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ABSTRACT 
 
Aging is associated with an increase in oxidative stress, which damages organs such as the 

kidney. Trehalose has abundant beneficial activities including antioxidative effects. This study 
aimed to investigate the effects of trehalose on several antioxidant parameters of the aged 
kidney .Wistar rats were divided into three groups: young (4 months), aged (24 months), and 
aged-trehalose. The third group was treated with 2% trehalose for one month. The expression of 
target genes and enzyme activities in the kidney of the animals were evaluated by quantitative 
polymerase chain reaction (qPCR) and enzyme colorimetric procedures, respectively. Protein 
levels of NFE2L2 showed a 50% reduction in aged rats compared to young rats (P<0.001), 
which was restored by trehalose intervention. In addition, the activity and mRNA levels of 
catalase (CAT) increased in aged rats while treatment with trehalose reversed this trend. On the 
other hand, superoxide dismutase (SOD) activity was reduced in the kidneys of aged rats but 
was not affected by trehalose intervention  . It is concluded that trehalose supplementation 
alleviates the antioxidant system impairments in the kidneys of aged rats. However, further 
investigations are needed to thoroughly describe the antioxidative impacts of trehalose on the 
kidneys during aging.   
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INTRODUCTION 
 
Aging is a dynamic and continuous process that occurs over time at the different levels of 

organs, tissues, cells, and molecules, causing the gradual loss of tissues as well as the 
deterioration of the function of organs over time. Although the mechanism of aging is complex 
and unknown, a number of studies have reported the key role of oxidative stress in age-related 
disorders [1, 2]. With the increase of age, the balance between reactive oxygen species (ROS) 
and antioxidants is disturbed, leading to the oxidative damage of lipids, proteins, and DNA, and 
ultimately decreased immune function, increased inflammation, apoptosis, and tissue damage 
[1]. It should be noted that kidneys are more prone to the damage caused by oxidative stress due 
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to the abundance of long-chain unsaturated acids found in the structure of their lipids [3]. 
Hallmarks of aging in kidneys include decreased renal mass, low glomerular filtration rate 
(GFR), tubular atrophy, glomerular basement membrane thickening, and glomerulosclerosis [4]. 

As age increases, the expression of nuclear factor erythroid 2-related factor 2 (NFE2L2), 
which is a regulator of oxidative stress, decreases and cells become more sensitive to oxidative 
stress; thus, the aging phenotype becomes more apparent [5]. Under normal homeostatic 
conditions, the transcription factor NFE2L2 is inhibited by Kelch-like ECH-associated protein 1 
(Keap1) in the cytoplasm. However, upon exposure to ROS, NFE2L2 is released from the 
Keap1 inhibitor and transferred to the nucleus, where it binds to the antioxidant response 
elements (AREs) [6] and induces the production of endogenous antioxidant enzymes including 
superoxide dismutase (SOD), catalase (CAT), peroxidase, co-oxygenase, and NADPH quinone 
oxidoreductase 1 (NQO1), as well as the glutathione system [7].  

Trehalose, which is a non-reducing disaccharide, is produced in various organisms such as 
plants, bacteria, yeasts, insects, and invertebrates. This disaccharide protects the cell against 
stressors such as cold, heat, drought, and ROS [8]. It has been suggested that trehalose can be 
used as a treatment strategy for age-related diseases [9]. The effects of trehalose against ROS, 
which lead to the subsequent reduction of lipid peroxidation [10] and protein damage [11] have 
also been reported in various studies. Mizunoe et al., suggested that trehalose protected against 
oxidative stress by enhancing the expression of antioxidant genes via regulating the Keap1–
NFE2L2 signaling pathway [12]. In addition, Liu et al. showed that trehalose improved 
ischemic-reperfusion impairment by increasing autophagy mediators and inhibiting 
inflammatory responses, apoptosis, and oxidative stress [13].  

