrosis, hydropic degeneration, hepatocytes apoptosis is found in ZNPs and ATO treated rats,
respectively.

In the current study, ZNPs and/or ATO-mediated cell death is associated with apoptosis, as evidenced by the recorded significant
decline in Bcl-2 and elevation in Bax immunoreactivities. Besides, the Bcl2/Bax ratio was significantly reduced in the hepatic tissues of
ZNPs and/or ATO- exposed rats. The Bcl2 to Bax ratio is an important determinant of apoptotic cell death [78,79]. In this regard,
Sharma et al. [80] proposed that oxidative stress might lead to apoptosis of liver cells during in vivo exposure to ZNPs. Besides,
ATO-induced ROS production has been reported to be responsible for initiating apoptotic consequences in liver cells [81]. On the other
hand, GA treatment significantly upset the ZNPs and ATO-induced apoptotic events in the hepatocytes. Similarly, GA considerably
suppressed the apoptotic changes in liver cells resulting from ZNPs and ATO exposure [82]. The defensive effect of GA against
oxidative stress might contribute to the antiapoptotic effect of GA [82,83].

Significant accumulation of As or Zn was evident in the liver of rats individually exposed to ATO and/or ZNPs. Comparably, Sharma
etal. [80] reported that sub-acute oral exposure to ZNPs resulted in a significant accumulation of NPs in the liver of mice. Additionally,
Dubey et al. [84] verified the strong correlation between As accumulation in the hepatic tissues in ATO-intoxicated rats and the
resultant hepatic damage. NPs are well-known for their huge surface area, allowing heavy metals to adsorb [85]. Heavy metals can
enter the organism as free ions or NP-heavy metal complexes, and NPs can carry their movement inside the organism [86]. It has also
been reported that high-activity ZNPs penetrate their target tissues and form a thick coating of NPs that cannot be absorbed by
phagocytes and enter the lymph flow with rapid systemic distribution [87]. The earlier facts could explain the significant hepatic
accumulation of As in the ZNPs+ATO co-exposed rats than those exposed to ATO alone. On the contrary, GA treatment significantly
reduced the As and Zn accumulation in the hepatic tissues of ZNPs and ATO-co-exposed rats. This effect could be highly linked to the
GA chelating activity [88]. Deguchi [89] evaluated the GA and Zn interaction by potentiometric titration and verified the complex-
ation between them, signifying that Zn prefers bonding to the GA carbonyl group.

5. Conclusion
Our results established the protective efficacy of co-administration of GA against hepatotoxicity in adult male rats caused by

subchronic ZNPs and ATO exposure. GA normalized biochemical, histological, and oxidative stress profiles and minimized the co-toxic
effects associated with its effective antioxidant properties. Therefore, it will be appropriate to recommend using GA as an adjuvant
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Fig. 5. Liver sections stained with Bax, identified by brown cytoplasmic reaction in the hepatocytes (arrows). A: Control group showing weak
immuno-labeling cells. B: Gallic acid-treated group showing weak immunoreaction of hepatocytes. C: Zinc oxide nanoparticles-exposed (ZNPs)
group showing strong expression of hepatocytes to the stain. D: Arsenic trioxide-exposed (ATO) group shows hepatocytes’ increased positive re-
action to the stain. E: ZNPs+ATO co-exposed group showing strong immunoreactions. F: ZNPs+ATO+GA treated group showing the decreased
reaction of cells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

remedy to NPs and potential heavy metal pollutants.
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Table 3

Effect of gallic acid (GA) oral dosing on hepatic Bcl2 and Bax immunoexpression and Bcl2/Bax ratio of rats exposed to zinc dioxide nanoparticles (ZNPs) and/or arsenic trioxide (ATO) for 60 days.
Hepatic immunoexpression Control GA ZNPs % of control* ATO % of control* ZNPs+ATO % of control* GA+ZNPs+ATO % of restoration”
Bcl2 84.00°+2.04 80.33%+0.62 23.334 + 1.03 28 28.00°+2.04 33 19.67¢ + 0.85 23 69.00° + 2.45 351
Bax 23.00°+1.63 19.33°£1.03 50.00° + 2.45 217 61.33%+1.55 267 54.33" + 2.05 236 20.33°£1.03 37
Bcl2/Bax ratio 3.70 %" + 0.18 4.21740.25 0.47°40.00 13 0.46°+0.05 12 0.37°40.03 10 3.45" + 0.29 933

*% of control = (mean value of the intoxicated group/mean values of the control group)*100. 7 % of restoration= (mean value of GA+ZNPs+ATO group/mean values of ZNPs-+ATO group)*100. ND: Not
detected. Means within the same row carrying different superscripts are significantly different at p < 0.05. The values shown are means + SE. n = 10 group.

