
Journal Pre-proof

Glutaredoxin-2 and Sirtuin-3 deficiencies impair cardiac
mitochondrial energetics but their effects are not additive

Neoma T. Boardman, Baher Migally, Chantal Pileggi, Gaganvir S.
Parmar, Jian Ying Xuan, Keir Menzies, Mary-Ellen Harper

PII: S0925-4439(20)30330-6

DOI: https://doi.org/10.1016/j.bbadis.2020.165982

Reference: BBADIS 165982

To appear in: BBA - Molecular Basis of Disease

Received date: 14 May 2020

Revised date: 6 September 2020

Accepted date: 24 September 2020

Please cite this article as: N.T. Boardman, B. Migally, C. Pileggi, et al., Glutaredoxin-2
and Sirtuin-3 deficiencies impair cardiac mitochondrial energetics but their effects are
not additive, BBA - Molecular Basis of Disease (2020), https://doi.org/10.1016/
j.bbadis.2020.165982

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. 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.

© 2020 Published by Elsevier.

https://doi.org/10.1016/j.bbadis.2020.165982
https://doi.org/10.1016/j.bbadis.2020.165982
https://doi.org/10.1016/j.bbadis.2020.165982


 

1 
Combined Grx2 and SIRT3 deficiency impairs cardiac mitochondrial function 

 

Glutaredoxin-2 and Sirtuin-3 deficiencies impair cardiac mitochondrial 

energetics but their effects are not additive 

 

Neoma T Boardman1,2, Baher Migally1, Chantal Pileggi1, Gaganvir S Parmar1, Jian Ying 

Xuan1, Keir Menzies1,3, and Mary-Ellen Harper1,* 

 

 

1. Department of Biochemistry, Microbiology and Immunology, and Ottawa Institute of 

Systems Biology, Faculty of Medicine, University of Ottawa, Ottawa, ON, Canada  

2. Department of Medical Biology, Faculty of Health Sciences, UiT-Arctic University of 

Norway, Tromsø, Norway 

3. Interdisciplinary School of Health Sciences, Faculty of Health Sciences, University of 

Ottawa, Ottawa, ON, Canada 

 

* Corresponding author: Dr. M-E Harper, Department of Biochemistry Microbiology and 

Immunology; Faculty of Medicine; University of Ottawa; 451 Smyth Rd.; Ottawa ON; 

Canada K1H 8M5. mharper@uottawa.ca 

 

Running title: Combined GRX2 and SIRT3 deficiency impairs cardiac mitochondrial 

function 

 

Keywords: mitochondria, oxidative phosphorylation, reactive oxygen species, oxidative 

stress, glutathione, redox, fibrosis, hypertrophy 

 

Highlights 

 GRX2 and SIRT3 are important in the control of oxidative stress and mitochondrial 

function in the heart 

 The absence of both GRX2 and SIRT3 impairs overall mitochondrial respiratory 

capacity  

 In human left ventricle tissue, expression of GRX2 and SIRT3 is positively 

correlated  

 

 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

2 
Combined Grx2 and SIRT3 deficiency impairs cardiac mitochondrial function 

Abstract  

Altered redox biology and oxidative stress have been implicated in the progression of heart 

failure. Glutaredoxin-2 (GRX2) is a glutathione-dependent oxidoreductase and catalyzes 

the reversible deglutathionylation of mitochondrial proteins. Sirtuin-3 (SIRT3) is a class III 

histone deacetylase and regulates lysine acetylation in mitochondria. Both GRX2 and 

SIRT3 are considered as key in the protection against oxidative damage in the 

myocardium. Knockout of either contributes to adverse heart pathologies including 

hypertrophy, hypertension, and cardiac dysfunction. Here, we created and characterized a 

GRX2 and SIRT3 double-knockout mouse model, hypothesizing that their deletions would 

have an additive effect on oxidative stress, and exacerbate mitochondrial function and 

myocardial structural remodeling. Wildtype, single-gene knockout (Sirt3-/-, Grx2-/-), and 

double-knockout mice (Grx2-/-/Sirt3-/-) were compared in heart weight, histology, 

mitochondrial respiration and H2O2 production. Overall, the hearts from Grx2-/-/Sirt3-/- mice 

displayed increased fibrosis and hypertrophy versus wildtype. In the Grx2-/- and the Sirt3-/- 

we observed changes in mitochondrial oxidative capacity, however this was associated 

with elevated H2O2 emission only in the Sirt3-/-. Similar changes were observed but not 

worsened in hearts from Grx2-/-/Sirt3-/- mice, suggesting that these changes were not 

additive. In human myocardium, using genetic and histopathological data from the human 

Genotype-Tissue Expression consortium, we confirmed that SIRT3 expression correlates 

inversely with heart pathology. Altogether, GRX2 and SIRT3 are important in the control of 

cardiac mitochondrial redox and oxidative processes, but their combined absence does 

not exacerbate effects, consistent with the overall conclusion that they function together in 

the complex redox and antioxidant systems in the heart.  
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1. Introduction  

Cardiac myocyte energy demands are continuously high on account of the contractile 

activities of the heart. To meet the associated demands for ATP, cardiac myocytes rely on 

the β-oxidation of fatty acids in mitochondria. It is estimated that 60-90% of cardiomyocyte 

ATP demands are met through this pathway, which ultimately fuels the ATP-generating 

oxidative phosphorylation (OXPHOS) system [30].  OXPHOS includes the mitochondrial 

electron transport system (ETS) and ATP synthase, and is driven by reducing equivalents 

(electrons) emanating from substrate oxidations, such as β-oxidation. While mitochondria 

are the major source (roughly 90%) of cellular ATP in most cell types of the body, they are 

also important generators of reactive oxygen species (ROS), including superoxide (O2
.-), 

hydrogen peroxide (H2O2) and the hydroxyl radical (.OH)  [5, 41]. The overall levels of ROS 

are normally kept in balance to minimize oxidative stress while enabling the important 

roles played by ROS as signaling molecules in many physiological processes [47, 50].  

