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Some reports emphasize that zinc oxide nanoparticles (ZnO NPs) are detrimental to 
the reproductive organs of animals. As such, this research aimed at exploring the apop-
totic potential of ZnO NPs on testis along with the beneficial role of Vitamins (V) A, 
C, and E against ZnO NP-induced damage. To this aim, a population of 54 healthy, male 
Wistar rats were used in this work and then assigned into nine groups of 6 rats as G1: 
Control 1 (Water); G2: Control 2 (Olive oil); G3: VA (1000 IU/kg), G4: VC (200 mg/kg), 
G5: VE (100 IU/kg), G6: ZnO NPs exposed animals (200 mg/kg); and G7, 8 and 9: ZnO 
NPs-exposed animals that were pre-treated with either VA, C, or E. Apoptosis rates 
were estimated by measuring the level of apoptotic regulatory markers including 
Bcl-2-associated X (Bax) and B-cell lymphoma protein 2 (Bcl-2) using western blotting 
and qRT-PCR assays. The data indicated that ZnO NPs exposure elevates the level of 
Bax protein and gene expression, whereas the protein and gene expression of Bcl-2 was 
reduced. Further, the activation of caspase-3,7 occurred after exposure to ZnO NPs, 
while the above alterations were significantly alleviated in the rats that were co-treated 
with VA, C, or E and ZnO NPs relative to the rats in the ZnO NPs group. In summary, 
VA, C, and E exerted anti-apoptotic functions in the testis of rats following admin-
istration of ZnO NPs. 
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INTRODUCTION

The increasing use of zinc oxide nanoparticles (ZnO NPs) 
in various products and even medical fields indicates their 
broad applications in human life. The ever-expanding 
usages of ZnO NPs are linked with widespread human ex-
posure, which eventually results in health risks.1 Ample 
in-vitro studies2-4 have reported ZnO NPs as toxic agents 
in various cell types. Those studies have reported various 
mechanisms through which ZnO NPs can induce a consid-
erable cytotoxic impact including induction of oxidative 
stress which in turn leads to apoptosis or cell death. 

Indeed, the tiny size of nanoparticles helps them easily 
enter the body and even they may accumulate in tissues 
such as testis, which subsequently can affect several nor-

mal functions of the male reproductive tract. It has also 
been found that NPs exert negative effects on the male re-
productive system through activation of apoptosis.5 For in-
stance, it has been revealed that AgNPs induce testicular 
damage and apoptosis in rats.6 

Apoptosis is a programmed form of cell death which is 
classified into two major forms: extrinsic and intrinsic. 
This type of cell death is involved in many diseases such 
as cancer,7 infertility,8 etc. Intrinsic apoptosis contributes 
to the ZnO NPs’ toxicity in which B-cell lymphoma 2 (Bcl-2), 
Bcl-2 associated X protein (Bax) proteins, as well as the cas-
pase family play important roles in triggering apoptosis.9 
In this respect, several research works have demonstrated 
that the potential and permeability of the mitochondrial 
membrane might be controlled by adjusting Bcl-2 family 
proteins. Bax, as one of the important components of Bcl-2 
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TABLE 1. Primer sequences used for qRT-PCR experiments

Gene Forward Reverse Product size (bp)

-actin ATCAGCAAGCAGGAGTACGAT AAAGGGTGTAAAACGCAGCTC 94
Bax ACTAAAGTGCCCGAGCTGA ACTCCAGCCACAAAGATGGT 161
Bcl-2 GAGCGTCAACAGGGAGA GCCAGGAGAAATCAAACA 164

family, enters the mitochondrial membrane after its acti-
vation, enhancing membrane permeability and then giv-
ing rise to release of cytochrome c, activation of several cas-
pases, and eventually cell death.10 

Furthermore, some reports have indicated that when 
tissues are damaged by a toxicant, apoptosis can occur.11,12 
This has motivated researchers to investigate the apop-
totic mechanisms of harmful agents. Additionally, further 
attention has been directed towards studies on the pro-
tective properties of antioxidants against damages caused 
by chemicals.13,14

Several roles of vitamins (V) in improving health con-
ditions of the male reproductive system have been well 
demonstrated.15,16 For example, VC and E are reported as 
strong antioxidants, which can reduce testicular injury.17 

Vit A, as a potent antioxidant, contributes to cell growth 
as well as mitigating many of the detrimental effects of 
xenobiotics in the reproductive system.18,19 

Since it is still unclear whether consumption of vitamins 
would be effective in mitigating the apoptotic activity of 
ZnO NPs in the male reproductive tract, this research was 
performed to assess the probable ameliorative influence of 
VA, C, and E on apoptosis-associated factors in the rat’s tes-
tis exposed to ZnO NPs. 