Ip 32 pnoog-TI-0qy N

9zEL12 (£20T) 6 UoAoH
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Table 4

Effect of gallic acid (GA) oral dosing on liver content of arsenic (ATO) and zinc (Zn) of rats exposed to zinc dioxide nanoparticles (ZNPs) and/or arsenic trioxide (ATO) for 60 days.
Residues (ppm) Control GA ZNPs % of control* ATO % of control* ZNPs+ATO % of control* GA-+ZNPs+ATO % of restoration”
Arsenic (As) 0.39°4+0.01 0.29 9 +0.03 0.47°+0.02 121 0.67 ° + 0.03 172 0.80%+0.03 205 0.47°+£0.02 59
Zinc (Zn) 24.63°+0.68 20.13¢ + 1.74 40.00%+0.82 162 32.43° +1.05 132 41.23%+1.13 167 23.17 4 + 0.78 56

*% of control = (mean value of the intoxicated group/mean values of the control group)*100. # % of restoration= (mean value of GA + ZNPs + ATO group/mean values of ZNPs + ATO group)*100. ND:

Not detected. Means within the same row carrying different superscripts are significantly different at p < 0.05. The values shown are means + SE. n = 10 group.

Ip 32 pnoog-TI-0qy N

9zEL12 (£20T) 6 UoAoH



K. Abo-EL-Sooud et al. Heliyon 9 (2023) e17326

References

[1]
[2]

[3]
[4]

[5

—

[6]
[71

[8]

[91
[10]

[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]

[27]
[28]

[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]

[39]

F. Islam, S. Shohag, M.J. Uddin, M.R. Islam, M.H. Nafady, A. Akter, S. Mitra, A. Roy, T.B. Emran, S. Cavalu, Exploring the journey of zinc oxide nanoparticles
(ZnO-NPs) toward biomedical applications, Materials 15 (6) (2022).

H. Mahfouz, N. Dahran, A.A.-R. Mohamed, Y.M. Abd El-Hakim, M.M. Metwally, L.S. Algahtani, H.A. Abdelmawlla, H.A. Wahab, G. Shamlan, M.A. Nassan,
Stabilization of glutathione redox dynamics and CYP2E1 by green synthesized Moringa oleifera-mediated zinc oxide nanoparticles against acrylamide induced
hepatotoxicity in rat model: morphometric and molecular perspectives, Food Chem. Toxicol. 176 (2023), 113744.

O. Dlugosz, K. Szostak, A. Staron, J. Pulit-Prociak, M. Banach, Methods for reducing the toxicity of metal and metal oxide NPs as biomedicine, Materials 13 (2)
(2020) 279.

G. Mostafa-Hedeab, A. Behairy, Y.M. Abd-Elhakim, A.A.-R. Mohamed, A.E. Noreldin, N. Dahran, R.A. Gaber, L.S. Algahtani, W.M. Essawi, A.A. Eskandrani,
Green synthesized zinc oxide nanoparticles using moringa olifera ethanolic extract lessens acrylamide-induced testicular damage, apoptosis, and
steroidogenesis-related gene dysregulation in adult rats, Antioxidants 12 (2) (2023) 361.

S. Rajan Abhinaya, R. Padmini, Biofabrication of zinc oxide nanoparticles using pterocarpus marsupium and its biomedical applications, Asian J. Pharmaceut.
Clin. Res. 12 (1) (2019) 245-249.

A. Jayachandran, A. T R, A.S. Nair, Green synthesis and characterization of zinc oxide nanoparticles using Cayratia pedata leaf extract, Biochemistry and
Biophysics Reports 26 (2021), 100995.

N. Dahran, Y.M. Abd-Elhakim, A.A.-R. Mohamed, M.M. Abd-Elsalam, E.N. Said, M.M. Metwally, A.E. Abdelhamid, B.A. Hassan, M. Alsieni, M.E. Alosaimi,
Palliative effect of Moringa olifera-mediated zinc oxide nanoparticles against acrylamide-induced neurotoxicity in rats, Food Chem. Toxicol. 171 (2023),
113537.

