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Abstract

The mechanism for intermittent hypoxia (IH)-induced cardiomyopathy remains obscure. We 

reported the prevention of acute and chronic IH-induced cardiac damage by selective cardiac 

overexpression of metallothionein (MT). Herein we defined that MT-mediated protection from IH-

cardiomyopathy is via activation of nuclear factor erythroid 2-related factor 2 (Nrf2), a critical 

redox-balance controller in the body. For this, mice were exposed to IH for 3 days (acute) or 4 or 8 

weeks (chronic). Cardiac Nrf2 and MT expression in response to IH were significantly increased 

*Correspondence to: Dr. Yang Zheng, the Center of Cardiovascular Diseases, the First Hospital of Jilin University, Changchun, China, 
zhengyang@jlu.edu.cn, Dr. Lu Cai, Pediatric Research Institute, University of Louisville, 570 S. Preston Street, Baxter I, Suite 304F, 
Louisville, KY 40202, USA, l0cai001@louisville.edu.
Author contribution
LC and YZ conceived the idea and designed the project. SZ, XY, JJ, YT, YX, ZZ, WS, and JC performed the research and generate the 
data. SZ, XY, YT, DJC, TC, JC and LC did the data analysis and discussion. SZ, DJC, TC, JC and LC wrote the manuscript. SZ, XY, 
JJ, YT, YX, ZZ, WS, YZ, and LC reviewed and revised the manuscript. SZ, XY, DJC, YX, ZZ, WS, JC, YZ, and LC provided funding 
in part for the study. SZ and LC are guarantors of this work and, as such, had full access to all the data in the study, and take 
responsibility for the integrity of the data and the accuracy of the data analysis. All the authors approve the version to be published.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of interest
The authors declare that there is no conflict of interest in this work.

HHS Public Access
Author manuscript
Free Radic Biol Med. Author manuscript; available in PMC 2020 August 28.

Published in final edited form as:
Free Radic Biol Med. 2017 November ; 112: 224–239. doi:10.1016/j.freeradbiomed.2017.07.031.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



acutely yet decreased chronically. Interestingly, cardiac overexpression (Nrf2-TG) or global 

deletion of the Nrf2 gene (Nrf2-KO) made mice highly resistant or highly susceptible, 

respectively, to IH-induced cardiomyopathy and MT expression. Mechanistically, 4-week IH 

exposure significantly decreased cardiac Nrf2 binding to the MT gene promoter, and thus, 

depressed both MT transcription and translation in WT mice but not Nrf2-TG mice. Likewise, 

cardiac MT overexpression prevented chronic IH-induced cardiomyopathy and down-regulation of 

Nrf2 likely via activation of a PI3K/Akt/GSK-3β/Fyn-dependent signaling pathway. These results 

reveal an integrated relationship between cardiac Nrf2 and MT expression in response to IH -- 

acute compensatory up-regulation followed by chronic down-regulation and cardiomyopathy. 

Cardiac overexpression of either Nrf2 or MT offered cardioprotection from IH via complicated 

PI3K/Akt/GSK3B/Fyn signaling. Potential therapeutics may target either Nrf2 or MT to prevent 

chronic IH-induced cardiomyopathy.
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Introduction

Intermittent hypoxia (IH) has received considerable attention in clinical settings in recent 

years increasing awareness of its biological and clinical significance. A key reason for 

extensive interest in IH is its occurrence in sleep-disordered breathing such as obstructive 

sleep apnea (OSA) syndrome, as well as in a variety of other diseases, including anomalies 

of the upper airway (anatomical, functional, or both), obesity, age (>60 years), smoking, 

alcohol consumption, somnolence, cognitive impairment, and cardiovascular morbidity and 

mortality [1–4].

OSA is a well-known public-health problem because of its high prevalence and severe 

effects. Even in the presence of confounding factors, such as age, sex, obesity, and 

dyslipidemia, evidence for associations between OSA, cardiovascular diseases and 

cardiovascular mortality is accumulating [5–9] . As one of the pathogenic factors caused by 

OSA, intermittent hypoxia (IH) plays a pivotal role in cardiovascular disease [10]. Chronic 

exposures to IH cause hypertension and cardiac abnormalities in both OSA patients and 

rodent models of IH [11, 12] including left ventricular (LV) remodeling and dysfunction [13, 

14].

Based on extensive animal studies, oxidative stress is linked to IH-induced cardiac damage 

[15–18]. Oxidative stress represents an imbalance between the production of reactive oxygen 

and/or nitrogen species (ROS and/or RNS) and the antioxidant capacity of a biological 

system to buffer ROS and/or RNS [16]. Metallothioneins (MT) are a family of cysteine-rich, 

low molecular weight proteins that have binding capacity for physiological and xenobiotic 

heavy metals through cysteine thiol groups [19]. Recently we demonstrated that endogenous 

MT expression was up-regulated in response to acute IH, but significantly decreased after 

chronic IH [20]. Chronic IH-induced cardiomyopathy in a murine model is characterized by 

oxidative damage, cardiac remodeling and dysfunction [20], implicating a protective role of 
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endogenous MT against IH cardiomyopathy. Furthermore, cardiac overexpression or global 

deletion of MT significantly prevents or exacerbates IH-induced cardiomyopathy, 

respectively, confirming a protective role of MT [21, 22].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a master transcription factor that plays a 

critical role in the regulation of antioxidant defense genes [23]. Nrf2 regulates expression of 

numerous genes through binding to antioxidant response elements (ARE) in their promoters 

[24]. Several phytochemicals, including sulforaphane (SFN), are known to efficiently induce 

Nrf2 [25, 26], and MT may be a potential downstream target of Nrf2 [27]. The relationship 

between Nrf2 and MT in the heart in the setting of IH-induced cardiomyopathy has not been 

studied.

