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ARTICLE INFO ABSTRACT

Chromium (Cr) threatens health by causing oxidative stress. However, effective therapy for cardiac damage
mediated by potassium dichromate (K,Cr,0-) still has not been defined. Melatonin (MT) possesses a number of
biological activities. Our study was performed to explore the effect and mechanism of MT on Cr(VI)-induced
cardiac damage by conducting both in vitro and in vivo studies. Twenty eight male Wistar rats were randomly
assigned to four groups: control, MT (20 mg/kg subcutaneously), K,Cr,O, (4 mg/kg intraperitoneally), and
K>Cr,0, + MT. We measured biomarkers of oxidative stress and cardiac function, and performed histopatho-
logical analysis, assay of terminal deoxynucleotidyl transferase-mediated deoxyuracil nucleoside triphosphate
nick end labeling and protein levels, and the viability assay of cultured cardiomyocytes in vitro. Our results
showed that MT ameliorated K,Cr,O,-induced oxidative stress, apoptosis, and the release of inflammatory
mediators in the rat heart. MT also promoted adenosine monophosphate-activated protein kinase (AMPK)
phosphorylation, upregulated expression of proteins that nuclear factor erythroid 2-related factor 2 (Nrf2), heme
oxygenase-1, and nicotinamide adenine dinucleotide phosphatase: quinone-acceptor 1, and inhibited nuclear
factor kappa B in the heart of rats exposed to K,Cr,0,. Furthermore, MT increased B-cell lymphoma gene 2 (Bcl-
2) and B-cell lymphoma extra large protein levels and decreased cleaved caspase 3, P53, and Bcl-2-associated X
protein levels. Furthermore, the experiment in vitro showed that MT increased the cells viability and protein
levels of Nrf2 and phosphorylated-AMPK in HI9C2 cells treated with K;Cr,0;. Collectively, our results demon-
strate that MT protects against Cr-induced cardiac damage via activating the AMPK/Nrf2 pathway.
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1. Introduction demonstrated to induce oxidative stress, altered gene expression and

apoptotic cell death [9]. Cr(II) is unstable in the environment, and

Chromium (Cr) naturally occurs in soil, and is ubiquitously present
in the environment as a result of anthropogenic processes [1].

According to the investigation, the valency states of Cr are widely
from —4 to +6 [2]. Among these valency states, from 0 to + 6 are the
oxidation states of Cr [3]. Cr with different valences has advantageous
and disadvantageous properties, respectively. Cr(III), as a hard acid,
combines with oxygen and donor ligands forming relatively strong
complexes [4]. As an essential trace element, Cr(III) was reported to
play a positive role in controlling lipid metabolism and glucose in
mammals [5]. Platinum Cr bare-metal stents are used in treating cor-
onary heart disease [6]. Even so, the potential side-effects of Cr(III)
such as genotoxic deoxyribonucleic acid (DNA) lesions can not be ne-
glected [7]. Cr(VI) may interact with nucleic acid and protein based on
its stable, dominant, and highly soluble character [8]. Cr(VI) has been

easily oxidizing to Cr(III) [10]. A large number of studies have explored
the risk of occupational exposure to Cr compounds such as DNA da-
mage [11,12].

Cr, in its various oxidation states, is often used to manufacture a
large variety of chemicals [13]. However, Cr pollution poses a serious
threat to animals and humans. Cr(VI) is one of the most common en-
vironmental contaminants due to the high number of industrial appli-
cations [14]. The process of transforming Cr(VI) into Cr(III) involves
the generation of reactive oxygen species (ROS) [15]. Although cells
produce ROS during normal metabolism process, the overproduction of
ROS induced by Cr(VI) results in the imbalance of antioxidant defenses
and causes cell damage [16].

It is well-known that the heart is the organ that is susceptible to
heavy metal pollution [17]. Advances in cardiovascular research have
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found that oxidative stress is a significant pathophysiological pathway
in developing and progressing heart damage by inducing vascular en-
dothelial dysfunction, cardiac contraction, apoptosis, necrosis, and re-
modeling of extracellular matrix, ultimately resulting in severe heart
dysfunction [17-22]. Althrough there are limited report on cardiac
injurty induced by Cr(VI), it is important to explore the relationship
between Cr poisoning and cardiac injury, and find a safe and effective
drug to treat it.