M.M. Kiyani, M.A. Butt, H. Rehman, H. Ali, S.A. Hussain, S. Obaid, M. Arif Hussain, T. Mahmood, S.A.L. Bokhari, Antioxidant and anti-gout effects of orally
administered zinc oxide nanoparticles in gouty mice, J. Trace Elem. Med. Biol. : organ of the Society for Minerals and Trace Elements (GMS) 56 (2019) 169-177.
A. Czyzowska, A. Barbasz, A review: zinc oxide nanoparticles - friends or enemies? Int. J. Environ. Health Res. 32 (4) (2022) 885-901.

R. Abbasalipourkabir, H. Moradi, S. Zarei, S. Asadi, A. Salehzadeh, A. Ghafourikhosroshahi, M. Mortazavi, N. Ziamajidi, Toxicity of zinc oxide nanoparticles on
adult male Wistar rats, Food Chem. Toxicol. : Int. J. Pub. Br. Ind. Biol. Res. Assoc. 84 (2015) 154-160.

M. Dawood, S. Hamdoun, T. Efferth, Multifactorial modes of action of arsenic trioxide in cancer cells as analyzed by classical and network pharmacology, Front.
Pharmacol. 9 (2018) 143.

Y. Fang, Z. Zhang, Arsenic trioxide as a novel anti-glioma drug: a review, Cell. Mol. Biol. Lett. 25 (2020) 44.

P. Fenaux, G.J. Mufti, E. Hellstrom-Lindberg, V. Santini, C. Finelli, A. Giagounidis, R. Schoch, N. Gattermann, G. Sanz, A. List, S.D. Gore, J.F. Seymour, J.
M. Bennett, J. Byrd, J. Backstrom, L. Zimmerman, D. McKenzie, C. Beach, L.R. Silverman, Efficacy of azacitidine compared with that of conventional care
regimens in the treatment of higher-risk myelodysplastic syndromes: a randomised, open-label, phase III study, the Lancet, Oncology 10 (3) (2009) 223-232.
Y. Xue, M. Li, Y. Xue, W. Jin, X. Han, J. Zhang, X. Chu, Z. Li, L. Chu, Mechanisms underlying the protective effect of tannic acid against arsenic trioxide-induced
cardiotoxicity in rats: potential involvement of mitochondrial apoptosis, Mol. Med. Rep. 22 (6) (2020) 4663-4674.

R. Garla, N. Sharma, Shamli, N. Kaushal, M.L. Garg, Effect of zinc on hepatic and renal tissues of chronically arsenic exposed rats: a biochemical and
histopathological study, Biol. Trace Elem. Res. 199 (11) (2021) 4237-4250.

K. Irshad, K. Rehman, M.S.H. Akash, I. Hussain, Biochemical investigation of therapeutic potential of resveratrol against arsenic intoxication, Dose Response 19
(4) (2021), 15593258211060941.

P.N. Saxena, S. Anand, N. Saxena, P. Bajaj, Effect of arsenic trioxide on renal functions and its modulation by Curcuma aromatica leaf extract in albino rat,
J. Environ. Biol. 30 (4) (2009) 527-531.

L. Wang, M.C. Kou, C.Y. Weng, L.W. Hu, Y.J. Wang, M.J. Wu, Arsenic modulates heme oxygenase-1, interleukin-6, and vascular endothelial growth factor
expression in endothelial cells: roles of ROS, NF-kB, and MAPK pathways, Arch. Toxicol. 86 (6) (2012) 879-896.

Z. Pan-Pan, Z. Wen-Jun, X. Rong, L. Xiao-Jing, Y. Wei, P. Feng-Kui, Studies on serum of arsenic trioxide treated rats by H-1 NMR based metabonomics, Chin. J.
Anal. Chem. 41 (9) (2013) 1434-1438.

C. Li, S. Zhang, L. Li, Q. Hu, S. Ji, Ursodeoxycholic acid protects against arsenic induced hepatotoxicity by the Nrf2 signaling pathway, Front. Pharmacol. 11
(2020).

Y.M. Abd-Elhakim, M.M. Hashem, K. Abo-El-Sooud, B.A. Hassan, K.M. Elbohi, A.A. Al-Sagheer, Effects of Co-exposure of nanoparticles and metals on different
organisms: a review, Toxics 9 (11) (2021).

A. Behairy, M.M. Hashem, K. Abo-El-Sooud, A.E. El-Metwally, B.A. Hassan, Y.M. Abd-Elhakim, Quercetin abates aluminum trioxide nanoparticles and lead
acetate induced altered sperm quality, testicular oxidative damage, and sexual hormones disruption in male rats, Antioxidants 11 (11) (2022) 2133.