MATERIALS AND METHODS

1. Chemicals and reagents
Powder of ZnO NPs was bought from Nanosany Company, 

(Mashhad, Iran). The NPs were 20 nm in size and had 
spherical morphology. Characterization of the purchased 
ZnO NPs were reported in the former publication.20 

Olive oil and powder of VA, C and E were bought from 
Sigma-Aldrich. After that, we dissolved the VA and VE in 
olive oil to prepare the desired concentrations as suggested 
in former studies.21,22 Also, the solution of VC (200 mg/kg) 
was made in distilled water.23 The suspension of NPs (200 
mg/kg body) was prepared in fresh distilled water accord-
ing to a previous work.24 

2. Experimental design and animal grouping
A population of 54 male healthy Wistar rats with an aver-

age weight of 200±15 g were procured from the Animal Care 
Center-Hamadan University of Medical Sciences (Hamadan, 
Iran) and maintained under standard conditions according 
to our previous study.25 

The animals were randomly distributed into 9 groups of 
6 rats per group. It is noteworthy that the ZnO NPs admin-
istration was started one week after consumption of 

vitamins. This work was performed over 3 weeks. The nine 
experimental groups were as follows: Control 1: treatment 
with 1 ml/day bi-distilled water, Control 2: treatment with 
1 ml/day olive oil, VA: treatment with VA (1000 IU/kg), VC: 
treatment with VC (200 mg/kg), VE: treatment with VE 
(100 IU/kg) by gavage for 21 days, ZnO: treatment with 
bi-distilled water for 7 days followed by administration of 
ZnO NPs (200 mg/kg) by gavage for 14 days. ZnO+VA: 
co-treatment with ZnO NPs (200 mg/kg) and VA (1000 
IU/kg), ZnO+VC: co-treatment with ZnO NPs (200 mg/kg) 
and VC (200 mg/kg), ZnO+VE: co-treatment with ZnO NPs 
(200 mg/kg) and VE (100 IU/kg) by gavage for 14 days fol-
lowing administration of vitamins for 7 days. 

3. Evaluating apoptosis-associated genes using the reverse 
transcription-polymerase chain reaction (RT-PCR) 
The RNA from the testis tissues was isolated through 

Kiazol solution (Kiazist, Iran) following the instructions of 
the Kiazist kit. After checking the purity and quality of the 
RNAs, we made cDNA with a commercial kit (BioFactTM RT 
Series, Korea) according to manufacturer’s protocols. 

A LightCyclerⓇ96 System (Roche, Germany) was used 
to run a qRT-PCR reaction by using SYBR Green method 
(Ampliqon, Denmark). It should be mentioned that the se-
quences of primers including -actin (reference gene), Bax 
and Bcl-2 were designed by primer 3 software (Table 1). 
Lastly, we calculated the relative mRNA expression by us-
ing a 2−∆∆Ct assay.26 The -actin gene expression was ana-
lyzed as an endogenous control to normalize the data.