To determine the oxidative damage of kidneys in aging and the antioxidant characteristics 
of trehalose, we investigated the effect of trehalose on several components of the antioxidant 
system in the kidneys of aged rats. For this purpose, we measured the protein levels and gene 
expression of NFE2L2 and examined the expression and activity of SOD and CAT in the 
studied groups. 

 
 

MATERIALS AND METHODS 
 
Animals: In this study, 24 male Wistar rats including 16 aged male rats (24 months old) 

with a weight of about 350 to 400 g, and 8 young male rats (4 months old) with a weight of 
about 200 to 250 g were used. The animals were kept in a controlled environment with a steady 
temperature of 22°C under 12-h light/dark cycles. After one week of acclimation, aged rats were 
divided into two groups including the aged control group and the aged trehalose-treated group. 
The aged trehalose-treated group consumed 2% trehalose in water for one month whereas the 
other groups received tap water. All animals were fed a standard laboratory diet. After a one-
month intervention, the animals were sacrificed and their kidneys were removed and used for 
the next experiments. The experimental protocol was approved by the ethics committee of 
Kerman University of Medical Sciences (1399.098.). 

 
RNA extraction, cDNA synthesis, and real-time polymerase chain reaction (PCR): 

RNA was manually extracted from the kidney tissue using Trizol (Gene All, Korea). Briefly, the 
kidney tissue was homogenized in the Trizol reagent with a homogenizer followed by treatment 
with chloroform. In this step, RNA was extracted to the aqueous phase. The concentration and 
purity of the extracted RNA were measured by a Nanodrop spectrophotometer. cDNA was 
synthesized using a cDNA synthesis kit (Yekta Tajhiz, Tehran, Iran). Then genes of interest 
were amplified using the master mix SYBR green kit (Amplicon, Denmark) and specific 
primers (Table 1) [12, 14-17] in a Mic qPCR Cycler. The selected primers in this study were 
blasted by Primer Blast Software. In addition, at the end of the qPCR run, the melt curve for 
each gene was created and subsequently analyzed, indicating that the implication with each 
primer pair was specific. 
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 The temperature program of PCR included an initial denaturation step at 95°C for 15 min 
followed by 40 cycles. Each cycle consisted of a denaturation step at 95°C for 25 s, a primer 
annealing step at 62°C for 30 s, and an elongation step at 72°C for 30 s. The differences in the 
expression of genes of interest between groups were then determined using the 2-∆∆ct method in 
which glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control 
gene [18]. 

 
Table 1: Sequences of primers used for quantitative PCR 

Gene Forward Primer (5′→3′) Reverse Primer (5′→3′) Product 
size(bp) 

Refrence 

SOD1 GCAGAAGGCAAGCGGTGAAC CGGCCAATGATGGAATGCTC 282 [17] 
SOD2 CCCAAAGGAGAGTTGCTGGAG CGACCTTGCTCCTTATTGAAGC 137 [12] 
NFE2L2 CACATCCAGACAGACACCAGT CTACAAATGGGAATGTCTCTGC 121 [14] 
Catalase TTCTACACTGAAGATGGTAACTG GAAAGTAACCTGATGGAGAGAC 189 [15] 
GAPDH AGGTTGTCTCCTGTGACTTC CTGTTGCTGTAGCCATATTC 130 [16] 

 
Measurement of NFE2L2 protein: First, the kidney tissue samples were homogenized in 

cold phosphate buffer saline. An anti-protease cocktail was applied to preserve proteins during 
sample preparation. After centrifugation, the supernatant was isolated and the NFE2L2 protein 
was measured using the enzyme-linked immunosorbent assay (ELISA) kit (Zell Bio, Germany). 
Briefly, 40 μL of the sample, 10 μL of NFE2L2 antibody, and 50 μL of streptavidin-HRP were 
added to the wells and incubated at 37°C for 60 min. The wells were washed with diluted wash 
buffer and then the chromogen solution was loaded and incubated at 37°C for color 
development. Finally, the reaction was stopped and the optical density was measured at 450 nm. 