K. Abo-El-Sooud, Y.M. Abd-Elhakim, M.M. Hashem, A.E. El-Metwally, B.A. Hassan, H.H. El-Nour, Ameliorative Effects of Quercetin against Hepatic Toxicity of
Oral Sub-chronic Co-exposure to Aluminum Oxide Nanoparticles and Lead-Acetate in Male Rats, Naunyn-Schmiedeberg’s Archives of Pharmacology, 2022,
pp. 1-11.

1. Sharma, Arsenic induced oxidative stress in plants, Biologia 67 (3) (2012) 447-453.

R. Liu, R. Lal, Potentials of engineered nanoparticles as fertilizers for increasing agronomic productions, Sci. Total Environ. 514 (2015) 131-139.

M.S. Sheteiwy, H. Shaghaleh, Y.A. Hamoud, P. Holford, H. Shao, W. Qi, M.Z. Hashmi, T. Wu, Zinc oxide nanoparticles: potential effects on soil properties, crop
production, food processing, and food quality, Environ. Sci. Pollut. Control Ser. 28 (28) (2021) 36942-36966.

J. Jiang, J. Pi, J. Cai, The advancing of zinc oxide nanoparticles for biomedical applications, Bioinorgan. Chem. Appl. 2018 (2018), 1062562.

N.M. Hepp, W.R. Mindak, J.W. Gasper, C.B. Thompson, J.N. Barrows, Survey of cosmetics for arsenic, cadmium, chromium, cobalt, lead, mercury, and nickel
content, J. Cosmet. Sci. 65 (3) (2014) 125.

K. Keune, J. Mass, F. Meirer, C. Pottasch, A. van Loon, A. Hull, J. Church, E. Pouyet, M. Cotte, A. Mehta, Tracking the transformation and transport of arsenic
sulfide pigments in paints: synchrotron-based X-ray micro-analyses, J. Anal. At. Spectrom. 30 (3) (2015) 813-827.

S.I. Ojeaburu, K. Oriakhi, Hepatoprotective, antioxidant and, anti-inflammatory potentials of gallic acid in carbon tetrachloride-induced hepatic damage in
Wistar rats, Toxicol Rep 8 (2021) 177-185.

L. Zhu, P. Gu, H. Shen, Gallic acid improved inflammation via NF-kB pathway in TNBS-induced ulcerative colitis, Int. Inmunopharm. 67 (2019) 129-137.
S. Verma, A. Singh, A. Mishra, Gallic acid: molecular rival of cancer, Environ. Toxicol. Pharmacol. 35 (3) (2013) 473-485.

S.A. Sheweita, A.A. Almasmari, S.G. El-Banna, Tramadol-induced hepato- and nephrotoxicity in rats: role of Curcumin and Gallic acid as antioxidants, PLoS One
13 (8) (2018), e0202110.

D. Dhianawaty, L.R. Nurfazriah, A. Rezano, Gallic acid content and antioxidant activity of pomegranate peel ethanol extract, Majalah Kedokteran Bandung 52
(4) (2020) 243-248.

A.G. Ramadan, A.A. Yassein, E.A. Eissa, M.S. Mahmoud, G.M. Hassan, Biochemical and histopathological alterations induced by subchronic exposure to zinc
oxide nanoparticle in male rats and assessment of its genotoxicicty, J. Umm Al-Qura Univ. Appl. Sci. (2022) 1-9.

P. Thonglerth, P. Sujaridworakun, O. Boondamnoen, Preparation of ZnO nanoparticles water-based dispersion, in: Journal of Physics: Conference Series, IOP
Publishing, 2022, 012029.

G. Yigitturk, A.C. Acara, O. Erbas, F. Oltulu, N.U.K. Yavasoglu, A. Uysal, A. Yavasoglu, The antioxidant role of agomelatine and gallic acid on oxidative stress in
STZ induced type I diabetic rat testes, Biomed. Pharmacotherapy = Biomed. Pharmacotherapie 87 (2017) 240-246.

M.M. Hussein, H.A. Ali, LM. Saadeldin, M.M. Ahmed, Querectin alleviates zinc oxide nanoreprotoxicity in male albino rats, J. Biochem. Mol. Toxicol. 30 (10)
(2016) 489-496.

P. Pei, X. Yao, L. Jiang, T. Qiu, N. Wang, L. Yang, N. Gao, Z. Wang, G. Yang, X. Liu, S. Liu, X. Jia, Y. Tao, S. Wei, X. Sun, Inorganic arsenic induces pyroptosis and
pancreatic p cells dysfunction through stimulating the IRE1a/TNF-a pathway and protective effect of taurine, Food Chem. Toxicol. : Int. J. Pub. Br. Ind. Biol.
Res. Assoc. 125 (2019) 392-402.