In the present study, thus, we tested: (1) the response of Nrf2 and MT expression to IH 

exposure, and whether cardiac MT expression is Nrf2-dependent; (2) if Nrf2 overexpression 

protects against IH-induced cardiomyopathy, and whether protection is MT dependent; and, 

(3) role of PI3K signaling in MT and Nrf2-mediated prevention of IH cardiomyopathy. To 

address these questions, we have used transgenic mice with global deletion of either Nrf2 
gene (Nrf2-KO) or MT gene (MT-KO) and their wild-type (WT) counterparts (C57BL/6J 

and 129S1, respectively). We also used transgenic mice with cardiomyocyte-specific 

overexpression of either Nrf2 (Nrf2-TG) or MT (MT-TG) gene and their WT (FVB) 

counterparts.

Materials and Methods

Experimental animals and IH exposures

All experiments were done with male mice. MT-TG [28] and Nrf2-TG mice [29] were made 

on FVB background. MT-KO (stock number: 002211) and Nrf2-KO (stock number: 017009) 

mice with their WT (129S1 and C57BL/6J) mice, respectively, were purchased from Jackson 

Labs. Twenty C57BL/6, 20 FVB, 20 129S1, 20 Nrf2-KO, 20 MT-KO, 10 Nrf2-TG, and 10 

MT-TG mice were randomly assigned into two experimental groups, respectively: either 

exposed to room air or IH during sleep cycle as described in previous reports [30, 31]. The 

IH paradigm consisted of alternating cycles of 20.9% O2/8% O2 FiO2 (30 episodes per hour) 

with 20 seconds at the nadir FiO2 during the 12-h light phase, as deoxygenation-

reoxygenation episodes occur in moderate to severe OSA patients. All animal procedures 

were approved by the Institutional Animal Care and Use Committee of University of 

Louisville, which is certified by the American Association for Accreditation of Laboratory 

Animal Care. After IH exposures, mice were transferred to room air, cardiac function was 

measured by echocardiography, and then euthanized for organ collection.

In vivo administration of LY294002

LY294002 (LC Laboratories) at a dose of 50 mg/kg, in 50 μl DMSO, or 50 μl DMSO only 

(as a vehicle control) was administered twice intraperitoneally (injections 12 h apart) for 

three days [32].
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Echocardiography

To assess cardiac function, transthoracic echocardiograms were performed on mice using a 

Visual Sonics Vevo 770 high-resolution imaging system, as described before [33]. Under 

sedation with Avertin (240 mg/kg, intraperitoneally), mice were placed in a supine position 

on a heating pad and two-dimensional and M-mode echocardiography was used to assess 

wall motion, chamber dimensions and cardiac function.

Sirius-red staining

After anesthesia, hearts were isolated and fixed in 10% buffered formalin and then 

dehydrated in graded alcohol series, cleared with xylene, embedded in paraffin, and 

sectioned at 5 μm thickness. Cardiac fibrosis was examined with 0.1% Sirius-red F3BA and 

0.25% Fast green FCF for the collagen accumulation, as described in our previous study 

[34].

Western blotting for protein expression

Western blotting assays were performed as described before [35]. Briefly, heart tissue and 

nuclei were homogenized in lysis buffer. Proteins were collected by centrifuging at 12,000 g 

at 4 °C in a Beckman GS-6R centrifuge for 15 min. The protein concentration was measured 

by Bradford assay. The sample of total protein and nuclear protein diluted in loading buffer 

and heated at 95 °C for 5 min, was subjected to electrophoresis on 10% SDS-PAGE gel. 

After electrophoresis of the gel and transformation of the proteins to nitrocellulose 

membrane, these membranes were rinsed briefly in tris-buffered saline, blocked in blocking 

buffer (5% milk and 0.5% BSA) for 1 h, and washed three times with tris-buffered saline 

containing 0.05% Tween 20 (TBST). The membranes were incubated with different primary 

antibodies overnight at 4 °C, washed with TBST and incubated with secondary horseradish 

peroxidase–conjugated antibody for 1 h at room temperature. Antigen antibody complexes 

were then visualized using ECL kit (Amersham). MT expression was detected by a modified 

Western blotting protocol [36].

The primary antibodies used here include those against 3-nitrotyrosine (3-NT, 1:1000, 

Chemicon), 4-hydroxynonenal (4-HNE, 1:2000, Calbiochem), plasminogen activator 

inhibitor type 1 (PAI-1, 1:2000, BD Biosciences), and Nrf2 (1:1000, Abcam, #: ab137550). 