ROS are important messengers in the regulation of cell metabolism and physiological 

homeostasis, but excessive levels cause oxidative damage and potentially cell death 

through processes including apoptosis, ferroptosis and necrosis [11, 66, 67]. As such, and 

given the high rates of substrate oxidation in the myocardium, the heart requires a battery 

of complex, coordinated systems that counter-balance transient increases in redox and 

ROS during changes in workload, substrate supply, and energy demand. In the absence of 

these systems, myocyte oxidative stress, and damage ensue, which are known to be 

important in the development of cardiac dysfunction in heart failure and in other cardiac 

diseases [39, 43].  

Overall levels of myocardial ATP production by OXPHOS is achieved through multiple 

mechanisms, including alterations in mitochondriogenesis, mitochondrial dynamics, 

electron transport system supercomplexes, expression of enzymes involved in fuel 

oxidation, and protein post-translational modifications (PTMs) [21, 23, 52, 57]. PTMs can 

acutely control protein function as well as protein-protein interactions, and thereby 

modulate ROS and the flux though mitochondrial oxidative pathways [20, 40]. The 

dysregulation of PTMs in mitochondria can result in mitochondrial dysfunction in heart 

disease [49]. Various PTMs identified in the failing heart have been associated with 

diminished mitochondrial respiratory capacity, ATP production efficiency, lower antioxidant 

capacities and associated higher levels of ROS production [12, 53, 58] and lack of 

metabolic flexibility [59].  
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In this study, we focus on two proteins responsible for regulating two distinct types of PTM 

that have been shown to be altered in heart failure and that are known modulators of 

mitochondrial function: glutaredoxin-2 (GRX2) and sirtuin-3 (SIRT3). These proteins 

function in reversible deglutathionylation and deacetylation processes, respectively. 

Protein S-glutathionylation reactions have emerged as key in the control of redox 

homeostasis [18, 29], ROS levels and protein function [16, 36, 64] in mitochondria. GRX2, 

predominantly localized in the mitochondria and nuclei of cells, is an oxidoreductase that 

catalyzes the reversible deglutathionylation of mitochondrial proteins in response to a wide 

range of GSH/GSSG ratios [6], and may protect the heart from damage due to oxidative 

stress [7, 64]. Detrimental effects of impaired GRX2-mediated redox signaling are evident 

in cardiac muscle [7, 34], due likely in large part to the high content of mitochondrial 

OXPHOS proteins and the central role of mitochondria in meeting cardiac energy 

demands. GRX2 is reported to target many mitochondrial proteins including cytochrome c 

[14, 18] and uncoupling protein-3 [33]. Importantly, GRX2 also targets complex I (CI) of the 

ETS, which can alter CI activity and modulate CI ROS release [6, 61]. In line with this, the 

reversal of a disordered redox environment in which deglutathionylated states of proteins 

were favoured, resulted in the recovery of CI activity and ATP output [34].  GRX2 has also 

been shown to control apoptotic signaling factors [64], and thus may be vital for cell 

survival under oxidative stress conditions, such as in myocardial infarction [7, 64]. In line 

with this, it is not surprising that low expression of GRX2 expression in human myocardium 

and that knockout of Grx2 in mice are associated with the development of heart 

pathologies including fibrosis, hypertrophy, infarct and hypertension [24, 34, 36].  

Reversible lysine acetylation is another type of PTM affecting mitochondrial proteins 

involved in controlling energy metabolism processes, including fatty acid metabolism, TCA 

cycle, ETS and OXPHOS. The Sirtuin (SIRT) NAD+ dependent class II histone 

deacetylase proteins control protein deacetylation and have different subcellular 

localizations (i.e., nucleus, cytoplasm, mitochondria), different types of PTMs (e.g., 

acetylation, acylation, succinylation, ADP-ribosylation) and substrate affinities (e.g., acetyl 

CoA, malonyl co-A, succinate, glutaryl CoA) [45]. Like GRX2, SIRT3 is located in the 

nucleus and mitochondria, but it controls metabolism through deacetylation (rather than 

glutathionylation) of key proteins involved in substrate uptake and oxidation pathways, 

including β-oxidation of fatty acids [19, 48]. Acetylation PTMs have been shown to control 

myocardial fatty acid oxidation [15]. However, whether SIRT3 increases [3, 56] or inhibits 
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[27] β-oxidation of fatty acids in the heart remains to be fully elucidated. Downregulated 

expression of SIRT3 in the heart has also been shown to contribute to pathological 

metabolic remodeling in heart failure [25, 27, 53]. Recent in vitro and in situ studies have 

suggested that through the dynamic association between SIRT3 and ATP synthase, 

SIRT3 can modulate ATP production [63], and this may also be the case in the heart [2, 

27]. Moreover, SIRT3 may control mitochondrial ROS production and preserve antioxidant 

defenses [53, 63]. Of note, the beneficial effects of SIRT3 in the context of left ventricular 

hypertrophy, cardiomyopathy, and oxidative stress have been shown through 

overexpression in mouse models [27].  

In the present study, we aimed to assess the impact of knocking out both GRX2 and 

SIRT3, hypothesizing that the absence of both proteins would lead to exacerbated states 

of oxidative stress, mitochondrial energetics, oxidative stress, cardiac hypertrophy and 

fibrosis in Grx2-/-/Sirt3-/- mice compared to single knockouts (Grx2-/- or Sirt3-/-) and to wild 

type mice. 

 

2. Experimental procedures 

2.1 Animals and genotyping 

All procedures involving mice were approved by the Animal Care Committee of the 

University of Ottawa, and done in accordance with the principles and guidelines of the 

Canadian Council of Animal Care. The 3 R’s (Replacement, Reduction, and Refinement) 

have specifically been addressed when designing the study. Mice were housed in the 

animal care unit at room temperature (~23 °C) with a 12 h dark/12 h light cycle (lights on at 

0700 h), and given free access to a standard rodent chow (44.2% carbohydrates, 6.2% fat, 

and 18.6% crude protein; diet T.2018, Harlan Teklad, Indianapolis IN) and water. In this 

study, C57BL/6N GRX2 whole-body knockout (Grx2 -/-) mice were originally obtained from 

Dr. Marjorie Lou, at the University of Nebraska-Lincoln. C57BL/6N male, wild-type mice 

were obtained from Charles River Laboratories. 129/Sv SIRT3 whole-body knockout (Sirt3 

-/-) and wild-type mice were obtained from JAX®. Whole-body double knockouts of GRX2 

and Sirt3 (Grx2-/-/Sirt3-/-) and matching mixed-background “double wild-types” were 

produced by crossing the Grx2 -/- and Sirt3 -/- mice. Genotyping was confirmed by PCR. 