14


http://refhub.elsevier.com/S2405-8440(23)04534-6/sref1
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref1
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref2
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref2
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref2
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref3
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref3
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref4
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref4
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref4
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref5
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref5
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref6
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref6
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref7
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref7
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref7
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref8
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref8
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref9
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref10
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref10
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref11
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref11
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref12
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref13
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref13
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref13
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref14
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref14
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref15
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref15
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref16
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref16
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref17
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref17
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref18
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref18
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref19
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref19
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref20
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref20
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref21
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref21
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref22
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref22
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref23
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref23
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref23
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref24
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref25
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref26
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref26
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref27
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref28
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref28
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref29
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref29
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref30
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref30
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref31
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref32
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref33
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref33
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref34
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref34
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref35
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref35
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref36
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref36
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref37
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref37
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref38
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref38
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref39
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref39
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref39

K. Abo-EL-Sooud et al. Heliyon 9 (2023) e17326

[40] T. Matsuzawa, M. Sakazume, Effects of fasting on haematology and clinical chemistry values in the rat and dog, Comp. Haematol. Int. 4 (3) (1994) 152-156.

[41] S. Reitman, S. Frankel, A colorimetric method for the determination of serum glutamic oxalacetic and glutamic pyruvic transaminases, Am. J. Clin. Pathol. 28
(1) (1957) 56-63.

[42] P.R. Kind, E.J. King, Estimation of plasma phosphatase by determination of hydrolysed phenol with amino-antipyrine, J. Clin. Pathol. 7 (4) (1954) 322-326.

[43] M.I. Walters, H.W. Gerarde, An ultramicromethod for the determination of conjugated and total bilirubin in serum or plasma, Microchem. J. 15 (2) (1970)
231-243.

[44] L.L. Abel, B.B. Levy, B.B. Brodie, F.E. Kendall, A simplified method for the estimation of total cholesterol in serum and demonstration of its specificity, J. Biol.
Chem. 195 (1) (1952) 357-366.

[45] G. Bucolo, H. David, Quantitative determination of serum triglycerides by the use of enzymes, Clin. Chem. 19 (5) (1973) 476-482.

[46] G. Assmann, H. Schriewer, G. Schmitz, E.O. Hagele, Quantification of high-density-lipoprotein cholesterol by precipitation with phosphotungstic acid/MgCl2,
Clin. Chem. 29 (12) (1983) 2026-2030.

[47] W.T. Friedewald, R.I. Levy, D.S. Fredrickson, Estimation of the concentration of low-density lipoprotein cholesterol in plasma, without use of the preparative
ultracentrifuge, Clin. Chem. 18 (6) (1972) 499-502.

[48] M.M. Kaplan, R.D. Utiger, Iodothyronine metabolism in rat liver homogenates, J. Clin. Investig. 61 (2) (1978) 459-471.

[49] 1. Durak, A methodological approach to superoxide dismutase (SOD) activity assay based on inhibition of nitroblue tetrazolium (NBT) reduction, Clin. Chim.
Acta 214 (1993) 103-104.

[50] H. Ohkawa, W. Ohishi, K. Yagi, Colorimetric method for determination of MDA activity, Biochemistry 95 (1979) 351.

[51] D.E. Paglia, W.N. Valentine, Studies on the quantitative and qualitative characterization of erythrocyte glutathione peroxidase, J. Lab. Clin. Med. 70 (1) (1967)
158-169.

[52] J. Bancroft, C. Layton, The hematoxylins and eosin (chapter 10), in: S.K. Suvarna, C. Layton, J.D. Bancroft (Eds.), Bancroft’s Theory and Practice of Histological
Techniques, seventh ed. vol. 2013, Churchill, Living Stone, Elsevier, UK, 2013, p. 978. Ebook (Online) ISBN.

[53] C. Layton, J.D. Bancroft, S.K. Suvarna, in: S.K. Suvarna, C. Layton, J.D. Bancroft (Eds.), 4—Fixation of Tissues, Bancroft’s Theory and Practice of Histological
Techniques, eighth ed., 2019, pp. 40-63.

