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Abstract

Aging-related cardiovascular disease is influenced by multiple factors, with oxidative stress 

being a key contributor. Aging-induced endoplasmic reticulum (ER) stress exacerbates oxidative 

stress by impairing mitochondrial function. Furthermore, a decline in antioxidants, including 

peroxiredoxins (PRDXs), augments the oxidative stress during aging. To explore if ER stress 

leads to PRDX degradation during aging, young adult (3 mo.) and aged (24 mo.) male mice 

were studied. Treatment with 4-phenylbutyrate (4-PBA) was used to alleviate ER stress in young 

adult and aged mice. Aged hearts showed elevated oxidative stress levels compared to young 

hearts. However, treatment with 4-PBA to attenuate ER stress reduced oxidative stress in aged 

hearts, indicating that ER stress contributes to increased oxidative stress in aging. Moreover, 

aging resulted in reduced levels of peroxiredoxin 3 (PRDX3) in mitochondria and peroxiredoxin 4 

(PRDX4) in myocardium. While 4-PBA treatment improved PRDX3 content in aged hearts, it did 

not restore PRDX4 content in aged mice. These findings suggest that ER stress not only leads to 

mitochondrial dysfunction and increased oxidant stress but also impairs a vital antioxidant defense 

through decreased PRDX3 content. Additionally, the results suggest that PRDX4 may contribute 

an upstream role in inducing ER stress during aging.
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1. Introduction

As humans continue to live longer, the number of elderly individuals in the population is 

growing (Foreman et al., 2018), resulting in a higher prevalence of cardiovascular diseases. 

Aged hearts are more vulnerable to stress conditions, such as chemotherapy and ischemia-

reperfusion (Brandão et al., 2021; Lesnefsky et al., 2017; Rigacci et al., 2020), and are at 

a greater risk of injury. Dysfunctional mitochondria are a leading cause of the increased 

susceptibility to injury in aged hearts (Campbell et al., 2019; Chen et al., 2021; Lesnefsky 

et al., 2016; Lesnefsky et al., 2006; Whitson et al., 2021). While mitochondria are critical 

for generating energy to support cardiac function, they are also a key source of injury by 

producing reactive oxygen species (ROS) (Hofer et al., 2009; Karamanlidis et al., 2013; 

Lesnefsky et al., 2016; Lesnefsky et al., 2017). The mitochondrial electron transport chain 

(ETC) is the primary source of ROS in cardiac myocytes (Chen et al., 2003), and in aged 

hearts, the ETC is impaired, leading to increased ROS generation (Moghaddas et al., 2003). 

Studies have shown that an increase in ROS generation contributes to the aging process, 

as overexpression of mitochondria-targeted catalase in aged mice leads to an increase in 

lifespan (Dai et al., 2009).

Oxidative stress, which is the imbalance between the generation and inactivation of 

reactive oxygen species (ROS), is a crucial mechanism underlying mitochondrial damage 

during aging (Pagan et al., 2022). In the aged heart, ROS generation is increased due to 

impairments in complex I (Chen and Lesnefsky, 2021; Chen et al., 2020) and complex III 

(Moghaddas et al., 2003) of the electron transport chain (ETC). Another factor contributing 

to oxidative stress during aging is the alteration of mitochondrial antioxidant content, 

including glutathione peroxidases (GPX), superoxide dismutase (SOD), and peroxiredoxins 

(PRDXs) (Pagan et al., 2022). In aged hearts, the activities of GPX, SOD, catalase, and 

PRDX3 are decreased, suggesting that a deficiency of antioxidants contributes to oxidative 

stress during aging (Dai et al., 2008; Kayashima and Yamakawa-Kobayashi, 2012; Yu et al., 

2020).