Cardiac hypertrophy (heart weight) and fibrosis were assessed in male and female mice; 

however, there were no genotype-specific differences detected in female mice at 10-12 
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weeks of age. Thus, for the remaining portion of this study, only male mice (10-12 weeks) 

were included.  

2.2 Determination of cardiac fibrosis  

Mouse hearts were immediately dissected and weighed following euthanasia. First, the 

heart was divided laterally in half across the horizontal midsection. The top portion was 

placed in 10% formalin and then in 70% ethanol prior to paraffin embedding and used for 

histological analysis. At the vertical midpoint, 4 μm transverse sections were obtained and 

stained with Sirius Red, to stain Type 1 and Type 3 collagen fibers. Fibrosis was assessed 

using Aperio® ImageScope software (Leica Biosystems) in which stained fibers were 

quantified and normalized to tissue area. Cardiac tissue area was selected, while blood 

vessels were deselected. An algorithm was then used to quantify pixels with a hue value 

between 0.88-0.90 (which corresponds to the color of Sirius Red staining) as “positive”, 

while all other non-white pixels are quantified as “negative.” The number of positive pixels 

was then divided by total pixels counted (positive + negative) to give a “% staining” value 

used to assess fibrosis. 

2.3 High resolution respirometry and H202 production in cardiac myofibers 

The Oxygraph-2k (O2k, OROBOROS Instruments, Innsbruck, Austria) was used for 

measurements of respiration and combined with the Fluorescence-Sensor Green of the 

O2k-Fluo LED2-Module for H2O2 measurement. Hearts from mice (10-12 weeks) were 

excised and a sample from the apex (~ 50 mg) was taken and split vertically in half. For 

high resolution respirometry and H2O2 analyses, one half of the apex was immediately 

placed in ice-cold BIOPS buffer containing (mM): CaK2EGTA 2.77; K2EGTA 7.23; Na2ATP 

5.77; MgCl2*6H2O 6.56; taurine 20; Na2+2-phosphocreatine 15; imidazole 20; DTT 0.5; 

MES 50; pH 7.1 at 0°C.  The other half of the apex was flash-frozen in liquid nitrogen for 

later enzyme activity assays.  

Heart fibers were prepared and permeabilized as previously described [24]. Briefly, this 

included mechanical teasing, and incubation in 50 μg/mL of saponin in BIOPS for 30 

minutes at 4°C, with gentle agitation. Permeabilized fibers were then washed three times 

in MiR05 buffer containing (mM):  EGTA 0.5; MgCl2*6H2O 3; lactobionic acid 60; taurine 

20, K2HPO4 10; HEPES 20; D-sucrose 110; and BSA (albumin) 1g/L; pH 7.1 at 37°C. 

Fibers were weighed and used immediately for simultaneous determinations of oxygen 

consumption and H2O2 emission using the O2K-Fluorometer. Experiments were conducted 
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in duplicate chambers, each chamber containing 2 mL Mir05 (37°C) with oxygen 

concentrations maintained within a narrow range to prevent hypoxia within the sample. 

Mass-specific oxygen consumption and H2O2 flux were calculated using the DatLab 6.0 

software (OROBOROS Instruments, Austria). H2O2 flux was determined, as previously 

described, in the presence of 10 µM Amplex UltraRed, 1 U/mL horseradish peroxidase 

(HRP) and 5 U/mL superoxide dismutase (SOD), with three titrations of 0.1 µM of H2O2 to 

calibrate the fluorimeter [35]. Oxidative stress was characterized by the H2O2 production 

rate/O2 consumption, as these were measured in parallel.  

Complex I-associated proton leak (CI-Leak) was assessed in the presence of malate (2 

mM), pyruvate (5 mM) and glutamate (10 mM). Adenosine diphosphate (ADP) (5mM) and 

Mg2+ (5 mM) were subsequently added to quantify Complex I-associated coupled 

respiration (CI- OXPHOS). To assess maximal OXPHOS capacity (CI&II-associated 

coupled respiration), succinate (10mM) was added. Phosphorylating respiration was 

inhibited following the addition of the F0F1-ATPase inhibitor, oligomycin (2 μg/mL) (CI+CII-

Leak). Antimycin A (2.5 μM; a CIII inhibitor) was added to determine non-mitochondrial 

(residual) oxygen consumption (ROX).  All respiration values were corrected for ROX 

during analyses. Finally, N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) (0.5 mM) and 

ascorbate (2 mM) were added to evaluate CIV activity, corrected to sodium azide (15 mM). 

OXPHOS coupling efficiency was calculated as 1-(CI leak/OXPHOS). Values of 

mitochondrial respiration were expressed as µmol O2/s/mg wet wt.  

The abundance of mitochondria within the tissue was measured by citrate synthase (CS) 

activity, as previously described [51]. Assays were performed using the BioTek Synergy 

Mx Microplate Reader at 25°C in 50 mM Tris-HCl (pH 8.0), with 0.2 mM DTNB, 0.1 mM 

acetyl-CoA and 0.25 mM oxaloacetate. Rate of absorbance change at 412nm and path-

length of each well was determined using the BioTek Gen5 Software (BioTek Instruments, 

Inc., Winooski, VT, USA). Enzyme activity was calculated using the extinction coefficient of 

13.6mM-1cm-1. 

 

2.4 Protein extraction and quantification  

Tissue (from flash frozen samples) was weighed and homogenized in ice-cold RIPA buffer 

containing (mM): 10 Tris-Cl (pH 8), 1 EDTA, 0.5 EGTA, 140 NaCl2; as well as 1% Triton X-

100, 0.1% sodium deoxycholate, 0.1% SDS, and 0.001% protease (P8340 Sigma) and 
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phosphatase (P5726 Sigma) inhibitors. Samples were homogenized using the Fisherbrand 

Bead Mill Homogenizer, and then rotated for 1 hour at 4°C, followed by centrifugation at 

14,000g for 10 minutes. The pellet was discarded. Protein concentration was determined 

using a bicinchoninic acid (BCA) (Thermo Fisher Scientific #23225, Rockford, IL) protein 

assay in a BioTek Synergy Mx Microplate Reader. 