Melatonin (MT), a methoxyindole synthesized and secreted mainly
by the pineal gland at night, has been confirmed to modulate endocrine,
neural, and immune functions in reducing inflammation and apoptosis,
and to act as an antioxidant and anti-senescent agent [23-26]. Previous
research has shown that MT suppresses mitochondrial oxidative stress
through adenosine monophosphate-activated protein kinase (AMPK) in
glycochenodeoxycholic acid-induced hepatotoxicity [27]. MT also
modulates neuroinflammation by inhibiting nuclear factor kappa B (NF-
kB), and alleviates oxidative stress via increasing the level of nuclear
factor erythroid 2-related factor 2 (Nrf2) [28]. Recent evidence has
suggested that the antioxidative and anti-inflammatory properties of
MT can be used to prevent ischemia-reperfusion (IR) injury and protect
against cardiomyocyte death. Moreover, several reports have explored
the mechanism of action of MT-induced beneficial effects in myocardial
IR injury [25]. However, the treatment potential of MT for potassium
dichromate (K,Cr,0)-induced cardiac injury and potential mechan-
isms remains unclear.

Accordingly, our study designed to define the regulatory effect and
mechanism of MT on K,Cr,0; induced cardiac injury.

2. Materials and methods
2.1. Animals and experimental protocol

Twenty-eight healthy Wistar rats (average body weight of
170 + 10g, male, 6-8 weeks old) were provided from Experimental
Animal Centre of Harbin Medical University (Harbin, China). The rats
were bred with standard pelleted rodent diet and water ad libitum
under the standard laboratory conditions (22 = 2°C, 12-hlight/
dark cycle, 50 * 3% relative humidity).

After acclimation for a week, the rats were randomly organized into
four groups: control, KoCr,0, K5Cr,0; + MT, and MT, 7 rats per group.
The control and MT groups were injected intraperitoneally with phy-
siological saline (0.9%, w/v). The K5Cr,0, and K,Cr,0, + MT rats were
injected with K,Cr,0; (4 mg/kg) solution intraperitoneally. An hour
later, the control and K,Cr,O, groups were subcutaneously injected
with physiological saline (0.9%, w/v). The MT and K,Cr,O, + MT
groups were subcutaneously injected with MT (20 mg/kg). All treat-
ments lasted for 35 d. The animal experimental procedure was au-
thorized by the Ethical Committee for Animal Experiments (Northeast
Agricultural University, Harbin, China). MT (purity > 99.7%) was from
Sinopharm Chemical Reagent Beijing Co., Ltd. (Beijing, China).
K,Cr;0, was from Tianjin Tianli Chemical Reagent Co., Ltd. (Tianjin,
China).

2.2. Sample collection

All rats were weighted and anesthetized 24 h after the last treat-
ment. The blood samples were promptly collected and centrifuged at
4000 X g for 15 min. The excised cardiac tissue sample was separated to
3 pieces for different experiments. One piece was homogenated in
buffer solusion (pH 7.4) for 10 min with a homogenizer; one piece was
placed into 10% formalin solution for histopathology analysis; the re-
mainder was freezed at —80 °C.

2.3. Biochemical analysis

Creatine kinase (CK), creatine kinase MB fraction (CK-MB), lactic
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dehydrogenase (LDH), and alpha-hydroxybutyrate dehydrogenase
(HBDH) activities in serum were tested using a Uni Cel DxC Synchron
chemistry system (Beckman Coulter Inc., Fulton, CA, USA).

2.4. Measurement of bio-markers

After a centrifugation at 3000 r/min for 15min at 4 °C, superoxide
dismutase (SOD) activity, content of malondialdehyde (MDA) and
glutathione (GSH) in the heart were detected with the corresponding
commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) respectively.

2.5. Histopathological analysis

After fixed in 4% formaldehyde for 24 h, the cardiac tissues from
rats were fixed into blocks of 1-2mm thickness, dehydrated and em-
bedded in paraffin. Sections (3 pm) were cut, and stained using hema-
toxylin and eosin. Finally, a light microscope (BX-FM, Olympus Corp,
Tokyo, Japan) was used to evaluate the sections.