Apart from mitochondria, the endoplasmic reticulum (ER) is another source of ROS 

production (Pagan et al., 2022). The ER contributes a crucial role in regulating calcium 

homeostasis, lipid metabolism, and protein folding (Zhang and Ren, 2011). Protein folding 

is sensitive to the levels of calcium and redox status inside the ER lumen. Disruption 

of calcium homeostasis or redox status impairs protein folding, leading to ER stress (ER 

dysfunction) through the unfolded protein response (Chen et al., 2017; Zhang and Ren, 

2011). H2O2, a byproduct generated during protein synthesis and folding in the ER, leads to 

ER stress (Groenendyk et al., 2013; Margittai et al., 2012). The ER stress causes disulfide 

bond formation during protein synthesis to become dysregulated, thereby increasing 

oxidative stress in the ER (Forrester et al., 2018). During aging, ER stress progressively 

increases (Chen and Lesnefsky, 2021; Chen et al., 2020), and chronic treatment with 
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4-phenylbutyric acid (4-PBA) decreases ER stress in aged mouse hearts (Chen et al., 2020). 

The 4-PBA treatment also attenuates the tunicamycin-induced ER stress in young rat hearts 

(He et al., 2021) and streptozotocin-diabetic hearts (Guo et al., 2017). 4-PBA is commonly 

used as a pharmacologic “ER stress inhibitor”. The 4-PBA decreases the ER stress by the 

interaction of hydrophobic regions of the compound with the exposed hydrophobic segments 

of unfolded proteins in the ER (Kolb et al., 2015; Pao et al., 2021).” This interaction protects 

the protein from aggregation, facilitates protein folding, and reduces ER stress (Pao et al., 

2021). The occurrence of ER stress before mitochondrial dysfunction indicates that ER 

stress contributes to mitochondrial dysfunction during aging (Akande et al., 2022; Chen et 

al., 2020; Chen et al., 2021). Nonetheless, the mechanisms that lead to increased ER stress 

during aging are not yet fully understood.

PRDXs are a group of antioxidant enzymes that contribute a crucial role in the detoxification 

of H2O2 (Lee, 2020; Li et al., 2020). There are six types of PRDXs found in mammals, 

PRDX1–6 (Lee, 2020). PRDX1 is located in the cytosol and nucleus, whereas PRDX2, 

PRDX3, and PRDX6 are found in the cytosol and mitochondria. PRDX4 is present in the 

cytosol and endoplasmic reticulum (ER), and PRDX5 is located in the cytosol, peroxisomes, 

and mitochondria (Lee, 2020). A deficiency of PRDX4 has been linked to increased ER 

stress (Homma et al., 2018), but it is unclear if decreased PRDX4 content is responsible 

for the increased ER stress during aging. Similarly, PRDX3 deficiency has been associated 

with mitochondrial dysfunction and cellular senescence (Wu et al., 2016), and the content 

of PRDX3 is decreased in aged heart tissue (Dai et al., 2008). However, it is unclear if the 

decreased PRDX3 content is due to the increased ER stress in aged hearts. In this study, the 

researchers aimed to investigate the relationship between increased ER stress and potential 

PRDX defects present during aging in the heart. Three questions were addressed: (1) Does 

aging lead to decreased gene expression of PRDX1–6? (2) Does aging lead to decreased 

protein contents of PRDX1–6? (3) Does attenuation of the age-related ER stress alter the 

contents of PRDX1–6 in aged hearts? This study’s focus was to shed light on the potential 

defects of PRDXs during aging in the heart and how they relate to increased ER stress.

2. Methods

2.1. Aged animal model

The study followed the Guide for the Care and Use of Laboratory Animals and was 

approved by the Institutional Animal Care and Use Committees of Virginia Commonwealth 

University (AD20157) and the Richmond Department of Veterans Affairs Medical Center 

(02156). Male C57BL/6 mice, both young (3 months) and aged (24 months), were obtained 

from the National Institutes of Aging (NIA) colony Charles River Laboratories (Wilmington, 

MA). Female mice were studied to document that age-induced ER stress occurs in the 

female as well as in the male heart. Prior to tissue collection, mice were deeply anesthetized 

with pentobarbital (100 mg/kg, I.P.) to minimize any potential discomfort. Heart tissue was 

then collected for the isolation of RNA and mitochondria, as described previously (Chen et 

al., 2020).
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2.2. PRDX gene expression and real time PCR

The miRNeasy kit (Qiagen, Germantown, MD, USA) was used to isolate total RNA in 

young and aged hearts. The isolated total RNA was assessed for quality and concentration 

using a Nanodrop-one spectrophotometer (ThermoFisher Scientific, Waltham, MA). The 

cDNA was synthesized from 2 μg of total RNA using a high capacity cDNA synthesis 

kit (Applied Biosystems, USA) with cycle conditions of 25°C for 10 min., 37°C for 120 

min., and 85°C for 5 min. The expression of PRDX1–6 genes was quantified by real-time 