2.5 Cardiac GSH and GSSG determinations 

Concentrations of GSH and GSSG were determined by HPLC using an Agilent 1100 

Series instrument, equipped with a Pursuit 5 C18 column operating at a flow rate set to 

1mL/min as previously described [24]. The mobile phase consisted of 10% HPLC-grade 

methanol (HPLC plus, Sigma, 646377), 90% ddH2O, 0.09% trifluoroacetic acid (Sigma, 

302031). In brief, frozen tissues were weighed and homogenized using a bead mill 

homogeniser (Fisherbrand Bead Mill 24 Homogenizer) in ice-cold 1:1 buffer [1% (v/v) 

trifluoroacetic acid (Sigma, 302031) and 1% (w/v) meta-phosphoric acid (Sigma, 239275) 

solution in mobile phase and homogenization buffer (for 25 mL, 250mM sucrose, 10mM 

TRIS, 3mM EDTA dissolved in mobile phase, pH of 7.4) final pH of 1:1 buffer <1.0] and 

incubated on ice for 20 minutes. Homogenates were centrifuged at 14,000g for 20 minutes 

at 4°C. The supernatant was collected for immediate analysis. Retention times for GSH 

and GSSG were detected using the Agilent UV-visible wavelength detector at 215nm and 

confirmed with standards using 0.1mM, 0.01mM and 0.001mM of GSH (Sigma, G4251) 

and GSSG (Sigma, G4501) dissolved in 1:1 buffer. Absolute amounts of GSH and GSSG 

were determined by integrating the area under the corresponding peaks using the Agilent 

Chemstation Software, and values were calculated from standard curves.  

2.5 Immunoblotting 

Western blots were performed to assess overall levels of protein glutathionylation. Protein 

aliquots were suspended in Laemmli buffer (10% glycerol, 2% SDS, 0.0025% 

bromophenol blue, 62.5 mM Tris-HCl (pH 6.8)) and heated at 95oC for 5 min before 

separation by SDS/PAGE. Samples prepared in Laemmli buffer with 2% (v/v) b-

mercaptoethanol (BME) served as negative controls. BME is a reducing agent and 

removes glutathionyl moieties from protein cysteine thiols. Samples were electrophoresed 

on 8% gels and proteins were then transferred to nitrocellulose membranes and blocked in 

5% BSA/skim milk powder for 1 hour at room temperature. Western blots to assess global 

acetylation and SIRT3 levels were also performed. Protein aliquots were suspended in 
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Laemmli buffer containing 0.1% dithiothreitol (DTT) and electrophoresed on 12% SDS 

gels.  All primary antibodies (PSSG antiserum (1:500, Virogen); anti-SIRT3 (1:1500, Cell 

Signaling, #549OS); anti-acetylated lysine (1:3000, Thermo Scientific); anti-SOD-1 and 

SOD-2 (1:2000, Santa Cruz); anti-GRX2 (1:1000, Abcam); anti-GPX4 (1:2000, Abcam); 

Total OXPHOS Rodent WB Antibody Cocktail (1:2000, Abcam) were incubated overnight 

at 4°C followed by a 2 hour incubation at room temperature with the appropriate 

horseradish peroxidase-conjugated secondary antibody (1:5000). Ponceau S staining of 

membranes as well as Tubulin (1:10000, Sigma) served as loading controls. Protein bands 

were visualised using Enhanced Chemiluminescent substrate kits (Thermo Scientific) and 

immunoreactive bands were imaged with the ChemiDoc™ MP Imaging System (Bio-Rad). 

Bands were quantified using FiJi Software (NIH).  

2.6 Identifying transcript correlations from GTEx human tissue data sets 

Human heart left ventricle microarray data (Genotype-Tissue Expression (GTEx) project) 

v5 Human Heart - Left Ventricle RefSeq dataset) were retrieved from the GeneNetwork 

program as RPKM (Reads Per Kilobase of transcript per Million mapped reads) log2 

values and analyzed for correlations between GRX2 (GLRX2) and SIRT3 transcript 

expression levels. Levels were also correlated to SOD1 and SOD2 expression levels in the 

same dataset. Raw microarray data are publicly available on the GeneNetwork 

(www.genenetwork.org) and on Gene Expression Omnibus 

(https://www.ncbi.nlm.nih.gov/geo/) with the accession number GSE45878 (GTEx, 2015).  

2.7 Identifying human data correlations between SIRT3 expression and incidence of 

adverse heart pathology 

SIRT3 transcript expression data from the human GTEx left ventricle dataset were 

downloaded from the GeneNetwork program as RPKM log2 values, then grouped into high 

and low SIRT3 transcript expression (the 50 highest and the 50 lowest of the total N). 

Corresponding pathologists’ notes for all 50 GTEx samples in the high or low SIRT3 

expression groups were exported from the GTEx Portal and quantified to summarize 

evidence for ischemic changes, fibrosis, hypertrophy and infarction. 

2.8 Data Availability 

GTEx expression data for GRX2 are available at: 

https://www.gtexportal.org/home/gene/GLRX2. Similar expression data for SIRT3 are 
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available at: https://www.gtexportal.org/home/gene/SIRT3. GTEx pathological notes are 

available using the GTEx Histology Image Viewer: 

https://gtexportal.org/home/histologyPage. The data were obtained from the GTEx Portal 

on 04/19.   

2.9 Statistical Analysis 

Data were analyzed using SigmaPlot version 14.0 (Systat software) using one-way 

ANOVA for comparisons within several groups. Data were transformed when they were 

not normally distributed, followed by one-way ANOVA with the Holm-Sidak or the Tukey 

post-hoc test, as indicated. All data are presented as means +/- SEM.  Linear correlations 

of data from the GTEx databank were determined using Pearson correlations.  