2.6. Terminal deoxynucleotidyl transferase-mediated deoxyuracil
nucleoside triphosphate nick-end labeling test

Cardiac cell apoptosis was evaluated with a commercial terminal
deoxynucleotidyl transferase-mediated deoxyuracil nucleoside tripho-
sphate nick-end labeling (TUNEL) test kit according to the manufacure's
direction. Samples were evaluated under a fluorescence microscopy,
and the cell apoptosis percentages of each sample were recorded.

2.7. Cell culture and viability test

H9C2 cell (from rat myocardial cell) line was purchased from The
Cell Bank of Type Culture Collection of Chinese Academy of Sciences
(Shanghai, China). The viability of H9C2 cell was assayed with a Cell
Counting Kit-8 assay (Beyotime, Shanghai, China). After the cells were
incubated for 24 h in 96-well plates, MT (1 x 10~ umol/L) was added
to MT and K»Cr,0, + MT groups respectively. After 30 min, cells were
treated with/without K,Cr,0, (5.5ug/mL), incubated for 24h. The
viability of H9C2 cells was tested according to the instruction provided
by the manufacturer. The optical density (OD) value was read at
450 nm with a Bio-Tek Epoch microplate reader (Bio-Tek, Winooski,
VT, USA).

2.8. Western blot analysis

The total proteins from the cardiac tissues were extracted with a
commercial kit from Beyotime Institute of Biotechnology (Shanghai,
China). Nuclear proteins were extracted using a Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime) following the manufac-
turer's instruction. BCA protein assay kit (Beyotime, Shanghai, China)
was used to test total protein content. Equal volume of sample (6 pL,
5mg/mL) were added on polyacrylamide gel electrophoresis (SDS-
PAGE), then transferred to polyvinylidene fluoride (PVDF) membranes.
After blocking nonspecific binding sites with 5% nonfat milk in tris
buffered saline tween (TBST) for 2h, membranes were incubated for
12h with specific primary antibodies at 4 °C. The primary antibodies
P53, Nrf2, heme oxygenase-1 (HO-1), nicotinamide adenine dinucleo-
tide phosphatase: quinone-acceptor 1 (NQO1), B-cell lymphoma gene 2
(Bcl-2), Bcl-2-associated X protein (Bax), B-cell lymphoma-extra large
(Bclxl), and cleaved caspase 3 were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Interleukin - 1 (IL-1f3) antibody
was from Abcam commercial test (Cambridge, MA, USA). Antibodies to
AMPK and nuclear factor-kB (NF-xB) were from Cell Signaling
Technology Inc. (MA, USA). Nuclear protein Lamin B (Santa Cruz, CA,
USA) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Xianzhi, Hangzhou, China) were selected as a standard controls [29].
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Fig. 1. Effect of MT on the K,Cr,0,-mediated cardiac injury. (A) LDH, (B) HBDB, (C) CK, (D) CK-MB. Data are presented as mean + SEM, n = 7. * Statistically
different (p < 0.05) VS. control group. # Statistically different (p < 0.05) VS. K5Cr,0, group.

Then membranes were washed and incubated with the corresponding
conjugated secondary antibodies, and then washed 5 times with TBST.
Finally, the densitometry assay was shown using Image Pro-Plus 6.0
software (General Electric Company, Fairfield, CT, USA). Furthermore,
total and nuclear proteins from H9C2 cells were extracted by Nonidet P
40 cell lysis buffer supplement with the protease inhibitor phe-
nylmethanesulfonyl fluoride (Beyotime, Shanghai, China). According to
the above operations, AMPK, phosphorylated ~AMPK (P-AMPK), and
Nrf2 protein levels in H9C2 cells were tested.

2.9. Statistical analysis

Data were performed as means + standard error of means (SEM)
using SPSS22.0 software (SPSS, Chicago, IL, USA). One-way analysis of
variance (ANOVA) was used to finish comparisons between experi-
mental groups. A statistical value of p < 0.05 was considered sig-
nificant.

3. Results
3.1. MT alleciates K;Cr,0,induced cardiac dysfunction

K,Cr,0; significantly increased the activities of LDH, CK-MB,
HBDH, and CK compared with the control group (p < 0.05, Fig. 1).
However, MT significantly inhibited the activities of these enzymes in
the K,Cr,0, + MT group (p < 0.05, Fig. 1).