[54] A. Pedrycz, K. Czerny, Immunohistochemical study of proteins linked to apoptosis in rat fetal kidney cells following prepregnancy adriamycin administration in
the mother, Acta Histochem. 110 (2008) 519-523.

[55] F.M. Kandemir, S. Yildirim, C. Caglayan, S. Kucukler, G. Eser, Protective effects of zingerone on cisplatin-induced nephrotoxicity in female rats, Environ. Sci.
Pollut. Res. Int. 26 (22) (2019) 22562-22574.

[56] N. Singh, N. Khullar, V. Kakkar, I.P. Kaur, Sesamol loaded solid lipid nanoparticles: a promising intervention for control of carbon tetrachloride induced
hepatotoxicity, BMC Compl. Alternative Med. 15 (2015) 142.

[57] Y. Jiang, L. Wang, L. Yao, Z. Liu, H. Gao, Protective effect of edible marine algae, Laminaria japonica and Porphyra haitanensis, on subchronic toxicity in rats
induced by inorganic arsenic, Biol. Trace Elem. Res. 154 (3) (2013) 379-386.

[58] R. Mondal, S. Biswas, A. Chatterjee, R. Mishra, A. Mukhopadhyay, R.K. Bhadra, P.K. Mukhopadhyay, Protection against arsenic-induced hematological and
hepatic anomalies by supplementation of vitamin C and vitamin E in adult male rats, J. Basic Clin. Physiol. Pharmacol. 27 (6) (2016) 643-652.

[59] E.R. Moatamed, A.A. Hussein, M.M. El-Desoky, Z.E. Khayat, Comparative study of zinc oxide nanoparticles and its bulk form on liver function of Wistar rat,
Toxicol. Ind. Health 35 (10) (2019) 627-637.

[60] F.R.A. Akbari, M. Badavi, M. Dianat, S. Mard, A. Ahangarpour, Gallic acid improves oxidative stress and inflammation through regulating microRNAs
expressions in the blood of diabetic rats, Acta Endocrinol. 15 (2) (2019) 187.

[61] A.N. Abdel Rahman, M. ElHady, M.E. Hassanin, A.A.-R. Mohamed, Alleviative effects of dietary Indian lotus leaves on heavy metals-induced hepato-renal
toxicity, oxidative stress, and histopathological alterations in Nile tilapia, Oreochromis niloticus (L.) Aquacult. 509 (2019) 198-208.

[62] A.M. Al-Attar, M.H.R. Elnaggar, E.A. Almalki, Physiological study on the influence of some plant oils in rats exposed to a sublethal concentration of diazinon,
Saudi J. Biol. Sci. 25 (4) (2018) 786-796.

[63] L.A.Ismaiil, W.H. Joumaa, M.E. Moustafa, Selenium decreases triglycerides and VLDL-c in diabetic rats exposed to electromagnetic radiation from mobile phone
base stations, J. Taibah Univ. Sci. 13 (1) (2019) 844-849.

[64] S.S. Martin, R.P. Giugliano, S.A. Murphy, S.M. Wasserman, E.A. Stein, R. Ceska, J. Lopez-Miranda, B. Georgiev, A.J. Lorenzatti, M.J. Tikkanen, Comparison of
low-density lipoprotein cholesterol assessment by Martin/Hopkins estimation, Friedewald estimation, and preparative ultracentrifugation: insights from the
FOURIER trial, JAMA cardiology 3 (8) (2018) 749-753.

[65] M. Sampson, C. Ling, Q. Sun, R. Harb, M. Ashmaig, R. Warnick, A. Sethi, J.K. Fleming, J.D. Otvos, J.W. Meeusen, A new equation for calculation of low-density
lipoprotein cholesterol in patients with normolipidemia and/or hypertriglyceridemia, JAMA cardiology 5 (5) (2020) 540-548.

[66] J. Cvorovi¢, S. Passamonti, Membrane transporters for bilirubin and its conjugates: a systematic review, Front. Pharmacol. 8 (2017).

[67] P.Y. Kwo, S.M. Cohen, J.K. Lim, ACG clinical guideline: evaluation of abnormal liver chemistries, Am. J. Gastroenterol. 112 (1) (2017) 18-35.

[68] R. Harb, D.W. Thomas, Conjugated hyperbilirubinemia: screening and treatment in older infants and children, Pediatr. Rev. 28 (3) (2007) 83-91.