4. Evaluating protein expression by western blot analysis
The lysates of the testis tissue were prepared with a 

RIPA buffer including protease inhibitor cocktail (Kiazist, 
Iran) and then kept at −20℃ until use. In brief, an identi-
cal amount of protein from each sample was selected and 
then electrophoresed on SDS-PAGE. Subsequently, the 
protein bands were transferred onto the nitrocellulose 
membrane. Next, the membrane was blocked with fat-free 
milk in a tris-buffered saline medium with Tween 20 (TBST). 
Incubation with primary antibodies of Bax (sc-23959), Bcl-2 
(sc-7382), and -actin (ab8227) was done for 24 hours at 
4℃. Then, we washed the membrane using TBST solution 
which was then then was revealed with HRP-conjugated 
antibodies (ab97040). The target protein bands were vi-
sualized with the aid of X-ray films and an ECL kit. Finally, 
we quantified the bands using Image J software. 
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FIG. 1. RT-qPCR analysis for apoptosis biomarkers. Gene ex-
pression of (A) Bcl-2-associated X (Bax), (B) B-cell lymphoma pro-
tein 2 (Bcl-2), and (C) Bax to Bcl-2 ratio. The results are reported 
as mean±SEM. *p＜0.05 and ***p＜0.01 meaningfully different 
from the control group and #p＜0.05, ##p＜0.01, and ###p＜0.001 
show noticeable differences relative to the rats in ZnO NPs group. 
VE: vitamin E, VC: vitamin C, VA: vitamin A, ZnO: ZnO NPs.

5. Assessment of caspase 3,7 activation by colorimetric 
reaction 
In brief, the testis homogenate was extracted following 

the Kit recommendations (Kiazist, Iran). The standard 
curve of p-nitroaniline (pNA) was drawn to examine the ac-
tivation of caspase 3,7 according to the manufacture’s 
instruction. 

6. Statistical analysis 
All data of this study were analyzed with a one-way anal-

ysis of variance (ANOVA) by using GraphPad Prism 9 
software. The mean difference comparison between groups 
was calculated by a post hoc Tukey’s test in which the sig-
nificant level was regarded as p＜0.05. The values were 
shown as mean±standard error of mean (SEM).

RESULTS 

1. Gene expression
Results obtained from the qRT-PCR analysis are de-

picted in Fig. 1. ZnO NPs could elevate the gene expression 
of Bax, accompanied by a significant decrease in Bcl-2 (p＜ 

0.05). Pre-treatment with VA, C and E could mitigate the 
alterations of gene expression since the relative expression 
of Bax and Bcl-2 in ZnO NPs+VA, C and E groups is nearly 
closed to the animals in the control value. Specifically, the 
gene expression of Bax to Bcl-2, as an important indicator 
of apoptosis, was markedly augmented in rats receiving 

ZnO NPs (p＜0.001). Meanwhile, VA, C and E mean-
ingfully attenuated the ZnO NPs-induced apoptosis as a re-
markable reduction was observed in Bax to Bcl-2 ratio (p
＜0.01 as compared to the ZnO NPs group). As detected by 
qRT-PCR data, it seems that VC and E have more pro-
tective potency than VA against ZnO NPs. 

2. Protein expression
As it is presented in Fig. 2, compared to the control rats, 

the Bax expression was markedly elevated in the ZnO 
NPs-intoxicated rats (p＜0.01) (Fig. 2B). Also noteworthy, 
the anti-apoptotic Bcl-2 protein was reduced in rats receiv-
ing ZnO NPs only (p＜0.01) (Fig. 2C). Importantly, these 
alterations were noticeably improved in rats receiving ZnO 
NPs+VA, C and E compared to those that merely received 
ZnO NPs. Moreover, Bax to Bcl-2 protein expression of ZnO 
NPs group was meaningfully higher than in rats of control 
group (p＜0.001) (Fig. 2D). Remarkably, the protective 
function of VA, C and E resulted in a significant decline in 
Bax to Bcl-2 values as compared with the rats in ZnO NPs 
group (p＜0.001). 

3. Alterations of caspase 3,7 activity 
Administration of ZnO NPs meaningfully enhanced the 

activation of caspase 3,7 relative to the rats in the control 
group (p＜0.001) (Fig. 3). However, comparing these with 
the ZnO NPs group, treatment with VA, C and E consid-
erably declined the negative influence of ZnO NPs at sig-
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FIG. 2. Western blotting analysis for apoptosis biomarkers. Protein expression of (B) Bcl-2-associated X (Bax), (C) B-cell lymphoma 
protein 2 (Bcl-2), and (D) Bax to Bcl-2 ratio (A). The data are reported as mean±SEM. **p＜0.01 and ***p＜0.01 significantly different 
from the control group and ###p＜0.001 show noticeable differences relative to the rats in ZnO NPs group. VE: vitamin E, VC: vitamin 
C, VA: vitamin A, ZnO: ZnO NPs.