3.2. MT alleviates K,Cr,0,induced histopathological changes

No clear pathological change was observed in the control group and
MT-only group (Fig. 2A and D). While obvious changes including
myocardial damage, irregular cellular structure, individual cell swel-
ling, significantly hemorrhage, and infiltration of inflammatory cells
were obviously noticed in the K,Cr,0, group (Fig. 2B). However, these
damage were relieved in the K,Cr,0, + MT group (Fig. 2C).

3.3. MT attenuates oxidative stress in the cardiac tissue

Compared with the control group, the SOD activity and GSH con-
centration were significantly decreased, and the level of MDA was in-
creased markedly in the K>Cr,O, group (p < 0.05, Fig. 3A, B and C).
Meanwhile, MT significantly attenuated these change (p < 0.05,
Fig. 3A, B and Q).

3.4. MT decreases cardiomyocyte apoptosis

MT treatment significantly decreased the level of apoptosis com-
pared with the K>Cr,0; group (p < 0.05, Fig. 4A and B).

To further prove the anti-apoptotic actions of MT, we detected a few
representative apoptosis-related protein levels. The result showed that
K,Cr;0, markedly decreased Bcl-2 and Bcl-xl protein levels, and in-
creased the expression levels of P53, cleaved caspase-3, and Bax
(p < 0.05, Fig. 5A and B). However, MT treatment significantly re-
versed these changes (p < 0.05, Fig. 5A and B).

3.5. MT activates the AMPK/Nrf2 pathway in MT treatment rats

Expression of P-AMPK/AMPK and Nrf2 were decreased in the
K,Cr,0, group compared with the control group, but were increased in
the K,Cr,0; + MT group (p < 0.05, Fig. 6). As downstream proteins of
Nrf2, HO-1 and NQO1 had a similar expression pattern in the three
groups (p < 0.05).

3.6. MT relieves K;Cr,0,induced cardiac inflammation

Compared with the control group, MT significantly decreased the
protein levels of NF-kB and IL-18 (p < 0.05, Fig. 7A and B). However,
the altered protein levels were attenuated in the K,Cr,0; + MT group
(Fig. 7A and B).
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Fig. 2. Effect of MT on K,Cr»0O-induced histopathological damage. (A) control, (B) KxCr,07, (C) KoCr>0, + MT, (D) MT. Paraffin sections of cardiac tissues were stained
with hematoxylin and eosin and examined (200 x, bar: 100 um). White arrow: inflammatory cell infiltration; Black arrow: hemorrhage; *: individual cell swelling.
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3.7. MT increased the P-AMPK and Nrf2 protein levels in H9C2 cells
treated by K>Cr,0,

Compared with the control group, the expression of P~ AMPK/AMPK
and Nrf2 were decreased in the K,Cr,O;, group, but were increased in
the K,Cr,0, + MT group (p < 0.05, Fig. 8).

3.8. MT attenuated the viability inhibition K,Cr,0,-induced in H9C2 cells

As shown in Fig. 9, the viability of myocardial cell was decreased in
the K,Cr,O, group compared with the control group (p < 0.05).

However, treatment with MT significantly increased cell viability
(» < 0.05).

4. Discussion

Although MT has been shown to have positive effect on various
biological functions, the benefits of MT for the cure of cardiac injury are
unclear. Cr(VI) promoted the overproduction of free radicals and ROS
[30]. Free radicals attack the cell membrane, increase lipid peroxida-
tion, and result in the production of MDA [16,31,32]. Meanwhile, the
antioxidant defense system enzyme, SOD, and the non-enzymatic an-
tioxidant, GSH, are consumed in large quantities [16,33]. Our results
has shown that MT effectively reduces MDA levels, and increases GSH
concentration and SOD activity after K,Cr,O, treatment. Furthermore,
in this study, MT attenuates the viability inhibition K;Cr,0-induced in
HOC2 cells. These results indicate that MT mitigates the oxidative da-
mage in K5Cr,0--induced cardiac injury. It is worth mentioning that the
metabolic pathways of Cr(VI) in body may be partly related to the form
of Cr(V)-GSH species [34]. However, there is no evidence that MT may
react directly with Cr, so whether MT takes part in this process still
needs to be furtherly investigated.