PCR in a CFX96 - C1000 Touch Thermal Cycler system (Bio-Rad, Hercules, CA, USA) 

using amplicon specific TaqMan assay probes (Applied Biosystems, USA). The primers 

were purchased from ThermoFisher Scientific (Waltham, MA) (see detail in Table 2). The 

real-time PCR conditions were 50°C for 2 min., 95°C for 5 min., and 39 cycles of 95°C for 

3 sec. and 60°C for 1 min. Actin was used as the housekeeping control for gene expression 

analysis. The relative quantification of gene expression was determined using the 2-ΔΔCT 

method and normalized to their respective controls (Chen et al., 2020).

2.3. Isolation of cytosol and mitochondria from young and aged hearts

SSM (subsarcolemmal mitochondria) and IFM (interfibrillar mitochondria) were isolated 

from a single mouse heart using the previously established protocol (Chen et al., 2020; Chen 

et al., 2021; Li et al., 2022). Briefly, the heart tissue was washed with isolation buffer A 

[100 mM KCl, 50 mM 3-(N-morpholino) propanesulfonic acid (MOPS), 1 mM EGTA, 5 

mM MgSO4·7 H2O, 1 mM ATP, pH 7.4] at 4°C. The tissue was then minced and suspended 

in buffer B (buffer A + 0.2% bovine serum albumin) and homogenized with a polytron 

tissue processor (Brinkman Instruments, Westbury, NY) for 2.5 seconds at a speed setting 

of 10,000 rpm. The polytron homogenate was centrifuged at 500 x g for 10 minutes to 

separate the supernatant and pellet. The supernatant was further centrifuged at 3000 x g for 

10 minutes to collect SSM. The remaining supernatant was subjected to a centrifugation 

step at 100,000 x g for 30 minutes to isolate particle-free cytosol. The pellet from the 

polytron homogenate was further utilized to isolate IFM. The pellet was resuspended in 

isolation buffer A with trypsin (5 mg/g, wet weight), homogenized, and incubated on ice 

for 10 minutes. The homogenate was centrifuged at 500 x g for 10 minutes to separate 

the supernatant and pellet, and the supernatant was further centrifuged at 3000 x g for 10 

minutes to collect IFM. SSM and IFM were washed and suspended in KME (100 mM KCl, 

50 mM MOPS, and 0.5 mM EGTA) before being used for the experimental study (Chen et 

al., 2020; Chen et al., 2021; Li et al., 2022). Protein content was measured by Lowry method 

(Lowry et al., 1951).

2.4. Measurement of oxidative stress in SSM and IFM

The Oxyblot technique is a reliable method for assessing oxidative stress levels by 

quantifying protein carbonylation (Wang and Powell, 2010). Oxidative stress in young and 

aged SSM, IFM, and heart homogenate was measured with a commercial Oxyblot™ kit 

(catalogue number, S7150) from Sigma-Aldrich (St. Louis, MO). The procedure involves 

derivatization of protein carbonyls with DNPH, followed by detection using the Oxyblot™ 

kit. In each experiment, 20 μg protein is derivatized and separated using standard SDS 

polyacrylamide electrophoresis under reducing conditions on a 4–15% pre-cast gel (BioRad, 
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USA). The gels are then transferred to a PVDF membrane and probed with primary 

and secondary antibodies provided in the kit. The blots were developed using ECL Plus 

Western Blotting Detection Reagents (GE Healthcare Life Sciences, Piscataway, NJ). The 

membranes were then analyzed digitally using Image Lab 6.0 software (Bio-Rad). The 

intensity of each lane was quantified with same volume (area used to quatify the intensity of 

blots). Subunit 4 of cytochrome oxidase was uses as a loading control in oxyblot.