The primary antibodies against vascular cell adhesion molecule (VCAM, 1:1000), 

connective tissue growth factor (CTGF, 1:1000), NAD(P)H:quinone oxidoreductase 1 

(NQO1, 1:1000), and superoxide dismutase 2 (SOD2, 1:5000) were purchased from Santa 

Cruz Biotechnology. Other primary antibodies, including total- and phospho-PI3K (1:1000), 

total- and phospho-Akt (Ser473, 1:1000), total- and phospho-GSK-3β (1:3000), and Fyn 

(1:1000) were purchased from Cell Signaling Technology. GAPDH was used as loading 

control.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using the TRIzol Reagent (Invitrogen). RNA concentrations and 

purities were quantified using a Nanodrop ND-1000 spectrophotometer. First-strand 

complimentary DNA (cDNA) was synthesized from total RNA according to manufacturer’s 

protocol (Promega). Reverse transcription was run in a Master cycler gradient (Eppendorf) 

Zhou et al. Page 4

Free Radic Biol Med. Author manuscript; available in PMC 2020 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at 42 °C for 50 min. and 95 °C for 5 min. with 0.5 μg of total RNA in a final volume of 20 μl 

that contained 4 μl 25 mM MgCl2, 4 μl AMV reverse transcriptase 5× buffer, 2 μl dNTP, 0.5 

μl RNase inhibitor, 1 μl of AMV reverse transcriptase, 1 μl of dT primer and nuclease-free 

water. Primers of MT1, NQO-1 and SOD2 were purchased from Applied Biosystems. The 

qPCR was carried out in a 20 μl solution including 10 μl of TaqMan universal PCR master 

mix, 1 μl of primer and 9 μl of cDNA with the ABI 7300 Real-Time PCR system. Data were 

expressed as fold increase compared with levels measured in controls by using the ΔΔCt 

method and GAPDH as a reference gene.

Chromatin Immunoprecipitation (CHIP) assay

CHIP assay was carried out using the EpiQuikTM Tissue Epiquik CHIP kit (P-2003, 

Epigentek Group Inc.) following the manufacturer’s instructions. Firstly, the assay strip 

wells were coated with 2 μg CHIP interested antibody per well at room temperature for 90 

min.: Nrf2 (Santa Cruz Biotechnologies). One μl per well of normal mouse IgG and Anti-

RNA Polymerase II manufacturer provided were used respectively as negative control and 

positive control. Meanwhile 50 μg heart tissues were cut into small pieces and cross-linked 

with 1% formaldehyde in PBS at room temperature for 15–20 min. Added 1.25 M Glycine 

solution to stop the reaction and then disaggregated the tissue pieces, followed by isolation 

of nuclei. DNA was sheared into fragments of 200–1000 bp by sonication with a Branson 

Digital Sonifier (model 450 with micro-tip probe) with 15 pulses of 20 seconds with 35 

seconds intervals between pulses. After centrifuged, 5 μl of the diluted supernatants were 

removed as input DNA and other 100 μl were transferred to strip wells coated with antibody 

before, followed by incubation at temperature for 90 min. After washed the strip well, cross-

linked DNA samples were reversed using Proteinase K and CHIP-enriched DNA samples 

were collected, followed by purification using a spin column. Then CHIP DNA as well as 

input DNA was analyzed by real-time PCR using MT1 promoter primers (Invitrogen): 

forward5’-GATAGGCCGTAATATCGGGGAAAGCAC and reverse 5’-

GAAGTACTCAGGACGTTGAAGTCGTGG. Data were analyzed relative to a calibrator (2-

ΔΔCt) and normalized to input samples.

Statistical analysis

Data were expressed as mean ± SD for normally distributed variables. The comparisons of 

treatments (air vs. 8% O2) in mice with different genotypes were performed using two-way 

analysis of variance (ANOVA). The overall F-test was performed to test the significance of 

the ANOVA models. The significance was taken into consideration and then multiple 

comparisons were performed by the Bonferroni test. The significance level was considered 

as p<0.05.

Results

Both cardiac Nrf2 and MT expressions were increased at the early stage and decreased at 
the late stage of IH exposures

Cardiac oxidative damage, inflammation, and fibrosis are not observed after 3 days of IH 

exposures when cardiac MT expression is significantly increased, yet do occur after 4 or 8 

weeks post-exposure when cardiac MT expression is significantly decreased [20]. MT-TG 
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mice or MT-KO mice are resistant or susceptible, respectively, to chronic IH-induced 

cardiomyopathy, suggesting a critical role of MT in cardiac protection against IH [20]. In 

line of our hypothesis that Nrf2 may act as MT’s up-stream mediator, we found the same 

expression profile of Nrf2 (Figure 1A) and its downstream genes (NQO-1, Figure 1B; 

SOD2, Figure 1C) as those of MT in response to IH. Therefore we speculated that Nrf2 may 

act as a compensatory response to IH exposure for up-regulating downstream antioxidant 

target genes, such as MT, that protect the heart from IH.

Nrf2-KO mice were more susceptible to IH-induced cardiac oxidative damage, 
inflammation, fibrosis, and dysfunction

First, to determine the effect of Nrf2 expression on IH-induced cardiac damage and 

antioxidant expression, we exposed both Nrf2-KO and age-matched WT mice to IH for 3 

days or 4 weeks. Consistent with our previous study [20], echocardiographic measurements 

in WT mice did not show any changes at the 3rd day but detected significant changes in 

cardiac function after the 4th week of IH exposures, including altered LV internal dimension 

in diastole and systole (LVID,d and LVID,s, Figure 2A), LV ejection fraction and fractional 

shortening (LVEF and LVFS, Figure 2B), LV posterior wall thickness in diastole and systole 

(LVPW,d and LVPW,s, Figure 2C), and interventricular septum thickness in diastole and 

systole (IVS,d and IVS,s, Figure 2D), . In Nrf2-KO mice, there was no significant change of 

cardiac function after 3 days of IH exposures but there was more severe cardiac dysfunction 

after 4 weeks of IH exposure compared with similarly exposed WT mice (Figure 2).