 
Measurement of SOD activity: SOD activity assay was carried out using pyrogallol. 

Pyrogallol is oxidized in the presence of superoxide radicals, and this reaction is inhibited by 
SOD. Briefly, 100 µL of EDTA-tris buffer and 10 µL of the sample were added to each well of 
a 96-well plate and the absorbance was read at 420 nm. In the next step, 100 µL of the 
pyrogallol solution was loaded into the wells and the absorbance was reread at 420 nm. Finally, 
the enzyme activity percentage was calculated using the obtained absorbances. 

 
Measurement of CAT activity: In order to measure CAT activity in the kidney tissue 

homogenates, a colorimetric method applying a K2Cr2O7/acetic acid reagent was used. Briefly, 
66 µL of H2O2 solution (0.1% H2O2 in phosphate buffer) and 60 µL of the sample were poured 
into a microtube and incubated at 37°C for 3 min. Then, the K2Cr2O7/acetic acid reagent was 
added to the solution and incubated at 100°C for 10 min. The absorbance of the samples was 
read at a wavelength of 570 nm. 

 
Statistical analysis: IBM SPSS version 16 was used to analyze the data. Significant 

variations of means among the groups were determined by one-way ANOVA followed by 
Tukey's post hoc test (P≤0.05). All tests were performed at least three times. The results were 
reported as mean ± SEM. 

 
 

RESULTS  
 
As shown in Figure 1, the protein levels of NFE2L2 were lower in the kidneys of aged rats 

compared to the young group (22.53 and 46.34 ng/mL, respectively; P<0.001). However, the 
treatment of aged rats with trehalose restored the NFE2L2 protein levels (P=0.03). The mRNA 
expression of NFE2L2 showed a 2.27-fold increase in the kidneys of aged rats compared to 
young rats (P=0.005). However, it was decreased in aged animals treated with trehalose 
compared with the aged control rats (P= 0.016).  
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Figure 1: The effects of trehalose on the protein and mRNA levels of NFE2L2 in the kidneys of aged 
rats. (a) NFE2L2 protein levels, (b) NFE2L2 mRNA levels. Aged-Tre: Aged rats that received 2% 
trehalose in water for 1 month; y: Compared to young rats; a: Compared to aged rats. *p<0.05, **p<0.01, 
***p<0.001. 
 

 
 Compared with the young group, a significantly higher level of CAT activity was detected 

in the kidney tissue of the aged group (P<0.01), whereas this activity was significantly 
decreased in aged rats treated with trehalose compared to the aged control group (P<0.05) 
(Figure 2a). In contrast with the CAT activity, SOD activity decreased in the aged group 
compared with the young group (P<0.05). There were no statistical differences in SOD activity 
between the aged control group and aged rats treated with trehalose (Figure 2c). The mRNA 
levels of CAT and SOD1 were significantly upregulated in the kidneys of aged rats (P=0.01 and 
P=0.005, respectively) while no significant change was observed in the mRNA levels of SOD2 
(Figures 2b and 2d). The mRNA levels of CAT were decreased in aged rats after treatment with 
trehalose (P=0.036). However, trehalose did not change the mRNA levels of SOD1 and SOD2 
(Figures 2d and 2e). 

 

 
Figure 2: The effects of trehalose on the mRNA expression and activity of antioxidant enzymes in the 
kidneys of aged rats. (a) Catalase activity, (b) Catalase mRNA levels, (c) SOD activity, (d) SOD1, and (c) 
SOD2 mRNA levels. Aged-Tre: Aged rats that received 2% trehalose in water for 1 month; y: Compared 
to young rats; a: Compared to aged rats. *p<0.05, **p<0.01, ***p<0.001. 
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DISCUSSION 
 
Oxidative stress is a harmful phenomenon, which is augmented with aging and contributes 

to the impaired function of various organs such as kidneys during aging. Trehalose has the 
potential to improve the function of an aging body because of its antioxidant properties. 
Therefore, in this study, the effects of trehalose on several components of the antioxidant system 
in the aged kidney tissue were investigated. The present study also revealed that the treatment of 
aged rats with trehalose ameliorated adverse alterations in the kidneys.  