Apoptosis, as a kind of programmed cell death, can be triggered by
much environmental or chemical irritant, such as ROS [35-37]. Oxi-
dative stress promotes the activation of P53, displacement of the anti-
apoptotic proteins such as Bcl-2 and Bcl-xl [38], and the expression of
Bax which is a pro-apoptotic protein [39]. Subsequently, excessive
cytochrome c release, and activates caspase-3 resulting in cleaved cas-
pase-3 [40]. We have shown that MT inhibits the reduction of Bcl-2 and
Bcl-xl levels, and decreases the levels of P53, caspase-3, and Bax.
Moreover, TUNEL assay results confirm that the myocardial apoptosis
induced by K»Cr;Oy is significantly blocked by MT. Hence, the results
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suggest that MT inhibits K,Cr,0,-induced myocardial apoptosis.

As a potent inflammatory mediator, NF-kB can be activated by
oxidative stress [41-43]. Under the stimulation of pro-inflammatory
cytokines, NF-kB is activated and transfers to the nucleus, then accu-
mulates and accelerates the production of IL-13 which is a pro-in-
flammatory cytokines [41,44]. Due to the adverse impact of oxidative
stress, the cell upregulates genes involved in inflammation to activate
or amplify the inflammatory response [36,45]. Our results show that
nuclear translocation of NF-kB and the increase in IL-1f induced by
K,Cr,0; are substantially suppressed by MT. Thereby, MT may protect
against K,Cr,O-induced cardiac injury by reducing the expression of
inflammatory cytokines to weaken the inflammatory response.

Nrf2 is a key nuclear transcription factor for maintaining redox
homeostasis and detoxification under many heavy metals exposure, and
plays a significant role in preventing cell injury resulting from oxidative
stress [46-49]. When body under oxidative stress status, Nrf2 starts the
antioxidant response element, and enables downstream antioxidant
processes to activate detoxifying genes. NQO1 and HO-1, combined
with Nrf2, inhibit K,Cr,0,-induced ROS production [50-53]. AMPK has
been shown to promote mitochondrial health, and several recently
discovered AMPK targets have been shown to be involved in mi-
tochondrial homeostasis [54]. Research has shown that AMPK may play
a role in Nrf2 activation and promote the expression of downstream
antioxidant enzymes [55]. In the present study, the decreases of AMPK,
Nrf2, NQO1, and HO-1 induced by K,Cr,0O, in the cardiac tissues were
attenuated by MT. In addition, our results have shown that MT in-
creases the P-AMPK and Nrf2 protein levels in H9C2 cells treated by
K5Cr;0;. Therefore, the results suggest that AMPK/Nrf2 pathway acti-
vation is the key link in the protective mechanism of MT on cardiac
damage mediated by K,Cr,0-.

5. Conclusion

In conclusion, our results demonstrate that MT attenuates Cr-in-
duced cardiac damage via activating the AMPK/Nrf2 pathway (Fig. 10).

This study provides a beneficial proof for the use of MT in treatment of
K5Cr;07-induced cardiac injury.

Abbreviations

AMPK  Adenosine 5-monophosphate-activated protein kinase
Bax Bcl-2-associated X protein

Bcl-2 B-cell lymphoma gene 2
Bcl-xL.  B-cell lymphoma-extra large
CK Creatine kinase

CK-MB Creatine kinase-MB

Cr Chromium

DNA Deoxyribonucleic acid
DNase  Deoxyribonuclease

GSH Glutathione

HBDB  Alpha-hydroxybutyrate dehydrogenase

HO-1 Heme oxygenase-1

IL-13 Interleukin-13

LDH Lactic dehydrogenase

MDA Malondialdehyde

MIR Myocardial ischemia reperfusion

MT Melatonin

NF-kB  Nuclear factor kappa B

NQO1  Nicotinamide adenine dinucleotide phosphatase: quino-
neacceptor 1

Nrf2 Nuclear factor-erythroid-2-related factor 2

oD Optical density

PDH Glyceraldehyde-3-phosphate dehydrogenase
P-AMPK phosphorylated-AMPK

ROS Reactive oxygen species

SOD Superoxide dismutase

TBST Tris buffered saline tween

TUNEL Terminal deoxynucleotidyl transferase-mediated deoxyuracil

nucleoside triphosphate nick-end labeling



J. Li, et al.

Conflict of interest
The authors declare that they have no conflicts of interest.
Acknowledgments

This work was supported by University Nursing Program for Young
Scholar with Creative Talents in Heilongjiang Province (UNPYSCT-
2016012), and the National Natural Science Foundation of China
(31101868).