[69] A.M. Pisoschi, A. Pop, F. Iordache, L. Stanca, G. Predoi, A.I. Serban, Oxidative stress mitigation by antioxidants - an overview on their chemistry and influences
on health status, Eur. J. Med. Chem. 209 (2021), 112891.

[70] C.J.L. Busch, T. Hendrikx, D. Weismann, S. Jéackel, S.M. Walenbergh, A.F. Rendeiro, J. WeiBler, F. Puhm, A. Hladik, L. Goderle, Malondialdehyde epitopes are
sterile mediators of hepatic inflammation in hypercholesterolemic mice, Hepatology 65 (4) (2017) 1181-1195.

[71] O.A. Ojo, D. Rotimi, A.E. Bright, O.T. Kayode, A. Busola, 0.0.A. Ojo, B.O. Ajiboye, O.M. Oluba, Gallic acid protects against cadmium chloride-induced
alterations in Wistar rats via the antioxidant defense mechanism, J. Pharm. Pharmacognosy Res. 9 (5) (2021) 668-676.

[72] R.B. Feng, Y. Wang, C. He, Y. Yang, J.B. Wan, Gallic acid, a natural polyphenol, protects against tert-butyl hydroperoxide- induced hepatotoxicity by activating
ERK-Nrf2-Keapl-mediated antioxidative response, Food Chem. Toxicol. : Int. J. Pub. Br. Ind. Biol. Res. Assoc. 119 (2018) 479-488.

[73]1 J. Gao, J. Hu, D. Hu, X. Yang, A role of gallic acid in oxidative damage diseases: a comprehensive review, Nat. Prod. Commun. 14 (8) (2019),
1934578X19874174.

[74] W.T. Chang, S.C. Huang, H.L. Cheng, S.C. Chen, C.L. Hsu, Rutin and gallic acid regulates mitochondrial functions via the SIRT1 pathway in C2C12 myotubes,
Antioxidants 10 (2) (2021).

[75] S. Orrenius, P. Nicotera, B. Zhivotovsky, Cell death mechanisms and their implications in toxicology, Toxicol. Sci. : Off. J. Soc. Toxicol. 119 (1) (2011) 3-19.

[76] W. Zhang, J. Xue, M. Ge, M. Yu, L. Liu, Z. Zhang, Resveratrol attenuates hepatotoxicity of rats exposed to arsenic trioxide, Food Chem. Toxicol. : Int. J. Pub. Br.
Ind. Biol. Res. Assoc. 51 (2013) 87-92.

[771 M.I. Almansour, M.A. Alferah, Z.A. Shraideh, B.M. Jarrar, Zinc oxide nanoparticles hepatotoxicity: histological and histochemical study, Environ. Toxicol.
Pharmacol. 51 (2017) 124-130.

[78] Z.N. Oltval, C.L. Milliman, S.J. Korsmeyer, Bcl-2 heterodimerizes in vivo with a conserved homolog, Bax, that accelerates programed cell death, Cell 74 (4)
(1993) 609-619.

[79] E. Yang, J. Zha, J. Jockel, L.H. Boise, C.B. Thompson, S.J. Korsmeyer, Bad, a heterodimeric partner for Bcl-XL and Bcl-2, displaces Bax and promotes cell death,
Cell 80 (2) (1995) 285-291.

[80] V. Sharma, P. Singh, A.K. Pandey, A. Dhawan, Induction of oxidative stress, DNA damage and apoptosis in mouse liver after sub-acute oral exposure to zinc
oxide nanoparticles, Mutat. Res., Genet. Toxicol. Environ. Mutagen. 745 (1) (2012) 84-91.

[81] M. Liu, B. Zheng, P. Liu, J. Zhang, X. Chu, C. Dong, J. Shi, Y. Liang, L. Chu, Y. Liu, Exploration of the hepatoprotective effect and mechanism of magnesium
isoglycyrrhizinate in mice with arsenic trioxide-induced acute liver injury, Mol. Med. Rep. 23 (6) (2021) 1-13.

[82] M. Tanaka, A. Sato, Y. Kishimoto, H. Mabashi-Asazuma, K. Kondo, K. Iida, Gallic acid inhibits lipid accumulation via AMPK pathway and suppresses apoptosis
and macrophage-mediated inflammation in hepatocytes, Nutrients 12 (5) (2020).