NFE2L2 transcription factor is activated in response to oxidative stress. Upon its binding to 
ARE in the promoter of target genes, it regulates the redox status of cells. Several studies have 
indicated that NFE2L2 signaling was impaired in tissues such as the skeletal muscle [19] and 
liver [20] with the increase of age. Similarly, in the present study, the protein levels of NFE2L2 
were found to be decreased in the kidneys of aged rats while its mRNA levels were upregulated. 
No similar patterns of mRNA and protein levels of NRF2 were observed in hepatocytes and 
cochleae during aging, and NRF2 mRNA exhibited no significant change despite a decline in its 
protein levels [21, 22]. These inconsistencies in the results are partly explained by the variation 
in the exact age of the studied animals. However, it appears that as age increases and oxidative 
stress is elevated, NRF2 transcription is upregulated as a compensatory response but it fails to 
translate to proteins, suggesting that mRNA translation or post-translational modifications of 
NFE2L2 may be affected in early aging rather than transcription. 

This study also showed significant alterations in both mRNA and protein levels of 
antioxidant enzymes SOD and CAT in the kidney of aged rats in comparison with young rats. 
Our data demonstrated that the mRNA levels and activity of CAT increased in aged rats while 
the SOD activity was reduced in these rats. However, SOD mRNA, especially SOD1, increased 
in aged rats compared to young rats, unlike what was observed for SOD activity. Consistent 
with our results, GU et al. reported that the expression of SOD mRNA in the liver of 340-day-
old laying hens was higher than that of 195-day-old and 525-day-old groups [23]. SOD1 was 
shown to be upregulated in the human myocardia tissue of 55-year-old individuals compared to 
22- and 72-year-old individuals [24]. These results suggested that with the increase of age, in 
early aging, antioxidant genes including SOD are upregulated but fail to produce functional 
proteins.  

Since a decline in SOD activity leads to an increased ROS, particularly superoxide radicals, 
it appears that the elevation of CAT activity may be a compensatory response. In agreement 
with the results of the current study, an increase in CAT activity and a decrease in SOD activity 
were observed in patients with multiple sclerosis, which is an age-related disease [25]. 
Collectively, it can be concluded that the levels of antioxidant enzymes elevate as a 
compensatory response to increased oxidative stress during early aging. However, the 
accumulation of oxidative species over time subsequently results in an exhausted antioxidant 
system. This phenomenon can be considered a reason for the decline in most of the components 
of the antioxidant system during aging [26, 27].  

Trehalose is a potent antioxidant with known beneficial effects. The protective effects of 
trehalose against oxidative stress were observed in various tissues and cells including the liver 
[28], brain [29], spleen [30], and peripheral blood mononuclear cells (PBMCs) [31]. However, 
there is no report on the effect of trehalose on the oxidative stress associated with aging in the 
kidneys. This is the first study to show that trehalose is capable of restoring the alterations of the 
antioxidant defense system due to aging in the kidney. Trehalose enhanced NFE2L2 protein 
level and decreased CAT activity while it had no effect on SOD. Considering the observed 
decrement in antioxidant enzyme activity following trehalose treatment, it is plausible that 
trehalose directly interacts with ROS, thereby neutralizing them. However, some studies 
reported that trehalose promoted the activities of antioxidant enzymes [32]. Regarding the 
molecular mechanisms that underlie the antioxidative effects of trehalose, some studies have 
indicated that this molecule exerts its effects partly through the NFE2L2 pathway. Trehalose is 
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shown to upregulate NFE2L2 expression in the liver and brain of aged animals [1]. It was also 
demonstrated that trehalose increases NFE2L2 activity by stimulating its nuclear translocation 
[1, 12]. In this study, the total protein level of NFE2L2 increased by trehalose intervention; 
however, the subcellular localization of NFE2L2 was not investigated, which is one of the main 
limitations of the present work. Another limitation is that no other antioxidant enzymes were 
measured. In the present study, it was found that NFE2L2 was not positively associated with the 
mRNA expression of CAT and SOD activity, indicating that other transcription factors are 
possibly responsible for the higher expression of SOD1 and CAT. In addition to NFE2L2, other 
transcription factors such as NF-κB, AP-1, AP-2, and Sp1 are demonstrated to control the 
transcription of SOD genes [33] and CAT expression is regulated by PPARγ and p53 [34].  