We thank Hanne Gadeberg, PhD, from Liwen Bianji, Edanz Editing
China (www.liwenbianji.cn/ac), for editing the English text of a draft of
this manuscript.

References

[1] T.L. Tsai, C.C. Kuo, W.H. Pan, Y.T. Chung, C.Y. Chen, T.N. Wu, S.L. Wang, Kidney
Int. 92 (2017) 710-720.

[2] K.H. Cheung, J.D. Gu, Int. Biodeterior. Biodegradation 59 (2007) 8-15.

[3] J. Kota$, Z. Stasicka, Environ. Pollut. 107 (2000) 263-283.

[4] D. Mohan Jr., C.U. Pittman, J. Hazard. Mater. 137 (2006) 762-811.

[5] C.M. Davis, J.B. Vincent, J. Biol. Inorg. Chem. 2 (1997) 675-679.

[6] C. Jorge, C. Dubois, Med. Devices (Auckl.) 8 (2015) 359.

[7] A. Levina, P.A. Lay, Chem. Res. Toxicol. 21 (2008) 563-571.

[8] S. Mishra, R.N. Bharagava, J. Environ. Sci. Health C 34 (2016) 1-32.

[9] D. Bagchi, S.J. Stohs, B.W. Downs, M. Bagchi, H.G. Preuss, Toxicology 180 (2002)
5-22.

[10] J. Guertin, J.A. Jacobs, C.P. Avakian (Eds.), Chromium (VI) Handbook, Chapter 6,
Toxicity and Health Effects of Chromium (all Oxidation States), CRC Press, Florida,
2004, pp. 214-215.

[11] X.H. Zhang, X. Zhang, X.C. Wang, L.F. Jin, Z.P. Yang, C.X. Jiang, Q. Chen, X.B. Ren,
J.Z. Cao, Q. Wang, Y.M. Zhu, BMC Public Health 11 (2011) 224.

[12] C.H. Pan, H.A. Jeng, C.H. Lai, J. Expo. Sci. Env. Epid. 28 (2018) 76.

[13] P. Biswas, A.K. Karn, P. Balasubramanian, P.G. Kale, Biosens. Bioelectron. 94
(2017) 589-604.

[14] L. Young, J. Gadient, C. Lind, Front. Chem. 6 (2018) 478.

[15] H. Thatoi, S. Das, J. Mishra, B.P. Rath, N. Das, J. Environ. Manag. 146 (2014)
383-399.

[16] Z.G. Zhang, S.Y. Li, H.J. Jiang, B.Y. Liu, Z.J. Lv, C.M. Guo, H.L. Zhang, Mol. Nutr.
Food Res. 61 (2017) 1700016.

[17] D. Yang, S. Li, L. Gao, Z. Lv, Q. Bing, Q. Lv, Z. Zhang, J. Nutr. Biochem. 62 (2018)
43-49.

[18] A. van der Pol, W.H. van Gilst, A.A. Voors, P. van der Meer, Eur. J. Heart Fail. 21
(2019) 425-435.

[19] Y. Lin, H.L. Liu, J. Fang, C.H. Yu, Y.K. Xiong, K. Yuan, Food Chem. Toxicol. 68
(2014) 290-296.

[20] E. Bertero, C. Maack, Circ. Res. 122 (2018) 1460-1478.

[21] T. Miinzel, G.G. Camici, C. Maack, N.R. Bonetti, V. Fuster, J.C. Kovacic, J. Am. Coll.
Cardiol. 70 (2017) 212-229.

[22] M. Alcal4, I. Sdnchez-Vera, J. Sevillano, L. Herrero, D. Serra, M.P. Ramos, M. Viana,
Obesity 23 (2015) 1598-1606.

[23] B. Claustrat, J. Brun, G. Chazot, Sleep Med. Rev. 9 (2005) 11-24.