15


http://refhub.elsevier.com/S2405-8440(23)04534-6/sref40
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref41
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref41
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref42
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref43
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref43
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref44
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref44
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref45
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref46
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref46
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref47
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref47
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref48
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref49
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref49
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref50
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref51
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref51
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref52
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref52
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref53
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref53
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref54
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref54
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref55
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref55
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref56
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref56
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref57
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref57
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref58
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref58
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref59
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref59
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref60
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref60
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref61
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref61
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref62
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref62
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref63
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref63
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref64
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref64
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref64
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref65
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref65
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref66
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref67
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref68
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref69
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref69
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref70
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref70
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref71
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref71
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref72
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref72
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref73
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref73
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref74
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref74
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref75
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref76
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref76
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref77
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref77
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref78
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref78
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref79
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref79
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref80
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref80
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref81
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref81
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref82
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref82

K. Abo-EL-Sooud et al. Heliyon 9 (2023) e17326

[83]
[84]
[85]
[86]
[87]

[88]

[89]

M. Tanaka, Y. Kishimoto, M. Sasaki, A. Sato, T. Kamiya, K. Kondo, K. lida, Terminalia bellirica (Gaertn.) Roxb. extract and gallic acid attenuate LPS-induced
inflammation and oxidative stress via MAPK/NF-kB and Akt/AMPK/Nrf2 pathways, Oxid. Med. Cell. Longev. 2018 (2018).

N.P. Dubey, S. Jain, H. Maheshwari, Chronic study of arsenic trioxide-induced hepatotoxicity in relation to arsenic liver accumulation in rats, Toxicol. Environ.
Chem. 96 (3) (2014) 491-499.

F.I. El-Dib, D.E. Mohamed, O.A.A. El-Shamy, M.R. Mishrif, Study the adsorption properties of magnetite nanoparticles in the presence of different synthesized
surfactants for heavy metal ions removal, Egypt. J. Petrol. 29 (1) (2020) 1-7.

S. Naasz, R. Altenburger, D. Kiihnel, Environmental mixtures of nanomaterials and chemicals: the Trojan-horse phenomenon and its relevance for ecotoxicity,
Sci. Total Environ. 635 (2018) 1170-1181.

A. Rahman, M.H. Harunsani, A.L. Tan, M.M. Khan, Zinc oxide and zinc oxide-based nanostructures: biogenic and phytogenic synthesis, properties and
applications, Bioproc. Biosyst. Eng. 44 (7) (2021) 1333-1372.

J.E. Rocha, T.T.A.M. Guedes, C.F. Bezerra, M.d.S. Costa, F.F. Campina, T.S. de Freitas, A.K. Souza, C.E. Sobral Souza, Y.M.L.S. de Matos, F.N. Pereira-Junior, J.
H. da Silva, LR.A. Menezes, R.N.P. Teixeira, A.V. Colares, H.D.M. Coutinho, Identification of the gallic acid mechanism of action on mercury chloride toxicity
reduction using infrared spectroscopy and antioxidant assays, Int. Biodeterior. Biodegrad. 141 (2019) 24-29.

T.G.F. Deguchi, Estudo do equilibrio quimico de compostos modelo de taninos com fons metalicos para o tratamento de efluentes industriais, 2006.

16


http://refhub.elsevier.com/S2405-8440(23)04534-6/sref83
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref83
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref84
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref84
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref85
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref85
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref86
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref86
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref87
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref87
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref88
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref88
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref88
http://refhub.elsevier.com/S2405-8440(23)04534-6/sref89

	Restorative effects of gallic acid against sub-chronic hepatic toxicity of co-exposure to zinc oxide nanoparticles and arse ...
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and reagents
	2.2 ZNPs suspension preparation
	2.3 Animals and experimental design
	2.4 Sampling
	2.5 Estimation of hepatic enzymes and bilirubin levels
	2.6 Lipid profile assay
	2.7 Oxidative stress and antioxidant indicators in liver homogenate
	2.8 Histopathological examination
	2.9 Histochemical examination
	2.10 Immunohistochemical analysis
	2.11 Determination of Zn and as hepatic contents
	2.12 Statistical analysis

	3 Results
	3.1 Effects on body weight change
	3.2 Effects on liver function indicators
	3.3 Effects on lipid profile
	3.4 Effects on hepatic oxidative stress and lipid peroxidation indicators
	3.5 Histopathological findings
	3.6 Histochemical findings
	3.7 Immunohistochemical evaluation
	3.8 Zinc and arsenic hepatic residues

	4 Discussion
	5 Conclusion
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of competing interest
	References