 

3.0  Results 

3.1 GRX2 and/or SIRT3 expression in cardiac tissue were increased in single 

knockout mice   

SIRT3 and GRX2 knockout was confirmed through the absence of bands in cardiac tissue 

from the Sirt3-/- or the double knockout, Grx2-/-/Sirt3-/- mice. In addition, we found that 

SIRT3 protein expression was elevated in the Grx2-/- heart and GRX2 expression was 

upregulated in the Sirt3-/- heart, suggesting that in both single knockouts the upregulation 

of one system was compensatory for the elimination of the other (Figure 1).  
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Figure 1. SIRT3 and GRX2 protein expression in cardiac homogenate. A) SIRT3 

expression is upregulated in hearts Grx2-/- mice and B) GRX2 is upregulated in hearts from 

Sirt3-/- mice. SIRT3 and GRX2 were quantified and normalized to GAPDH and tubulin, 

respectively. C and D: Representative western blots of pooled samples from wildtype 

(WT), Grx2-/-, Sirt3-/-, and Grx2-/-/Sirt3-/-, demonstrating expression of SIRT3 (C), and 

GRX2 (D) for all groups. N=5-6. Data are normalized to wildtype, and bar graphs represent 

the mean ± SE. Students’ t-tests were used to test for differences between WT and Sirt3-/- 

or Grx2-/- (A and B).  *p<0.05 vs. WT.  

 

3.2 Increased cardiac hypertrophy in Grx2-/-, Sirt3-/- and Grx2-/-/Sirt3-/- mice  

Body weights did not differ between the genotypes at 10-12 weeks of age.  However, heart 

weights were significantly higher in the Sirt3-/- mice, compared to wild-type (p=0.011).  

Cardiac hypertrophy was demonstrated by a modest increase in the heart weight (HW) 

over body weight (BW) ratios in all of the genotypes, as compared to wildtype (p=0.031, 

p=0.012 and p=0.041 and for Grx2-/-, Sirt3 -/- and for Grx2-/-/Sirt3 -/-, respectively) (Figure 

2A). However, there were no differences in cardiac hypertrophy between the single and 

double knockout mouse groups.  
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3.3 Increased cardiac fibrosis in Sirt3-/-and Grx2-/-/Sirt3-/- mice  

Heart sections from Sirt3 -/- mice had significantly increased Sirius Red staining, indicative 

of increased fibrosis (p=0.025, Figure 2B) as compared to wildtype. Grx2-/- mice displayed 

a trend towards increased fibrosis (p=0.07). In Grx2-/-/Sirt3 -/- mouse hearts there was 

significantly increased levels of fibrosis versus wildtype (p=0.029). However, there were no 

differences in levels of cardiac fibrosis between the single and double knockout mouse 

groups. 

 

 

Figure 2. Increased hypertrophy and fibrosis in cardiac tissue from single and double 

knockout mice. A) Heart weight (HW) normalized to body weight (BW) is higher in all 

groups as compared to wildtype (WT). B) Sirius red staining is increased in Grx2-/-/Sirt3-/- 

(top right), Grx2-/- (bottom left) and Sirt3-/- (bottom right) as compared to wildtype (top left); 

quantified results are shown in the bar graph. N=9-14. Data are expressed as mean ± SE. 

One-way ANOVA and Holm-Sidak post hoc test, *p<0.05 vs. WT. 

 

3.4 Increased protein glutathionylation in heart tissue from Grx2-/- and Grx2-/-/Sirt3-/- 

mice 

Glutathionylated cardiac protein levels were slightly elevated in both Grx2-/- and Grx2-/-

/Sirt3 -/- samples, as compared to wildtype (p=0.03 and p=0.04, respectively; Figure 3A). 

However, levels were not different between the wildtype and Sirt3-/- mouse hearts.  

3.5 Increased protein acetylation in heart tissue from Sirt3-/- and Grx2-/-/Sirt3-/- mice 

In line with the well documented deacetylase function of SIRT3, both Sirt3-/- and Grx2-/-

/Sirt3 -/- samples displayed hyper-acetylation of proteins (p=0.004 and p=0.009 for Sirt3-/- 
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and Grx2-/-/Sirt3 -/-, respectively), as compared to wildtype and Grx2-/- mouse hearts 

(Figure 3B). There were no differences in overall acetylation levels between Grx2-/- and 

wildtype mouse hearts.  

 

Figure 3. GRX2 and SIRT3 deficiency increases levels of glutathionylation and acetylation 

in the heart, respectively. A) Global acetylated lysine residues are elevated in hearts from 

Sirt3-/- and Grx2-/-/Sirt3-/- mice and B) Global levels of glutathionylation are increased in 

cardiac tissue from Grx2-/- and Grx2-/-/Sirt3-/- mice.  Quantifications of expression of the 

indicated modification are normalized to wildtype. N=4-8. Data are expressed as mean ± 

SE. One-way ANOVA and Tukey post hoc test, *p<0.05 vs. WT. 

 

3.6 Impaired mitochondrial respiration in cardiac fibers from Grx2-/-, Sirt3-/- and Grx2-

/-/Sirt3-/- mice  

In permeabilized cardiac fibers from Grx2-/- mice we found lower Complex I-associated 

proton leak (CI-Leak, Figure 4A), Complex I-associated coupled respiration (CI-OXPHOS, 

Figure 4B) as well as lower rate of non-phosphorylating respiration following the addition of 

the F0F1-ATPase inhibitor, oligomycin (CI+CII-Leak, Figure 4D) and lower Complex IV-
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associated respiration (Figure 4E), as compared to wildtype. Moreover, OXPHOS coupling 

efficiency (1-(CI-Leak/CI-OXPHOS)) was reduced in cardiac mitochondria from Grx2-/- 

mice (p=0.031, Figure 4F). 

In cardiac fibers from Sirt3-/- mice, CI-Leak was lower as compared to wildtype hearts 

(p=0.011, Figure 4A). There was also a trend towards lower CI-OXPHOS in Sirt3-/- as 

compared to wild-type (p=0.084, Figure 4B); however, this did not reach significance. 

Despite lower CI-Leak respiration in the Sirt3-/-, the OXPHOS coupling efficiency remained 

unchanged. Surprisingly, we did not observe exacerbated effects on mitochondrial 

respiration rates due to the double knockout. In cardiac fibers from Grx2-/-/Sirt3-/- mice, CI-

Leak respiration was not significantly lower, while this was the case in both Grx2-/- and 

Sirt3-/- hearts. CI-OXPHOS was lower in the Grx2-/-/Sirt3-/- cardiac fibers as compared to 

wildtype (Figure 4B), and accordingly OXPHOS coupling efficiency was also reduced in 

these hearts (p=0.031, Figure 4F). Maximal OXPHOS capacity (CI&CII-associated coupled 

respiration) was not different between the genotypes although there was a trend that this 

was lower in all groups as compared to wildtype (p=0.096 between groups, Figure 4C).  