[24] J.J. Garcia, L. Lopez-Pingarrdn, P. Almeida-Souza, A. Tres, P. Escudero, F.A. Garcia-

[25]
[26]
[27]

[28]
[29]

[30]
[31]

[32]
[33]
[34]
[35]
[36]
[37]

[38]
[39]

[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]

[54]
[55]

Journal of Inorganic Biochemistry 197 (2019) 110698

Gil, D.X. Tan, R.J. Reiter, J.M. Ramirez, M. Bernal-Pérez, J. Pineal Res. 56 (2014)
225-237.

H. Zhou, Q. Ma, P. Zhu, J. Ren, R.J. Reiter, Y. Chen, J. Pineal Res. 64 (2018)
el12471.

H. Zhou, W. Du, Y. Li, C. Shi, N. Hu, S. Ma, W. Wang, J. Ren, J. Pineal Res. 64
(2018) e12450.

Y. Chen, W. Qing, M. Sun, L. Lv, D. Guo, Y. Jiang, Free Radic. Res. 49 (2015)
1275-1284.

G. Negi, A. Kumar, S.S. Sharma, J. Pineal Res. 50 (2011) 124-131.

B. Liu, Q. Bing, S. Li, B. Han, J. Lu, R. Baiyun, X. Zhang, Y. Lv, H. Wu, Z. Zhang, J.
Nanobiotechnol. 17 (2019) 45.

N. Husain, R. Mahmood, Toxicol. Ind. Health 33 (2017) 623-635.

H. Zhang, X. Tan, D. Yang, J. Lu, B. Liu, R. Baiyun, Z. Zhang, Oncotarget 8 (2017)
40982.

W. Zhang, J. Xue, M. Ge, M. Yu, L. Liu, Z. Zhang, Food Chem. Toxicol. 51 (2013)
87-92.

M. Yu, J. Xue, Y. Li, W. Zhang, D. Ma, L. Liu, Z. Zhang, Arch. Toxicol. 87 (2013)
1025-1035.

E. Gaggelli, F. Berti, N. D'Amelio, N. Gaggelli, G. Valensin, L. Bovalini, A. Paffetti,
L. Trabalzini, Environ. Health Perspect. 110 (2002) 733-738.

J.W. Ko, Y.S. Jin, J.W. Kim, S.H. Park, N.R. Shin, I.C. Lee, L.S. Shin, C. Moon,
S.H. Kim, S.H. Kim, J.C. Kim, Food Chem. Toxicol. 102 (2017) 156-165.

X. Tan, B. Liu, J. Lu, S. Li, R. Baiyun, Y. Lv, Q. Lu, Z. Zhang, J. Inorg. Biochem. 179
(2018) 24-31.

D. Yang, H. Jiang, J. Lu, Y. Lv, R. Baiyun, S. Li, B. Liu, Z. Lv, Z. Zhang, Environ.
Pollut. 237 (2018) 377-387.

R.F. Gahl, P. Dwivedi, N. Tjandra, Cell Death Dis. 7 (2016) e2424.

B. Liu, H. Jiang, J. Lu, R. Baiyun, S. Li, Y. Lv, D. Li, H. Wu, Z. Zhang, J. Nutr.
Biochem. 52 (2018) 115-123.

R. Baiyun, S. Li, B. Liu, J. Lu, Y. Lv, J. Xu, J. Wu, J. Li, Z. Lv, Z. Zhang, Ecotoxicol.
Environ. Saf. 161 (2018) 655-661.

K. Medicherla, B.D. Sahu, M. Kuncha, J.M. Kumar, G. Sudhakar, R. Sistla, Food
Funct. 6 (2015) 2984-2995.

M. Aliomrani, M.R. Sepand, H.R. Mirzaei, S. Nekonam, O. Sabzevari, J. Pharm. Sci-
US. 24 (2016) 15.

B. Liu, H. Yu, R. Baiyun, J. Lu, S. Li, Q. Bing, X. Zhang, Z. Zhang, Food Chem.
Toxicol. 113 (2018) 296-302.

E. Turillazzi, M. Neri, D. Cerretani, S. Cantatore, P. Frati, L. Moltoni, F.P. Busardo,
C. Pomara, I. Riezzo, V. Fineschi, J. Cell. Mol. Med. 20 (2016) 601-612.