FIG. 3. Alterations of caspase 3,7 activity in experimental and con-
trol groups. Data are expressed as % relative to the control (100 
%) and reported as mean±SEM. ***p＜0.01 significantly different 
from control group and #p＜0.05, ##p＜0.01 show noticeable differ-
ences relative to the rats that only received ZnO NPs (ZnO group). 
VE: vitamin E, VC: vitamin C, VA: vitamin A, ZnO: ZnO NPs.

nificant levels of 0.04, 0.01 and 0.003, respectively. It is im-
portant to note that VE had the most ameliorative effects 
as compared to the VC and A. 

DISCUSSION

Our study evaluated the beneficial functions of VA, C, 
and E in mitigating apoptosis in rat’s testis after receiving 
ZnO NPs. According to the results derived from qRT-PCR 
and western blotting assays, the ZnO NPs cause apoptosis 
through elevation of Bax to Bcl-2 protein and gene ex-
pression (an indicator of apoptosis). On the other hand, 
supplementation of vitamins could demonstrably reduce 
apoptosis in rats. 

A majority of previous in-vitro research have demon-
strated that ZnO NP exposure make Leydig and Sertoli 
cells, as two important cell types in the testes of mamma-
lians, undergo apoptosis.27-29 Further, in a former report 
presented by Tang et al.,30 ZnO NPs caused testicular dam-
age, as revealed by increased expression of Bax/Bcl-2. Our 
observations are in agreement with the mentioned report. 
In order to explain the Bax/Bcl-2 pathway, Bcl-2 is known 
as an anti-apoptotic protein embedded in the outer mi-
tochondrial membrane. It can also protect mitochondrial 
membrane from injuries and prevent translocation of cyto-
chrome-c to the cytosol.31 In addition, Bax, as an important 
marker of apoptosis, involves in ZnO NPs-induced 
apoptosis. In a previous report, we found that ZnO NPs pro-
mote apoptosis in rats’ liver, where the NPs altered the pro-



52

Vitamins A, C and E Exert Anti-apoptotic Function in the Testis of Rats After Exposure to Zinc Oxide Nanoparticles

tein and gene expression of Bax and Bcl-2.25 In addition to 
ZnO NPs, it was reported that nano-copper could affect the 
expression of apoptotic genes in the rat testicular tissue as 
the mRNA expression of caspase 3 and Bax was increased, 
and Bcl-2 expression was downregulated in the 175 
mg/kg-treated group.11 

In addition to the mentioned alterations, our results in-
dicated that ZnO NPs stimulate apoptosis through in-
duction of caspase 3,7. Similar findings were obtained by 
Tang et al.30 who reported that ZnO NPs enhance the ex-
pression of caspase-3 in the testis of mice, which indicates 
the activation of apoptosis. 

In order to investigate whether VA, C, and E con-
sumption ameliorate the apoptotic potential of ZnO NPs, 
we explored the apoptosis level in the rat’s testicular tissue 
after co-exposure to ZnO NPs and one of the VA, C, and E. 
The findings of this study revealed that pre-supplementa-
tion with VA, C, and E can attenuate the apoptotic activity 
of ZnO NPs. In line with these results, Rahimi et al.32 ob-
served that VE mitigates the incurred testicular injury by 
inhibiting apoptosis in rats. It was also determined that VE 
can modulate the impaired ratio of Bax to Bcl-2 in rats’ tes-
tis treated with cadmium chloride.33 The results of these 
reports, together with our results, emphasize that VE can 
prevent testicular damage in the presence of harmful 
agents.

The results highlight that VC, as a vital antioxidant, has 
a preventive influence toward testis injury. This finding con-
curs with some recent reports which emphasize VC or ascor-
bic acid has the ability to protect organs from injury by re-
ducing apoptosis-inducing effects of toxicant agents.34,35

In the present investigation, the administration of VA 
exerted ameliorative activity against apoptosis in the rats 
treated with ZnO NPs. It has been reported that treatment 
with all-trans retinoic acid (an active derivation of VA) sup-
presses arsenic-mediated apoptosis. Indeed, the lipophilic 
nature of the vitamin helps it permeates into the cell mem-
brane and then reduces oxidative stress as well as 
apoptosis.36 These findings for vitamin therapy were in 
agreement with former investigations37-39 on the efficiency 
of vitamins under stress conditions. For example, a re-
search study35 suggested that VC can mitigate the re-
productive toxicities caused by nickel NPs. 