In summary, it is concluded that trehalose supplementation alleviates the impairments of the 
antioxidant system in the kidneys of aged rats. However, further investigations are needed to 
thoroughly describe the antioxidant effects of trehalose on the kidney during aging.   

 
Acknowledgements: This research was financially supported by a grant (99000446) from 

the Deputy of Research, Kerman University of Medical Sciences. 
 

Conflict of Interest: The authors declare no potential conflict of interest. 
 
 

REFERENCES 
 
1. Sun L, Zhao Q, Xiao Y, Liu X, Li Y, Zhang J, Pan J, Zhang Z. Trehalose targets Nrf2 signal 

to alleviate d-galactose induced aging and improve behavioral ability. Biochem Biophy Res 
Commun 2020;521:113-119. 

2. Ruan L, Zhang X, Li R. Recent insights into the cellular and molecular determinants of aging. 
J Cell Sci 2018;131. 

3. Ozbek E. Induction of oxidative stress in kidney. Int J Nephrol 2012;2012:465897. 
4. O’Sullivan ED, Hughes J, Ferenbach DA. Renal aging: causes and consequences. J  Am Soc 

Nephrol 2017;28:407-420. 
5. Ding YW, Zhao GJ, Li XL, Hong GL, Li MF, Qiu QM, Wu B, Lu ZQ. SIRT1 exerts 

protective effects against paraquat-induced injury in mouse type II alveolar epithelial cells 
by deacetylating NRF2 in vitro. Int J Med 2016;37:1049-1058. 

6. Ge M, Luo G, Yao W, Luo C, Zhou S, Yuan D, et al. Propofol pretreatment attenuates remote 
kidney injury induced by orthotopic liver autotransplantation, which is correlated with the 
activation of Nrf2 in rats. Mol Med Rep 2015;11:3962-3968. 

7. Zhao L, Yang H, Xu M, Wang X, Wang C, Lian Y, Mehmood A, Dai H. Stevia residue 
extract ameliorates oxidative stress in d-galactose-induced aging mice via Akt/Nrf2/HO-1 
pathway. J Func Foods 2019;52:587-595. 

8. Chen X, Li M, Li L, Xu S, Huang D, Ju M, Huang J, Chen K, Gu H. Trehalose, sucrose and 
raffinose are novel activators of autophagy in human keratinocytes through an mTOR-
independent pathway. Sci Rep 2016;6:1-17. 

9. Pagliassotti MJ, Estrada AL, Hudson WM, Wei Y, Wang D, Seals DR, Zigler ML, LaRocca 
TJ. Trehalose supplementation reduces hepatic endoplasmic reticulum stress and 
inflammatory signaling in old mice. J Nutr Biochem 2017;45:15-23. 

10. Minutoli L, Altavilla D, Bitto A, Polito F, Bellocco E, Laganà G, Fiumara T, Magazu S, 
Migliardo F, Venuti FS, Squadrito F. Trehalose: a biophysics approach to modulate the 
inflammatory response during endotoxic shock. Eur J Pharmacol 2008;589:272-280. 