Importantly, there were no differences between groups in tissue mitochondrial content, as 

measured by citrate synthase activity (Figure 4G). As well, neither the single nor double 

knockout of GRX2 and SIRT3 significantly altered the protein expression of OXPHOS 

complex subunits as assessed by western blotting analysis (Figure 4H).  
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Figure 4. Evaluation of mitochondrial respiration and respiratory complexes.   A-E) 

Mitochondrial respiration measured in permeabilized cardiac fibers and F) OXPHOS 

coupling efficiency calculated from 1-(CI-Leak/CI-OXPHOS). G) Quantification of citrate 

synthase activity. N= 8-14. H) OXPHOS protein levels were determined and normalized to 

Ponceau stains. N=5-7. Bar graphs represent the mean ± SE, and individual experiments 

are represented in the scatter plots. One-way ANOVA and Holm-Sidak post hoc tests were 

used for statistical analysis, and data were transformed in B and C to achieve normal 

distributions, *p<0.05 vs. WT.  
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3.7 Differences in H2O2 emission in cardiac fibers in Sirt3-/- without marked changes 

in glutathione redox  

Oxidative stress was characterized by the ratio of H2O2 production rate/O2 consumption in 

cardiac fibers. We found H2O2/O2 flux to be higher in the Sirt3-/- hearts during bioenergetic 

conditions of: CI-Leak, CI&CII-associated coupled (CI&CII maximal capacity) and CI&CII-

Leak (oligomycin-induced) as compared to wildtype (p=0.009, p=0.011 and p=0.005, 

respectively; Figure 5). We did not observe any changes in the Grx2-/- cardiac fibers, nor 

did we find a significantly higher H2O2/O2 flux cardiac fibers from Grx2-/-/Sirt3-/-, where 

H2O2 emission was unaltered as compared to wildtype for all respiration states. Thus, the 

absence of SIRT3 enhanced H2O2 emission in cardiac fibers; however, in the              

Grx2-/-/Sirt3 -/- heart tissues, H2O2 emissions were comparable to wildtype concentrations. 

As GRX2 activity alters glutathione redox environment, we also measured glutathione 

levels (i.e., GSH, GSSG and GSH:GSSG) in cardiac tissue. Although the GSH:GSSG ratio 

in the Grx2-/- heart tended to be lower, there were no significant differences as compared 

to wildtype (p=0.157, Figure 5E), and unaltered in hearts from Grx2-/-/Sirt3-/- mice. 

Furthermore, GSH and GSSG levels within the single and double knockout groups were 

not significantly different (Figure 5E). H2O2 levels are, under normal conditions, quenched 

by antioxidant systems such as the glutathione system which utilizes GPX. Accordingly, 

GPX4 was upregulated in cardiac tissue from Sirt3-/- however remained unchanged in 

Grx2-/- and Grx2-/-/Sirt3-/- as compared to wildtype (Figure 5F). 
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Figure 5. Oxidative stress-related measurements in myocardial tissue. H2O2 production/O2 

consumption in permeabilized fibers was increased in Sirt3-/- hearts. A-D) H2O2 was 

determined by Amplex UltraRed, in the presence of superoxide dismutase and horseradish 

peroxidase, during different states of mitochondrial respiration. N=6-8. E) Redox changes 

were assessed by GSH and GSSG levels in all groups, their sum (total glutathione) and by 

the GSH:GSSG ratio. F) GPX4 protein was elevated in Sirt3-/- mouse hearts, as quantified 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

18 
Combined Grx2 and SIRT3 deficiency impairs cardiac mitochondrial function 

by western blot. N=5-7. Bar graphs represent the mean ± SE, and individual experimental 

determinations are represented in the scatter plots. One-way ANOVA and Holm-Sidak 

post hoc test were used for statistical analysis, *p<0.05 vs. WT.  

 

3.7 Human left ventricle SIRT3 expression is inversely correlated with cardiac 

pathologies  

To evaluate human left ventricle levels of SIRT3 expression and a role for SIRT3 in human 

heart disease, we examined cardiac tissue samples downloaded from the GTEx 

consortium, corresponding to 228 individual samples (GTEx, 2018).  We then sorted GTEx 

left ventricle samples into those that expressed the lowest and highest SIRT3 transcript 

levels (N=50 per group). The data sets also included hematoxylin and eosin (H&E) stained 

histological sections and corresponding pathologists’ notes, that were used to compare 

histopathological phenotypes from the 50 highest and the 50 lowest SIRT3 expression left 

ventricle samples. In the low SIRT3 expressors, there was evidence of moderate to 

extensive interstitial fibrosis, greater incidence of hypertrophic myofibers, increased 

ischemic changes and evidence of infarcted tissue, as compared to samples from high 

SIRT3 expressors. These findings suggest an inverse correlation between SIRT3 

expression and the incidence of pathological changes in the heart, associated with 

ischemia, moderate to extensive fibrosis, left ventricle hypertrophy and infarction (Figure 

6B).   
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Figure 6. Low Sirtuin 3 (SIRT3) expression in the left ventricle correlates with increased 

ischemic changes, fibrosis, hypertrophy and infarct in human data downloaded from GTEx. 

A) SIRT3 transcript expression levels in left ventricle samples. RPKM refers to Reads Per 

Kilobase of transcript per Million mapped reads and is expressed in log2 values.  After 

sorting we selected data sets from the lowest and the highest SIRT3 expressors (N=50 per 

group). B) Evidence for pathological changes associated with ischemia, fibrosis, 

hypertrophy and infarction in left ventricle heart samples from the low and high SIRT3 

groups, summarized from notes corresponding to H&E histological sections downloaded 

from GTEx.  
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3.8 Grx2 and SIRT3 expression levels are positively correlated in human left 

ventricle  

To evaluate the potential relationship between SIRT3 and GRX2 in the human heart, 

transcript expression levels were analyzed (Figure 7A). Here, we found a significant 

positive correlation of +0.49 for SIRT3 and GRX2 (Figure 7B). Interestingly, both SIRT3 

and GRX2 were also found to be positively correlated with both SOD1 and SOD2 (Figure 

8). However, we did not observe significantly altered levels of either SOD1 or SOD2 

between the single and the double knockouts, or as compared to wildtype (Figure 8E and 

8F).  
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 Figure 7. SIRT3 and GRX2 transcript levels in various tissues and their positive 

correlation in human left ventricle samples, downloaded from GTEx. A) SIRT3 and GRX2 

transcript expression levels for various tissues obtained from the human GTEx database. 