Taken together, according to the present research and 
resent papers,20,25 treatment with VA, C, and E may pre-
vent ZnO NPs-caused toxicity by reducing oxidative dam-
age and apoptosis. 

Although some reports have stated the adverse influ-
ence of ZnO NPs on the testicular tissue, this research was 
the first to elucidate the beneficial function of VA, C, and 
E against apoptosis caused by ZnO NPs in testis of rats. Our 
results revealed that ZnO NPs could provoke apoptosis in 
the testis tissue by enhancing the protein and gene ex-
pression of Bax as well as a significant decline in Bcl-2. 
Further, the activation of caspase 3,7 was augmented in 
ZnO NPs group. Specifically, the administration of VA, C, 
and E could satisfactorily mitigate these apoptotic effects 

caused by ZnO NPs. However, further investigations are 
still required to investigate the possible apoptotic path-
ways activated by ZnO NPs accompanied by the protective 
role of vitamins.   

ACKNOWLEDGEMENTS 

The current work is a part of research project which was 
financially supported by Hamadan University of Medical 
Sciences (Grant No. 140005053992) and is approved by 
ethical code IR.UMSHA.REC.1400.268. 

CONFLICT OF INTEREST STATEMENT 

None declared.

REFERENCES

1. Kuang H, Yang P, Yang L, Aguilar ZP, Xu H. Size dependent effect 
of ZnO nanoparticles on endoplasmic reticulum stress signaling 
pathway in murine liver. J Hazard Mater 2016;317:119-26. 

2. El-Shorbagy HM, Eissa SM, Sabet S, El-Ghor AA. Apoptosis and 
oxidative stress as relevant mechanisms of antitumor activity 
and genotoxicity of ZnO-NPs alone and in combination with 
N-acetyl cysteine in tumor-bearing mice. Int J Nanomedicine 
2019;14:3911-28. 

3. Fan P, Yang C, Wang L, Wang Q, Zhang Y, Zhou J, et al. ZnO nano-
particles stimulate oxidative stress to induce apoptosis of B16F10 
melanoma cells: in vitro and in vivo studies. Biomed Phys Eng 
Express 2021;7:065014. 

4. Chen H, Luo L, Fan S, Xiong Y, Ling Y, Peng S. Zinc oxide nano-
particles synthesized from Aspergillus terreus induces oxidative 
stress-mediated apoptosis through modulating apoptotic pro-
teins in human cervical cancer HeLa cells. J Pharm Pharmacol 
2021;73:221-32. 

5. Kuang H, Zhang W, Yang L, Aguilar ZP, Xu H. Reproductive organ 
dysfunction and gene expression after orally administration of 
ZnO nanoparticles in murine. Environ Toxicol 2021;36:550-61. 

6. Arisha AH, Ahmed MM, Kamel MA, Attia YA, Hussein MMA. 
Morin ameliorates the testicular apoptosis, oxidative stress, and 
impact on blood-testis barrier induced by photo-extracellularly 
synthesized silver nanoparticles. Environ Sci Pollut Res Int 
2019;26:28749-62. 

7. Daei S, Ziamajidi N, Abbasalipourkabir R, Khanaki K, Bahreini 
F. Anticancer effects of gold nanoparticles by inducing apoptosis 
in bladder cancer 5637 cells. Biol Trace Elem Res 2022;200:2673- 
83. 

8. Asadi A, Ghahremani R, Abdolmaleki A, Rajaei F. Role of sperm 
apoptosis and oxidative stress in male infertility: a narrative 
review. Int J Reprod Biomed 2021;19:493-504. 

9. Pinho AR, Rebelo S, Pereira ML. The impact of zinc oxide nano-
particles on male (in)fertility. Materials (Basel) 2020;13:849. 

10. Thangarajan S, Vedagiri A, Somasundaram S, Sakthimanogaran 
R, Murugesan M. Neuroprotective effect of morin on lead acetate- 
induced apoptosis by preventing cytochrome c translocation via 
regulation of Bax/Bcl-2 ratio. Neurotoxicol Teratol 2018;66:35-45. 