11. Benaroudj N, Lee DH, Goldberg AL. Trehalose accumulation during cellular stress protects 
cells and cellular proteins from damage by oxygen radicals. J Biol Chem 2001;276:24261-
2467. 

http://mbrc.shirazu.ac.ir/


 
 
 
  

Hozhabri et al., / Mol Biol Res Commun 2022;11(1):29-36   DOI:10.22099/mbrc.2022.42014.1688    MBRC 

http://mbrc.shirazu.ac.ir                                                                35                                                               
  

12. Mizunoe Y, Kobayashi M, Sudo Y, Watanabe S, Yasukawa H, Natori D, Hoshino A, 
Negishi A, Okita N, Komatsu M, Higami Y. Trehalose protects against oxidative stress by 
regulating the Keap1–Nrf2 and autophagy pathways. Redox Biol 2018;15:115-124. 

13. Liu S, Yang Y, Gao H, Zhou N, Wang P, Zhang Y, Zhang A, Jia Z, Huang S. Trehalose 
attenuates renal ischemia-reperfusion injury by enhancing autophagy and inhibiting 
oxidative stress and inflammation. Am J Physiol Renal Physiol 2020;318:F994-F1005. 

14. Fayez AM, Zakaria S, Moustafa D. Alpha lipoic acid exerts antioxidant effect via Nrf2/HO-
1 pathway activation and suppresses hepatic stellate cells activation induced by 
methotrexate in rats. Biomed Pharmacother 2018;105:428-433. 

15. Zhu Q, Li H, Xie X, Chen X, Kosuru R, Li S, Lian Q, Cheung CW, Irwin MG, Ge RS, Xia 
Z. Adiponectin facilitates postconditioning cardioprotection through both AMPK-dependent 
nuclear and AMPK-independent mitochondrial STAT3 activation. Oxidative medicine and 
cellular longevity 2020;2020: 4253457. 

16.Thangapandiyan S, Miltonprabu S. Epigallocatechin gallate supplementation protects against 
renal injury induced by fluoride intoxication in rats: Role of Nrf2/HO-1 signaling. Toxicol 
Rep 2014;1:12-30. 

17. Đorđević M, Grdović N, Mihailović M, Jovanović JA, Uskoković A, Rajić J, Sinadinovic 
M, Tolic A, Misic D, Siler B, Poznanovic G, Vidakovic M, Dinic S. Centaurium erythraea 
extract improves survival and functionality of pancreatic beta-cells in diabetes through 
multiple routes of action. J Ethnopharmacol 2019;242:112043. 

18. Sadeghi A, Bastin AR, Ghahremani H, Doustimotlagh AH. The effects of rosmarinic acid 
on oxidative stress parameters and inflammatory cytokines in lipopolysaccharide-induced 
peripheral blood mononuclear cells. Mol Biol Rep 2020;47:3557-3566. 

19. Miller CJ, Gounder SS, Kannan S, Goutam K, Muthusamy VR, Firpo MA, Symons JD, 
Hoidal JR, Rajasekaran NS. Disruption of Nrf2/ARE signaling impairs antioxidant 
mechanisms and promotes cell degradation pathways in aged skeletal muscle. Biochim 
Biophys Acta 2012;1822:1038-1050. 

20. Shih PH, Yen GC. Differential expressions of antioxidant status in aging rats: the role of 
transcriptional factor Nrf2 and MAPK signaling pathway. Biogerontology 2007;8:71-80. 

21. Smith EJ, Shay KP, Thomas NO, Butler JA, Finlay LF, Hagen TM. Age-related loss of 
hepatic Nrf2 protein homeostasis: Potential role for heightened expression of miR-146a. 
Free Radic Biol Med 2015;89:1184-1191. 

22. Oishi T, Matsumaru D, Ota N, Kitamura H, Zhang T, Honkura Y, et al. Activation of the 
NRF2 pathway in Keap1-knockdown mice attenuates progression of age-related hearing 
loss. NPJ Aging Mech Dis 2020;6:1-14. 