Values are presented as transcripts per million (TPM), with box plots denoting median, 25th 

and 75th percentile values. B) Correlation of SIRT3 and GRX2 human left ventricle 

expression levels, presented in RPKM (Reads Per Kilobase of transcript per Million 

mapped reads) log2 values. Pearson correlation coefficient: 0.49 (p= 2.1 E-16).  
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Figure 8. SOD1 and SOD2 expression levels in human and mouse cardiac tissues. A-D) 

SIRT3 and GRX2 are each positively correlated with SOD1 and SOD2 transcript levels in 

the human left ventricle. Data from the GeneNetwork program, and presented as RPKM 

log2 values. Pearson correlation coefficients: A) 0.73 (p=8.5 E-42); B) 0.84 (p=2.3 E-66); 

C) 0.58 (p= 2.4 E-23); and D) 0.55 (p= 3.1 E-21). E) Representative western blots and 

quantification of SOD1 and F) SOD2 from single and double knockout mouse hearts. N=5-

6. Data are normalized to wildtype, and bar graphs represent the mean ± SE. One-way 

ANOVA and Holm-Sidak post hoc tests were used for statistical analysis, *p<0.05 vs. WT.  
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4.0 Discussion 

Altered redox signaling and oxidative stress are heavily implicated in the progression of 

heart failure. Both GRX2 and SIRT3 have been associated with protection from oxidative 

damage in the myocardium. Based on preliminary findings that SIRT3 increased in 

response to Grx2 knockout, and GRX2 increased in response to Sirt3 knockout, we 

hypothesized that these were compensatory mechanisms to counteract the detrimental 

effects when either GRX2 or SIRT3 was deficient. Through analysis of human expression 

data from the GTEx database and associated tissue bank, our analyses show a positive 

correlation between GRX2 and SIRT3 expression levels in the left ventricle, and confirm 

that dysregulated redox systems are important in the failing heart. In the present study, we 

have demonstrated changes in myocardial fibrosis and hypertrophy as well as a lower 

mitochondrial capacity in cardiac tissue from the Grx2-/- and the Sirt3-/- mouse, however 

this was only associated with elevated H2O2 emission in the Sirt3-/-mice.  Although, similar 

pathological changes were also observed in the Grx2-/-/Sirt3 -/- mouse hearts, there were 

no apparent additive effects of the double knockout.  

 

SIRT3 has been shown to have a role in cellular detoxification through deacetylation of 

SOD2 [55], an important enzyme in the mitochondrial antioxidant systems. In the Sirt3-/- 

mouse heart, lower SOD2 and antioxidant capacity, in addition to impaired CI-OXPHOS 

function, was associated with higher levels of oxidative stress [46]. This suggests a role for 

SIRT3 in handling acute cardiac redox stress, e.g., by ischemia, where diminished SIRT3 

resulted in increased ischemic injury. Consistent with this potential role, the elevation of 

SIRT3 has been demonstrated both in mitochondria and in the nucleus following stress of 

cardiomyocytes, and likewise the overexpression of SIRT3 protects myocytes from 

genotoxic and oxidative stress-mediated cell death [54]. Thus, it is possible that 

consequences of SIRT3 deletion become more apparent during conditions of additional 

myocardial stress such as trans-aortic banding (TAC) or aging. Despite lower 

mitochondrial respiration, Koentges et al did not observe signs of altered acetylation levels 

of SOD2 in 8-week old Sirt3-/- mouse hearts [27]. Moreover, they did not find any 

improvements in cardiac dysfunction following targeted treatment of oxidative stress and 

have suggested that cytosolic ROS was not the cause of cardiac dysfunction in the SIRT3 

KO mouse. In the present study, “real-time” H2O2 emission (in parallel with respiration) 

was consistently higher for all respiration states in the Sirt3-/- cardiac fibers as compared to 
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wild-type. The elevations in H2O2 emissions were also associated with changes in 

expression of GPX4. In contrast, there were no changes in SOD1, SOD2 or in glutathione 

redox. As persistent oxidative stress is considered important in the progression of 

hypertrophy [38] and the reversal of oxidative stress through SIRT3 overexpression can 

prevent pathological remodeling [17, 44, 53], our findings of elevated H2O2 emission in 

Sirt3-/- cardiac fibers, may be causative for increased hypertrophy although the 

mechanisms remain unclear. Accordingly, cardiac hypertrophy has been shown in male 

Sirt3-/- at 10-12 weeks (present study), and at 24 weeks, but not at 8 weeks [27].  

In accordance with previous studies, we have confirmed that the full deletion of GRX2 also 

results in the development of hypertrophy [32], in addition to cardiac ultrastructure 

changes including cardiac fibrosis [24, 33, 34]. H2O2 emission was not elevated in cardiac 

fibers from Grx2-/- mice [28] although GRX2 can alter glutathione redox [24, 34]. In 

contrast, higher GRX2-mediated superoxide and H2O2 release from CI and CIII has been 

reported in cardiac mitochondria in the Grx2-/- mouse heart compared to wild-type, 

especially during succinate-driven respiration [10]. The lack of increase in H2O2 release 

during CI or CI+CII-driven respiration (i.e., including succinate as substrate) in the present 

study may be due to differences in the use of mitochondrial versus permeabilized cardiac 

fiber preparations. As GRX2 and SIRT3 were shown to play a role in the pathological 

remodeling of the heart, it was surprising that the absence of both GRX2 and SIRT3 did 

not worsen hypertrophy or fibrosis, nor did the double knockout enhance H2O2 emission 

from mitochondria. The upregulation of SOD1 and SOD2, as a compensatory mechanism 

for GRX2 and SIRT3 absence, was not observed here. Although glutathione redox was not 

markedly disturbed in the double knockout we were unable to determine an underlying 

mechanism that might indicate additive effects of the double knockout.   