11. Chen H, Wang Y, Luo J, Kang M, Hou J, Tang R, et al. Autophagy 



53

Nasrin Ziamajidi, et al

and apoptosis mediated nano-copper-induced testicular damage. 
Ecotoxicol Environ Saf 2022;229:113039. 

12. Singh J, Phogat A, Prakash C, Chhikara SK, Singh S, Malik V, 
et al. N-acetylcysteine reverses monocrotophos exposure-induced 
hepatic oxidative damage via mitigating apoptosis, inflammation 
and structural changes in rats. Antioxidants (Basel) 2022;11:90. 

13. AlBasher G, Abdel-Daim MM, Almeer R, Ibrahim KA, Hamza RZ, 
Bungau S, et al. Synergistic antioxidant effects of resveratrol and 
curcumin against fipronil-triggered oxidative damage in male al-
bino rats. Environ Sci Pollut Res Int 2020;27:6505-14. 

14. Abdel-Daim MM, Abdeen A. Protective effects of rosuvastatin and 
vitamin E against fipronil-mediated oxidative damage and apop-
tosis in rat liver and kidney. Food Chem Toxicol 2018;114:69-77. 

15. Hama amin GS, Hamad KR. Effect of vitamin C against lead ace-
tate toxicity on sperm count, sperm morphology and testis tissue 
in the rat before and in recovery period. Zanco J Pure Appl Sci 
2020;32:127-38. 

16. Olaniyan OT, Ojewale AO, Eweoya OO, Adedoyin AA, Adesanya 
OA, Adeoye AO, et al. Modulatory role of vitamin E on proton 
pump (ATPase) activity of cadmium chloride-induced testicular 
damage in Wistar rats. Biomed Res Int 2021;2021:4615384.

17. Zare S, Hossein Dabbaghmanesh M, Noorafshan A, Koohpeyma 
F, Bakhshayeshkaram M, Montazeri-Najafabady N. Protective 
effect of vitamin E and vitamin C alone and in combination on tes-
ticular damage induced by sodium metabisulphite in rats: a ster-
eological study. Andrologia 2019;51:e13193. 

18. Mohammad Eini A, Mohammadpour AA. [Protective effects of 
Vitamin A on the testicular tissue of mice treated with 
Prednisolone]. Appl Biol 2020;10:71-82. Persian.

19. Hosseini Omshi FS, Abbasalipourkabir R, Abbasalipourkabir M, 
Nabyan S, Bashiri A, Ghafourikhosroshahi A. Effect of vitamin 
A and vitamin C on attenuation of ivermectin-induced toxicity in 
male Wistar rats. Environ Sci Pollut Res Int 2018;25:29408-17. 

20. Bayat M, Daei S, Ziamajidi N, Abbasalipourkabir R, Nourian A. The 
protective effects of vitamins A, C, and E on zinc oxide nanoparticles 
(ZnO NPs)-induced liver oxidative stress in male Wistar rats. Drug 
Chem Toxicol 2021. doi: 10.1080/01480545.2021.2016809. [Epub 
ahead of print]

21. Hisamori S, Tabata C, Kadokawa Y, Okoshi K, Tabata R, Mori 
A, et al. All-trans-retinoic acid ameliorates carbon tetrachloride- 
induced liver fibrosis in mice through modulating cytokine 
production. Liver Int 2008;28:1217-25. 

22. Abdelazim SA, Darwish HA, Ali SA, Rizk MZ, Kadry MO. 
Potential antifibrotic and angiostatic impact of idebenone, carno-
sine and vitamin E in nano-sized titanium dioxide-induced liver 
injury. Cell Physiol Biochem 2015;35:2402-11. 

23. Aly N, EL-Gendy K, Mahmoud F, El-Sebae AK. Protective effect 
of vitamin C against chlorpyrifos oxidative stress in male mice. 
Pestic Biochem Physiol 2010;97:7-12. 

24. Abbasalipourkabir R, Moradi H, Zarei S, Asadi S, Salehzadeh A, 
Ghafourikhosroshahi A, et al. Toxicity of zinc oxide nanoparticles 
on adult male Wistar rats. Food Chem Toxicol 2015;84:154-60. 