Changes in cardiac function were accompanied by increased cardiac presence of 3-NT 

(Figure 3A), 4-HNE (Figure 3B) staining and VCAM (Figure 3C), and PAI-1 (Figure 3D) 

expression. Oxidative damage and inflammation markers were accompanied by remodeling 

as shown by increased cardiac accumulation of collagen (Figure 3E) and expression of 

fibrotic mediator CTGF (Figure 3F). These results support an increased susceptibility of 

Nrf2-KO mice (relative to WT) to IH-induced cardiomyopathy.

To address whether MT was important in Nrf2-KO susceptibility, we measured cardiac basal 

MT expression by Western blot (Figure 3G), and it was similar between Nrf2-KO and WT 

mice. In response to 3-day IH, however, cardiac MT expression was increased in the WT 

mice, but not in the Nrf2-KO mice. Furthermore, MT expression was further decreased in 

Nrf2-KO mice compared with WT mice after 4 weeks of IH exposure (Figure 3G). These 

findings suggest that although the basal level of cardiac MT expression was no significant 

change in Nrf2-KO mice, the early increased expression of cardiac MT in response to IH 

was Nrf2-dependent.

Nrf2-TG mice are resistant to IH-induced cardiac oxidative damage, inflammation, fibrosis 
and dysfunction

To exclude the increased cardiac susceptibility to IH-induced damage and the failure of 

cardiac MT’s up-regulation due to a systemic effect of Nrf2 defect, cardiomyocyte-specific 

Nrf2-TG mice that were confirmed with cardiac up-regulation of Nrf2 expression and its 

downstream targets NQO-1 and SOD2 expression (Figure 4) and their age-matched WT 

mice were exposed to IH for 4 weeks. Cardiac dysfunction was seen in IH-exposed WT 
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mice, shown by the increased LVID (both at diastole and systole) (Figure 5A) and the 

decreased LVEF and LVFS (Figure 5B), LVPW,d and LVPW,s (Figure 5C) , and IVS,d and 

IVS,s (Figure 5D), but not in IH-exposed Nrf2-TG mice (Figure 5).

There were significant increases in the expression of 3-NT (Figure 6A), 4-HNE (Figure 6B), 

VCAM (Figure 6C), and PAI-1 (Figure 6D), as oxidative damage and inflammatory 

responses, in IH-exposed WT mice, but not in IH-exposed Nrf2-TG mice. Furthermore 

Sirius-red staining disclosed that exposures of WT mice, but not Nrf2-TG mice, to IH for 4 

weeks also significantly increased cardiac collagen accumulation (Figure 6E), which was 

consistent with increased expression of CTGF, detected by Western blot (Figure 6F). All 

these results suggest that Nrf2 overexpression specifically in cardiomyocytes in the Nrf2-TG 

mice can prevent all of cardiac pathogeneses induced by whole-body exposure to IH for 4 

weeks.

Figure 6G shows that cardiac MT expression at basal level was similar between Nrf2-TG 

and WT mice and significantly decreased in WT mice compared to Nrf2-TG mice when 

both were exposed to IH for 4 weeks. These results from both Nrf2-KO and Nrf2-TG mice 

demonstrated that the early increase and the late preservation of cardiac MT expression in 

response to IH are both dependent on the presence of cardiac Nrf2 expression.

Reciprocal regulation of cardiac Nrf2 and MT expressions in response to IH

Next we examined whether the expression of cardiac Nrf2 in response to chronic IH is MT-

dependent, results showed that basal expressions of Nrf2 and its downstream genes were not 

affect by MT deletion or over-expression (Figure 7). However, after exposure to IH, cardiac 

expressions of Nrf2, NQO-1, and SOD2 were significantly increased at the 3rd day and 

decreased at the 4th week in both WT 129S1 (Figure 7A–C) and FVB mice (Figure 7D–F). 

Compared to their WT controls, MT-KO mice showed not only no increase at the 3rd day, 

but also further decrease at the 4th week, in the expression of Nrf2 expression and its 

downstream targets after IH (Figure 7A–C). MT-TG mice did not show any decrease for 

Nrf2 expression at the 4th week as compared to WT mice (Figure 7D–F). These results 

suggest that cardiac expression of Nrf2 and its downstream antioxidants in response to IH is 

MT-dependent to a large extent.

Considering that Nrf2 acts as a transcription factor to regulate multiple antioxidants by 

binding to promoters of these MT genes. We conducted CHIP assays with anti-Nrf2 

antibody followed by qPCR with primers designed to amplify the DNA fragment 

specifically contained in the promoter of MT gene (Figure 8A) and exhibited that in 

response to 4-week exposure to IH, the amount of Nrf2 bound to MT promoter was 

significantly decreased in the WT mice and increased in Nrf2-TG mice. Consistent with 

CHIP assay results, MT expression at both mRNA (Figure 8B) and protein levels (Figure 

6G) was significantly increased in Nrf2-TG mice exposed to IH, confirming that Nrf2 binds 

to MT promoter to transcriptionally upregulate MT expression.
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MT increased Nrf2 expression and transcriptional function in response to IH exposure via 
activating PI3K/Akt/GSK-3β/Fyn signaling pathway

Reportedly phosphorylated Fyn due to active GSK-3β translocates into the nucleus to foster 

export of nuclear Nrf2 to the cytosol for its ubiquitination and degradation [37]. MT 

protection against neuronal oxidative stress is PI3K-dependent [38]; therefore, cardiac 

expression of total and phosphorylated PI3K, Akt, and GSK-3β and expression of Fyn in 

cytosol and nucleus were detected with Western blots in both MT-KO and MT-TG mice 

along with their WT mice with and without a simultaneously 3-day or 4-week IH exposure. 