Heart failure with hypertrophy has been associated with energetic deficit [42] and 

metabolic inflexibility [26] has been linked to altered capacity of the mitochondria to meet 

energetic needs of the heart [8]. Accordingly, previous studies have demonstrated a 

severely impaired metabolic flexibility as well as mitochondrial OXPHOS in 

cardiomyocytes isolated from Grx2-/- mice, suggesting that glutathionylation is critical in 

modulating mitochondrial ATP output in cardiac muscle, and disruption of this process 

leads to a pathological outcome [24, 34]. On the other hand, the deacetylation of CI in 

cardiac mitochondria is regulated by SIRT3, and its deletion has been shown to result in 

impaired CI function [25, 46, 48]. Based on this, we hypothesized that deletion of SIRT3 
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paired with GRX2 knockout, would exacerbate impaired mitochondrial OXPHOS in the 

Grx2-/-/Sirt3-/-. Although we found mitochondrial energetics to be impaired, the effects of 

the double knockout were not additive. In the present study, we evaluated OXPHOS-

coupling efficiency, to indicate whether mitochondrial dysfunction was related to ADP-

driven or leak-driven respiration [9]. We found that lower OXPHOS-coupling efficiency in 

the Grx2-/- and the Grx2-/-/Sirt3-/- mouse hearts are both linked to lower CI-OXPHOS. In the 

Sirt3-/-, although CI-Leak was lower compared to wild-type, this did not significantly alter 

OXPHOS-coupling efficiency. Additionally, in Grx2-/- cardiac fibers, there was lower 

oligomycin-induced leak respiration. Given that OXPHOS and uncoupled respiration were 

significantly decreased in Grx2-/- cardiac fibers, this may be indicative of decreased activity 

of a respiratory complex or complexes rather than decreased ATP synthase activity [34]. 

Mitochondrial respiratory chain deficiencies have been documented in a wide range of 

human disease. Recently, chronic hypoxic exposure has been reported to activate 

endogenous hypoxic responses, thus preventing the onset of pathological defects within 

the CI respiratory complex [22]. These findings suggest that defective oxygen signaling or 

toxicity may be at the root of various types of mitochondrial disease. Similarly, in the heart, 

partial CI-inhibition can attenuate oxidative stress without impairing ATP production, and 

this has been reported to be cardioprotective during conditions such as ischemia-

reperfusion [12, 37]. It is possible that the lack of additive effects observed in the double 

knockout model in the present study may be due to the combined effect of repressed 

respiration and redox thereby minimizing accumulation of toxic oxygen intermediates. 

Thus, it is also possible that in the present study, repressed CI-OXPHOS in the absence of 

both SIRT3 and GRX2, is not associated with a worsened phenotype in the double 

knockout.  

The assembly of mitochondrial respiratory complexes into supramolecular structures 

known as respiratory supercomplexes and/or into more complex levels of higher order 

respiratory strings, play a role in the regulation of OXPHOS as well as in ROS production 

[1, 60]. Although depressed OXPHOS was not associated with altered levels of OXPHOS 

proteins, this does not exclude altered association of the individual complexes into 

respirosomes or the impaired stability of the individual complexes within the 

supercomplexes.  
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Finally, our findings show through examining GTEx data that in adult humans there is a 

significant positive correlation between GRX2 and SIRT3 expression levels in the left 

ventricle. Previously, an inverse correlation between GRX2 expression levels and adverse 

cardiac pathology was established, whereby individuals characterized as low GRX2 

expressors were found to have increased incidence of moderate fibrosis, hypertrophy and 

infarct [24]. Here, we present a similar trend with regard to cardiac SIRT3 expression 

levels wherein low SIRT3 expressors displayed increased incidence of ischemic changes, 

moderate to extensive fibrosis, hypertrophy, and infarct. Although some experimental 

mouse studies [25, 44] have shown both GRX2 and SIRT3 to be associated with lowered 

levels of the superoxide dismutases (SOD1 and SOD2), we did not observe changes in 

SOD1 or SOD2 in the deletion models studied here. In heart failure, this would indicate a 

strongly diminished capacity for ROS detoxification by major antioxidant systems that are 

known to counteract cardiac stress. 

In the absence of SOD1/2 upregulation, the question remains – what other mechanisms 

are available within the myocardium to counter oxidative damage? One possible 

explanation lies in the complex variety of protective mechanisms found in crucial organs, 

such as the heart. Low levels of small ubiquitin-like modifier mediated modification 

(SUMOylation) has been shown to contribute to cardiac dysfunction and disease 

progression (39). In addition, phosphorylation [13], succinylation [65], and O-GlcNAcylation 

[31] are PTMs that may also contribute to pathological hypertrophy [62]; however these 

were not assessed in the present study. Finally as noted above, it is also possible that re-

organization of the respiratory supercomplexes may compensate for enhanced oxidative 

stress, as ROS has been shown to modulate supercomplex assembly [4]. 

In summary, although both SIRT3 and GRX2 are implicated in protection from oxidative 

damage, and are downregulated in patients with cardiac disease, in the Sirt3-/-/Grx2-/- 

mouse, we did not observe exacerbated effects on structural remodelling or mitochondrial 

function versus the individual knockouts. The findings from the GTEx analyses would 

suggest that in humans with heart disease, both SIRT3 and GRX2 expression levels would 

be lowered. Perhaps then the Sirt3-/-/Grx2-/- is a more representative mouse model for 

heart failure. Taken together, redox signaling is required for multiple cellular processes in 

the heart, and dysregulation within redox signaling contributes to myocardial remodelling 

and impaired mitochondrial function. Cross-talk between systems involved in PTMs such 
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as glutathionylation and acetylation, might benefit the heart under conditions of stress, and 

strengthen overall antioxidant capacity.  
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Highlights 

 GRX2 and SIRT3 are important in the control of oxidative stress and mitochondrial 

function in the heart 

 The absence of both GRX2 and SIRT3 impairs overall mitochondrial respiratory 

capacity  

 In human left ventricle tissue, expression of GRX2 and SIRT3 is positively 

correlated  
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