25. Daei S, Abbasalipourkabir R, Khajvand-Abedini M, Ziamajidi N. 
The alleviative efficacy of vitamins A, C, and E against zinc oxide 
nanoparticles-induced hepatic damage by reducing apoptosis in 

rats. Biol Trace Elem Res 2022. doi: 10.1007/s12011-022-03218-2. 
[Epub ahead of print]

26. Livak KJ, Schmittgen TD. Analysis of relative gene expression 
data using real-time quantitative PCR and the 2(-Delta Delta 
C(T)) method. Methods 2001;25:402-8. 

27. Shen J, Yang D, Zhou X, Wang Y, Tang S, Yin H, et al. Role of au-
tophagy in zinc oxide nanoparticles-induced apoptosis of mouse 
LEYDIG cells. Int J Mol Sci 2019;20:4042. 

28. Han Z, Yan Q, Ge W, Liu ZG, Gurunathan S, De Felici M, et al. 
Cytotoxic effects of ZnO nanoparticles on mouse testicular cells. 
Int J Nanomedicine 2016;11:5187-203. 

29. Bara N, Kaul G. Enhanced steroidogenic and altered antioxidant 
response by ZnO nanoparticles in mouse testis Leydig cells. 
Toxicol Ind Health 2018;34:571-88. 

30. Tang Y, Chen B, Hong W, Chen L, Yao L, Zhao Y, et al. ZnO nano-
particles induced male reproductive toxicity based on the effects 
on the endoplasmic reticulum stress signaling pathway. Int J 
Nanomedicine 2019;14:9563-76. 

31. Czabotar PE, Lessene G, Strasser A, Adams JM. Control of apop-
tosis by the BCL-2 protein family: implications for physiology and 
therapy. Nat Rev Mol Cell Biol 2014;15:49-63. 

32. Rahimi Anbarkeh F, Nikravesh MR, Jalali M, Sadeghnia HR, 
Sargazi Z. The effect of diazinon on cell proliferation and apoptosis 
in testicular tissue of rats and the protective effect of vitamin E. 
Int J Fertil Steril 2019;13:154-60. 

33. Abdel-Wahab A, Hassanin KMA, Mahmoud AA, Abdel-Badeea 
WIE, Abdel-Razik ARH, Attia EZ, et al. Physiological roles of red 
carrot methanolic extract and vitamin E to abrogate cadmium-in-
duced oxidative challenge and apoptosis in rat testes: Involvement 
of the Bax/Bcl-2 ratio. Antioxidants (Basel) 2021;10:1653. 

34. Chang CY, Chen JY, Wu MH, Hu ML. Therapeutic treatment with 
vitamin C reduces focal cerebral ischemia-induced brain in-
farction in rats by attenuating disruptions of blood brain barrier 
and cerebral neuronal apoptosis. Free Radic Biol Med 2020;155: 
29-36. 

35. Kong L, Hu W, Lu C, Cheng K, Tang M. Mechanisms underlying 
nickel nanoparticle induced reproductive toxicity and che-
mo-protective effects of vitamin C in male rats. Chemosphere 
2019;218:259-65. 

36. Chatterjee A, Chatterji U. All-trans retinoic acid ameliorates ar-
senic-induced oxidative stress and apoptosis in the rat uterus by 
modulating MAPK signaling proteins. J Cell Biochem 2017;118: 
3796-809. 

37. Amanpour P, Khodarahmi P, Salehipour M. Protective effects of 
vitamin E on cadmium-induced apoptosis in rat testes. Naunyn 
Schmiedebergs Arch Pharmacol 2020;393:349-58. 

38. Moradi A, Ziamajidi N, Ghafourikhosroshahi A, Abbasalipourkabir 
R. Effects of vitamin A and vitamin E on attenuation of titanium 
dioxide nanoparticles-induced toxicity in the liver of male Wistar 
rats. Mol Biol Rep 2019;46:2919-32. 

39. Abdelhalim MAK, Qaid HA, Al-Mohy YH, Ghannam MM. The 
protective roles of vitamin E and -lipoic acid against nephrotox-
icity, lipid peroxidation, and inflammatory damage induced by 
gold nanoparticles. Int J Nanomedicine 2020;15:729-34. 