WT 129S1 mice exhibited a significant increase in the phosphorylation of cardiac PI3K, 

Akt, and GSK-3β (Figure 9A–C) and a significant decrease in Fyn nucleus accumulation 

(Figure 9D) at 3 days of IH exposures. However, both WT 129S1 and FVB mice showed 

significant decreases in the phosphorylation of PI3K, Akt, and GSK-3β and a significant 

increase in the nucleus accumulation of Fyn at 4 weeks after IH exposures (Figure 9). The 

increased Fyn in nuclear expression, which should functionally export nuclear Nrf2 to 

cytosol being degradation, is consistent with the decreased Nrf2 expression (Figure 7D) and 

function (Figure 7E,F).

Compared with WT controls, MT-KO mice showed no change in acute IH, but after chronic 

IH exposures, MT-KO mice had a significant decrease in abundance of phosphorylated 

PI3K, Akt, and GSK-3β along with a significant increase of Fyn nuclear accumulation. In 

contrast to MT-KO mice, MT-TG mice had no significant change of PI3K, Akt, and GSK-3β 
phosphorylation and Fyn nuclear accumulation in response to 4-week IH (Figure 9E–H), 

suggesting that overexpression of cardiac MT preserved IH-mediated down-regulation of 

Nrf2 probably via increasing Fyn nuclear translocation by inactivating Akt-mediated 

GSK-3β phosphorylation.

To further confirm whether PI3K/Akt/GSK-3β/Fyn signaling pathway is crucial for cardiac 

Nrf2 nuclear translocation after exposed to IH, PI3K inhibitor LY294002 or vehicle was 

administered to FVB mice with or without exposed to IH. Consistent with above results, 3-

day exposure to IH showed no any change in cardiac function (Figure 10), but significantly 

increased the phosphorylation of cardiac PI3K, Akt, and GSK-3β (Figure 11A–C) and 

decreased the nuclear accumulation of Fyn in vehicle groups (Figure 11D). These changes 

were accompanied with significant increases in Nrf2 expression and NQO-1 and SOD2 

expressions (Figure 11E–G). Western blots showed that LY294002 not only significantly 

inhibited the phosphorylation of PI3K, Akt, and GSK-3β (Figure 11A–C), resulting in an 

increased nucleus accumulation of Fyn (Figure 11D), but also significantly decreased the 

expression of Nrf2 and its downstream genes (Figure 11E–G) in the vehicle groups. 

Furthermore, treatment of 3-day IH-exposed mice with LY294002 prevented IH-increased 

phosphorylation of PI3K, Akt, and GSK-3β and IH-decreased Fyn nucleus accumulation 

compared to 3-day IH-exposed mice (Figure 11A–D). The expression of Nrf2 and its 

downstream genes was also not upregulated in 3-day IH-exposed mice treated with 

LY294002 (Figure 11E–G). Taken together, these results reveal that MT stimulates Nrf2 

expression and transcriptional function via activation of PI3K/Akt/GSK-3β/Fyn signaling 

pathway in response to IH exposures.

Zhou et al. Page 8

Free Radic Biol Med. Author manuscript; available in PMC 2020 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

Although there are several mechanisms responsible for chronic IH-induced cardiac 

dysfunction, chronic IH-derived oxidative damage was considered the pivotal one [15–18]. 

Consistent with this notion, we recently demonstrated the cardiac protection by MT as one 

potent anti-oxidative protein against IH cardiomyopathy [20], evidenced by findings: (1) the 

expression of MT in the heart was increased at the early stage and decreased at the late stage 

of IH exposures along with the late increases in oxidative damage and cardiac dysfunction; 

(2) MT-KO and MT-TG mice are sensitive and resistant, respectively, to IH-induced 

cardiomyopathy. Here we provided the first evidence that, like MT, cardiac Nrf2 expression 

of mice exposed to IH is up-regulated as a compensative response at the early stage and 

down-regulated as a decompensated response at the late stage, along with the significant 

increase in oxidative stress and damage. We further showed that Nrf2-KO mice and Nrf2-TG 

mice were more sensitive and resistant, respectively, to chronic IH-induced cardiac injury 

and dysfunction compared to their WT mice. Therefore both Nrf2 and MT play the critical 

roles in preventing IH-induced cardiac oxidative stress damage and dysfunction.

Summarizing previous studies revealed that cardiac responses to IH are dependent on the 

severity, frequency and duration of IH, generally in a manner from adaptation to 

maladaptation [16, 39]. In hamster and rat models, IH for 2 and 4 weeks induced cardiac 

oxidative stress, inflammatory, and remodeling, at least partly by increasing oxidative stress 

[39, 40]. In a line with these findings, our previous [20, 41] and present studies with mouse 

models also showed that IH induces a decrease in cardiac function from 4 to 8 weeks. 

Cardiac oxidative damage and fibrosis were observed starting at the 4th week of IH 

exposure. Expression of endogenous MT and Nrf2 was up-regulated in response to 3-day 

IH, not significantly changed between 1 and 7 days, but significantly decreased at 4 and 8 

weeks of IH. In terms of MT and Nrf2 expression, several other studies have also shown 

these two gene or protein expression in parallel [42, 43]. These findings suggest that chronic 

IH induces cardiomyopathy characterized by oxidative stress-mediated cardiac damage, 

which could be prevented by up-regulation of antioxidants such as both Nrf2 and MT.