23.Gu YF, Chen YP, Jin R, Wang C, Wen C, Zhou YM. Age-related changes in liver 
metabolism and antioxidant capacity of laying hens. Poult Sci 2021;100:101478. 

24. Rizvi F, Preston CC, Emelyanova L, Yousufuddin M, Viqar M, Dakwar O, Ross GR, 
Faustino RS, Holmuhamedov EL, Jahangir A. Effects of aging on cardiac oxidative stress 
and transcriptional changes in pathways of reactive oxygen species generation and 
clearance. J Am Heart Assoc 2021;10:e019948. 

25. Emamgholipour S, Hossein-Nezhad A, Sahraian MA, Askarisadr F, Ansari M. Expression 
and enzyme activity of MnSOD and catalase in peripheral blood mononuclear cells isolated 
from multiple sclerosis patients. Arch Med Lab Sci 2015;1:23-28. 

26. Wang R, Liu L, Liu H, Wu K, Liu Y, Bai L, Wang Q, Qi B, Qi B, Zhang L. Reduced NRF2 
expression suppresses endothelial progenitor cell function and induces senescence during 
aging. Aging (Albany NY) 2019;11:7021-7035. 

27. Sandhu SK, Kaur G. Alterations in oxidative stress scavenger system in aging rat brain and 
lymphocytes. Biogerontology 2002;3:161-173. 

28. Honma Y, Sato-Morita M, Katsuki Y, Mihara H, Baba R, Hino K, Kawashima A, Ariyasu 
T, Harada M. Trehalose alleviates oxidative stress-mediated liver injury and Mallor-Denk 
body formation via activating autophagy in mice. Med Mol Morphol 2021;54:41-51. 

http://mbrc.shirazu.ac.ir/


 
 
 
  

Hozhabri et al., / Mol Biol Res Commun 2022;11(1):29-36   DOI:10.22099/mbrc.2022.42014.1688    MBRC 

http://mbrc.shirazu.ac.ir                                                                36                                                               
  

29. Korolenko TA, Dubrovina NI, Ovsyukova MV, Bgatova NP, Tenditnik MV, Pupyshev AB, 
Akopyan AA, Goncharova NV, Lin CL, Zavjalov EL, Tikhonova MA, Amstislavskaya TG. 
Treatment with Autophagy Inducer Trehalose Alleviates Memory and Behavioral 
Impairments and Neuroinflammatory Brain Processes in db/db Mice. Cells 2021;10:2557. 

30. Qu KC, Wang ZY, Tang KK, Zhu YS, Fan RF. Trehalose suppresses cadmium-activated 
Nrf2 signaling pathway to protect against spleen injury. Ecotoxicol Environ Saf 
2019;181:224-230. 

31. Bastin AR, Nazari-Robati M, Sadeghi H, Doustimotlagh AH, Sadeghi A. Trehalose and N-
Acetyl Cysteine Alleviate Inflammatory Cytokine Production and Oxidative Stress in LPS-
Stimulated Human Peripheral Blood Mononuclear Cells. Immunol Invest 2021:1-17. 

32. Darabi S, Noori-Zadeh A, Abbaszadeh HA, Rajaei F, Bakhtiyari S. Trehalose 
neuroprotective effects on the substantia nigra dopaminergic cells by activating autophagy 
and non-canonical Nrf2 pathways. Iranian Journal of Pharmaceutical Research: Iran J 
Pharm Res 2019;18:1419-1428. 

33. Miao L, Clair DKS. Regulation of superoxide dismutase genes: implications in disease. Free 
Radic Biol Med 2009;47:344-356. 

34. Kodydková J, Vávrová L, Kocík M, Zak A. Human catalase, its polymorphisms, regulation 
and changes of its activity in different diseases. Folia Biol (Praha) 2014;60:153-167. 

 

http://mbrc.shirazu.ac.ir/