L. Cao, W. Ding, R. Jia, J. Du, T. Wang, C. Zhang, Z. Gu, G. Yin, Fish Shellfish
Immunol. 64 (2017) 234-242.

R. Valenzuela, P. Illesca, F. Echeverria, A. Espinosa, M.A. Rincén-Cervera, M. Ortiz,
M.C. Hernandez-Rodas, A. Valenzuela, L.A. Videla, Food Funct. 8 (2017)
1526-1537.

T.W. Kensler, N. Wakabayashi, S. Biswal, Annu. Rev. Pharmacol. 47 (2007) 89-116.
F. Ursini, M. Maiorino, H.J. Forman, Redox Biol. 8 (2016) 205-215.

D. Yang, Z. Lv, H. Zhang, B. Liu, H. Jiang, X. Tan, J. Lu, R. Baiyun, Z. Zhang, Biol.
Trace Elem. Res. 176 (2017) 192-200.

J. Lu, H. Jiang, B. Liu, R. Baiyun, S. Li, Y. Lv, D. Li, S. Qiao, X. Tan, Z. Zhang, Food
Chem. Toxicol. 116 (2018) 59-69.

D. Sireesh, M.R. Ganesh, U. Dhamodharan, M. Sakthivadivel, S. Sivasubramanian,
P. Gunasekaran, K.M. Ramkumar, J. Nutr. Biochem. 44 (2017) 11-21.

M. Sandberg, J. Patil, B. D'Angelo, S.G. Weber, C. Mallard, Neuropharmacology 79
(2014) 298-306.

D. Yang, X. Tan, Z. Lv, B. Liu, R. Baiyun, J. Lu, Z. Zhang, Sci. Rep. 6 (2016) 37157.
S. Herzig, R.J. Shaw, Nat. Rev. Mol. Cell. Biol. 19 (2018) 121.

J. Kundu, D.H. Kim, J.K. Kundu, K.S. Chun, Food Chem. Toxicol. 65 (2014) 18-26.


http://www.liwenbianji.cn/ac
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0005
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0005
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0010
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0015
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0020
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0025
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0030
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0035
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0040
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0045
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0045
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0050
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0050
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0050
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0055
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0055
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0060
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0065
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0065
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0070
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0075
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0075
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0080
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0080
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0085
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0085
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0090
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0090
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0095
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0095
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0100
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0105
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0105
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0110
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0110
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0115
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0120
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0120
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0120
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0125
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0125
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0130
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0130
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0135
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0135
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0140
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0145
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0145
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0150
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0155
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0155
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0160
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0160
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0165
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0165
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0170
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0170
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0175
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0175
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0180
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0180
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0185
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0185
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0190
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0195
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0195
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0200
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0200
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0205
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0205
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0210
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0210
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0215
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0215
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0220
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0220
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0225
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0225
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0230
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0230
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0230
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0235
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0240
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0245
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0245
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0250
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0250
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0255
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0255
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0260
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0260
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0265
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0270
http://refhub.elsevier.com/S0162-0134(19)30121-7/rf0275

	Melatonin protects against chromium(VI)-induced cardiac injury via activating the AMPK/Nrf2 pathway
	Introduction
	Materials and methods
	Animals and experimental protocol
	Sample collection
	Biochemical analysis
	Measurement of bio-markers
	Histopathological analysis
	Terminal deoxynucleotidyl transferase-mediated deoxyuracil nucleoside triphosphate nick-end labeling test
	Cell culture and viability test
	Western blot analysis
	Statistical analysis

	Results
	MT alleciates K2Cr2O7–induced cardiac dysfunction
	MT alleviates K2Cr2O7-induced histopathological changes
	MT attenuates oxidative stress in the cardiac tissue
	MT decreases cardiomyocyte apoptosis
	MT activates the AMPK/Nrf2 pathway in MT treatment rats
	MT relieves K2Cr2O7-induced cardiac inflammation
	MT increased the P-AMPK and Nrf2 protein levels in H9C2 cells treated by K2Cr2O7
	MT attenuated the viability inhibition K2Cr2O7-induced in H9C2 cells

	Discussion
	Conclusion
	Abbreviations
	Conflict of interest
	Acknowledgments
	References