MT as a potent antioxidant endogenously expressed in the most of organs, including the 

heart, and is also inducible. Therefore, an import question is whether MT as one of Nrf2 

downstream targets plays an important role in Nrf2-mediated cardiac protection from IH. 

Nrf2 is usually bound with the Keap1 protein in the cytoplasm [23–26]. After activation by 

Nrf2 inducers such as SFN, Nrf2 is disassociated from Keap1 and translocated into the 

nucleus. Once in the nucleus, activated Nrf2 dimerizes with other cofactors such as mafG 

and binds to ARE to transcriptionally increase the expression of its down-stream genes. To 

date, whether MT acts as one of Nrf2 downstream genes remains uncertain: there are 

supportive [44, 45] and negative evidence [46, 47]. These contradictory results suggest that 

the relationship between Nrf2 and MT varies dependent on organs, Nrf2 activators, and 

experimental conditions.

Here we show no difference for the basal MT expression of the heart between Nrf2-KO and 

WT mice (Figure 3G). In response to 3-day IH, however, cardiac MT expression was 

increased in the WT mice, but not in the Nrf2-KO mice, furthermore, in response to 4-week 
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IH, cardiac MT expression was further decreased in Nrf2-KO mice compared with WT 

mice. These findings suggest that, although the basal level of cardiac MT expression was not 

significantly changed in Nrf2-KO mice, IH-increased expression of cardiac MT as the 

compensative response at early stage is Nrf2-dependent. This notion was further supported 

by the finding from Nrf2-TG mice, i.e.: cardiac MT expression at basal level was similar 

between Nrf2-TG and WT mice, but, in response to 4-week IH, cardiac MT expression was 

significantly decreased in WT mice compared to Nrf2-TG mice (Figure 6G).

These results from both Nrf2-KO and Nrf2-TG mice suggest that the late preservation of 

cardiac MT expression in response to 4-week IH is Nrf2-dependent. Furthermore, CHIP 

assays with anti-Nrf2 antibody followed by qPCR with primers specifically targeting to the 

promoter of MT gene displayed that 4-week IH significantly decreased the amount of Nrf2 

bound to MT promoter in the WT mice but not in Nrf2-TG mice (Figure 8A) along with a 

significant increase in MT expression at both mRNA (Figure 8B) and protein levels (Figure 

6G) in Nrf2-TG mice exposed to IH. All these suggest that Nrf2 binds to MT promoter to 

transcriptionally upregulate MT expression. Our in vivo finding support with previous in 

vitro studies that have implicated MT as a downstream target of Nrf2 in cultured cells and 

they showed the increased Nrf2’s recruitment to the ARE of the promoter region of the 

bovine MT gene in response to cadmium [43, 45]. Since there is an ARE region in the 

promoter of the MT gene [48]. Our CHIP assay confirmed that 4-week exposure to IH 

significantly decreased the occupancy of Nrf2 in the promoter of MT in the WT mice along 

with a significant decrease of MT expression at both mRNA and protein levels, but not in 

Nrf2-TG mice. This suggests that Nrf2 may directly bind to ARE region of MT promoter for 

transcriptional upregulation of MT gene expression. Secondly a hallmark of the promoters / 

enhancers of most MT genes are short DNA sequence motifs termed metal response 

elements (MREs), many of which also harbor AREs [48, 49]. MRE-binding protein is bound 

to its cognate DNA motif in a zinc dependent manner and was termed MRE-binding 

transcription factor-1 (MTF-1) [50]. MTF-1 is a pluripotent transcriptional regulator 

involved in cellular adaptation to various stress conditions, primarily exposure to heavy 

metals but also to hypoxia or oxidative stress. Therefore, MT expression may be regulated 

by Nrf2 and other factors via either ARE or MTF-1 so MT basal level was not affected by 

Nrf2 gene gain and loss.

The present study reveals a novel and positive effect of MT on Nrf2 expression and function. 

There is no effect of MT expression (deletion or overexpression) on basal expressions of 

Nrf2 and its downstream genes (Figure 7); however, after exposure to IH MT-KO mice 

showed not only no increase at the 3rd day, but also further decrease at the 4th week, in the 

expression of Nrf2 and its downstream targets after IH, compared to their WT controls, 

(Figure 7A–C). MT-TG mice did not show any decrease for Nrf2 expression at the 4th week 

after IH (Figure 7D–F). These findings suggest that MT is required for the increase of 

cardiac Nrf2 expression at the 3rd day of IH and prevents IH-down-regulated Nrf2 

expression and function at the 4th week of IH. To date, there was not study that shows the 

positive effect of MT on Nrf2 expression and function in any tissues or cells.

Mechanistically, phosphorylated Fyn by active GSK-3β could translocate into the nucleus to 

export the nuclear Nrf2 to cytosol for its ubiquitination and degradation [37, 51, 52]. MT 
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protection against neuronal and cardiac oxidative damage was found associated with PI3K-

dependent [38] and GSK- GSK-3β [53]; Hwang et al reported that MT-3 protected against 6-

hydroxydopamine-induced oxidative stress by upregulating Nrf2 and its target gene HO-1 

expression via PI3K activation in vitro [38]. In a line with this in vitro finding, here MT was 

found to upregulate Nrf2 and its downstream gene expression via activation of PI3K/Akt/

GSK-3β/Fyn signaling pathway since treatment of 3-day IH-exposed mice with PI3K 

specific inhibitor LY294002 prevented IH-increased phosphorylation of PI3K, Akt, and 

GSK-3β and IH-decreased Fyn nucleus accumulation compared to 3-day IH-exposed mice, 

along without up-regulation of Nrf2 and its downstream gene expression (Figure 11). Taken 

together, the reciprocal regulation between Nrf2 and MT in response to IH exposures was 

found necessary for an efficiently antioxidant response to chronic IH-induced cardiac injury, 

as shown in Figure 12.

At present study we do not know how MT stimulates PI3K, which is a limitation of the 

present study. A few recent reviews have reported that MT can interact with several proteins 

including tumor suppressor (p53), nuclear transcriptional factor (NF-κB), and transcription 

factors (Sp1, TFIIIA, Gal4, TTK, and estrogen receptor), and can influence other zinc-finger 

proteins via transitional release of MT zinc to or gain from them [54–56]. Therefore, MT 

may either directly or indirectly impact PI3K, which then stimulates Akt-dependent 

inactivation of GSK-3β/Fyn-mediated Nrf2 inhibition pathway, resulting in activating Nrf2 

function. This will be investigated in the future studies.

As mentioned early there is lack of properly pharmacological inducers of MT except for 

metals [19, 36, 41] and the present study confirms Nrf2 as one of the important MT’s 

upstream regulators, therefore, we can consider inducing MT via induction of Nrf2 with its 

natural inducers [57–59], to prevent IH-induced cardiomyopathy. This will have great 

potential to be applied in clinical sittings in the future for OSA patients or those who are 

known to be exposed to IH occupationally and environmentally.

Here we show, for the first time, the same expression of cardiac Nrf2 and MT in response to 

chronic IH: compensated up-regulation at early and decompensated down-regulation with 

the development of cardiomyopathy at late stage. Cardiac Nrf2 and MT expression is under 

beneficial feedback control via a complicated PI3K/Akt/GSK3B/Fyn signaling to offer a 

synergetic cardioprotection from IH (Figure 12).
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RNS nitrogen species

MT Metallothionein

Nrf2 Nuclear factor erythroid 2-related factor 2

AREs antioxidant response elements

Keap1 kelch-like ECH-associated protein 1

SFN Sulforaphane

Nrf2-KO global deletion of Nrf2 gene

MT-KO global deletion of MT gene

Nrf2-TG cardiomyocyte-specific overexpression of Nrf2

MT-TG cardiomyocyte-specific overexpression of MT

LVID,d LV internal dimension in diastole

LVID,s LV internal dimension in systole

LVEF LV ejection fraction

LVFS LV fractional shortening

IVS, d interventricle septum thickness in diastole

IVS, s interventricle septum thickness in systole

LVPW,d LV posterior wall thickness in diastole

LVPW,s LV posterior wall thickness in systole
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Highlights

• Both Nrf2 and MT compensated up-regulation at early and decompensated 

down-regulation with the development of cardiomyopathy at late stage of IH.

• Nrf2 plays the critical roles in preventing IH-induced cardiac oxidative stress 

damage and dysfunction.

• Cardiac Nrf2 and MT expression is under beneficial feedback control via a 

complicated PI3K/Akt/GSK-3β/Fyn signaling to offer a synergetic 

cardioprotection from IH.
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Figure 1. Expression of Nrf2 in response to IH exposures.
FVB WT mice were exposed to IH for indicated times. Cardiac Nrf2 (A) expression was 

measured by Western blots with its antibody from Abcam (ab137550) with molecular weight 

of ~ 95 – 110 as suggested by Lau et al. [60]. The NQO1 (B) and SOD2 (C) mRNA was 

measured by RT-PCR and Western blots. Data are presented as mean ± SD (n=5). *, p<0.05 

vs control.
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Figure 2. Nrf2-KO mice exacerbate IH-induced cardiac dysfunction.
Nrf2-KO and C57BL/6J WT mice were exposed to IH for indicated times. LVID;s and 

LVID;d (A), and LVEF and LVFS (B), and LVPW;s and LVPW;d (C), and IVS;s and IVS;d 

(D) were measured by echocardiography. Data are presented as mean ± SD (n=5). *, p<0.05 

vs WT/C; &, p<0.05 vs WT/H.
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Figure 3. Nrf2-KO mice exacerbate IH-induced oxidative stress, inflammation and fibrosis.
Nrf2-KO and C57BL/6J WT mice were exposed to IH for indicated times. Cardiac oxidative 

damage was measured by Western blots for 3-nitrotyrosine (3-NT, A) and 4-

Hydroxynonenal (4-HNE, B). Cardiac inflammation and fibrosis were measured by Western 

blots for vascular cell adhesion molecule 1 (VCAM-1, C), plasminogen activator inhibitor-1 

(PAI-1, D), and connective tissue growth factor (CTGF, F). Cardiac collagen was measured 

by Sirius-red staining (E). MT (G) expression was measured by Western blots. Data are 

presented as mean ± SD (n=5). *, p<0.05 vs WT/C; &, p<0.05 vs WT/H.
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Figure 4. Nrf2 and its down-stream gene expression in Nrf2-TG and WT mice exposed to 4-week 
IH.
Expression of Nrf2 (A), NQO1 (B), and SOD2 (C) was examined by Western blots. When 

WB was carried out whole full membrane was separated into five horizontal strips based on 

Nrf2, NQO1, SOD and GAPDH molecule weights. These strips were separately incubate 

with each specific antibody and associated following procedures. Under this condition, 

therefore, all Nrf2, NQO1, and SOD2 expression were compared with the same GAPDH 

expression. Data are presented as mean ± SD (n=5). *, p<0.05 vs WT/C; &, p<0.05 vs 

WT/H.
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Figure 5. Nrf2-TG mice are resistant to 4-week IH-induced cardiac dysfunction.
Nrf2-TG and FVB WT mice were exposed to IH for indicated times. LVID;s and LVID;d 

(A), and LVEF and LVFS (B), and LVPW;s and LVPW;d (C), and IVS;s and IVS;d (D) were 

measured by echocardiography. Data are presented as mean ± SD (n=5). *, p<0.05 vs WT/C; 

&, p<0.05 vs WT/H.
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Figure 6. Nrf2-TG mice are resistant to 4-week IH-induced cardiac oxidative stress, 
inflammation and fibrosis.
FVB and Nrf2-TG mice were exposed to IH for 4 weeks. Cardiac oxidative damage was 

measured by Western blots for 3-NT (A) and 4-HNE (B). Cardiac inflammation was 

measured by Western blots for VCAM (C) and PAI-1 (D). Cardiac fibrosis was measured by 

Sirius-red staining (E) and Western blots for CTGF (F). MT (G) expression was measured 

by Western blots. Data are presented as mean ± SD (n=5). *, p<0.05 vs WT/C; &, p<0.05 vs 

WT/H.
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Figure 7. Reciprocal regulation between Nrf2 and MT.
MT-KO, MT-TG and their WT mice were exposed to IH for indicated times (A-C) and 4 

weeks (D-F). Nrf2 and its target genes NQO1 and SOD2 expression was measured by 

Western blots. Data are presented as mean ± SD (n=5). *, p<0.05 vs WT/C; &, p<0.05 vs 

WT/H.
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Figure 8. Banding of Nrf2 to the promoter of MT stimulates its expression.
FVB and Nrf2-TG mice were exposed to IH for 4 weeks. CHIP analysis of Nrf2 level at 

MT1 promoter with antibody against Nrf2 (A). MT expression in each group was 

determined at mRNA level with real-time-PCR (B). Data are presented as mean ± SD (n=5). 

*, p<0.05 vs WT/C; &, p<0.05 vs WT/H.
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Figure 9. The effect of MT-KO mice and MT-TG mice on IH-induced PI3K/GSK-3β/Akt/ Fyn 
expression.
MT-KO and 129S1 mice were exposed to IH for indicated times. MT-TG mice and FVB 

mice were exposed to IH for 4 weeks. The expression of p-PI3K and t-PI3K (A and E), p-

Akt and t-Akt (B and F), p-GSK-3β and t-GSK-3β (C and G), Fyn (D and H) in heart was 

detected by Western blot assay and the ratio of p-PI3K and t-PI3K, p-Akt and t-Akt, p-

GSK-3β and t-GSK-3β was presented. Data are presented as mean ± SD (n=5). *, p<0.05 vs 

WT/C; & p<0.05 vs WT/H.

Zhou et al. Page 25

Free Radic Biol Med. Author manuscript; available in PMC 2020 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. Effect of PI3K inhibition on cardiac function .
FVB mice were exposed to IH for 3 days with either PI3K inhibitor (LY294002) or vehicle 

simultaneously. LVID;s and LVID;d (A), and LVEF and LVFS (B), and LVPW;s and 

LVPW;d (C), and IVS;s and IVS;d (D) were measured by echocardiography. Data are 

presented as mean ± SD (n=5).
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Figure 11. Effect of PI3K inhibition on IH-induced Nrf2 expression.
FVB mice were exposed to IH for 3 days with either PI3K inhibitor (LY294002) or vehicle 

simultaneously. The expression of p-PI3K and t-PI3K (A), p-Akt and t-Akt (B), p-GSK-3β 
and t-GSK-3β (C), Fyn (D), Nrf2 (E) and its target genes NQO1 (F), SOD2 (G) in heart was 

detected by Western blot assay and the ratio of p-PI3K and t-PI3K, p-Akt and t-Akt, p-

GSK-3β and t-GSK-3β was presented. Data are presented as mean ± SD (n=5). *, p<0.05 vs 

control; &, p<0.05 vs H.
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Figure 12. Diagram of the mechanism of Nrf2 and MT in preventing IH–induced cardiac injury.
In response to acute IH exposure, cardiac expression of Nrf2 and MT was increased in 

parallel as a compensated mechanism to protect the heart from IH-induced injury; however, 

in response to chronic IH exposure, cardiac expression of both MT and Nrf2 at the late stage 

was gradually decreased from a compensated stage to a decompensated stage, which making 

the heart more susceptible to IH-induced oxidative damage, resulting in the late cardiac 

remodeling and dysfunction (IH cardiomyopathy). During compensative process, MT 

expression was significantly affected positively by Nrf2 expression via binding to the 

promoter of MT, suggesting that MT as one of Nrf2 down-stream targets. Interesting, MT 

has expression in response to IH has certain feed-back impact on the function of Nrf2 via 

PI3K/Akt/GSK-3β-mediated inhibition of Fyn, Nrf2-functional negative regulator by 

moving it from nuclei into cytosol.
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