2.5. Attenuation of the ER stress in aged hearts

To decrease ER stress by stabilizing protein conformation, the chemical chaperone 4-

phenylbutyrate (4-PBA) is frequently utilized (Basseri et al., 2009; Jain et al., 2016; Jian 

et al., 2016). For two weeks, 4-PBA (1 g/kg/day) (Basseri et al., 2009) was dissolved in 

drinking water and provided to 3-month-old and 24-month-old mice. Following that, mice 

were utilized for the isolation of cytosol and mitochondria (Chen et al., 2020).

2.6. Immunoblotting

Mitochondrial proteins were separated using Tris-glycine gels with either a 12% or 16.5% 

concentration, depending on the molecular weight of the targeted proteins. After separation, 

the proteins were transferred to a PVDF membrane using semi-dry transfer technology 

from Bio-Rad. The PVDF membrane was cut to facilitate blotting for both the targeted 

protein and the loading control. The blots were then incubated at room temperature in TBST 

buffer (10 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween20) containing 5% (w/v) non-fat 

dry milk for 1 hour, followed by an overnight incubation at 4°C with primary antibodies 

listed in Table 1. After three washes with TBST buffer to remove unattached primary 

antibodies, the membrane was incubated with a secondary antibody. Following another 

hour of incubation with a 1:10,000 dilution of HRP-conjugated anti-mouse or anti-rabbit 

IgG F(ab)2 (GE Healthcare Life Sciences, Piscataway, NJ) at room temperature, the blots 

were developed using ECL Plus Western Blotting Detection Reagents (GE Healthcare Life 

Sciences, Piscataway, NJ). The membranes were then analyzed digitally using Image Lab 

6.0 software (Bio-Rad). No adjustments were made to the intensity of the immunoblotting 

images (Chen et al., 2020).

2.7. Statistical analysis

The data are presented as mean ± standard error (Steel and Torrie, 1960). To compare 

differences between groups (≥ 3 groups), a one-way ANOVA was performed after normality 

and equal variance tests. When a significant F value was obtained, the means were compared 

using the Student-Newman-Keuls test for multiple comparisons. To compare differences 

between two groups, an unpaired Student t-test was conducted (SigmaStat 3.5, Systat, 

Richmond, CA). A p-value of less than 0.05 was considered statistically significant.

3. RESULTS

3.1. Aging increased oxidative stress in both SSM and IFM

The Oxyblot™ assay was used to measure the level of oxidative stress by detecting 

carbonylated proteins. The results showed that compared to 3-month-old hearts, both 

the SSM (Figure 1A) and IFM (Figure 1B) isolated from 24-month-old hearts exhibited 
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increased oxidative stress. These findings are in line with previous reports of increased ROS 

generation in mitochondria of aged hearts (Moghaddas et al., 2003).

3.2. Aging had a minimal effect on PRDX1–6 gene expression

The gene expression of PRDX1–6 was measured using real-time PCR. The results showed 

that there were no significant differences in the gene expression of PRDX1 (Figure 2A), 2 

(Figure 2B), 4(Figure 2D), 5(Figure 2E), and 6 (Figure 2F) between the 3-month-old and 

24-month-old hearts. However, the expression of PRDX3 was increased in the 24-month-old 

hearts compared to the 3-month-old hearts (Figure 2C). These findings suggest that aging 

leads to increased PRDX3 gene expression but has a minimal effect on the expression of 

other PRDX genes.

3.3. Aging led to decreased contents of PRDX3 and PRDX4

The quantity of PRDX1–6 proteins was measured using immunoblotting in tissue 

homogenates and isolated SSM and IFM. There were no significant differences in PRDX1 

and 2 protein content in tissue homogenates between 3 mo. and 24 mo. (Figure 3A and B). 

While there was no significant difference in PRDX3 content in SSM between 3 mo. and 24 

mo. (Figure 5A), the content of PRDX3 in IFM was decreased in 24 mo. compared to 3 mo. 

(Figure 5B). PRDX4 protein content was significantly decreased in the cytosol of 24 mo. 

compared to 3 mo. (Figure 3C). Aging did not alter the levels of PRDX5 in SSM and IFM 

isolated from 24 mo. compared to 3 mo. (Figure 3D and E). Aging did not affect PRDX6 

protein content in the cytosol (Figure 3F).

3.4. Attenuation of the ER stress decreased oxidative stress in aged SSM and IFM

Mice were treated with the chemical chaperone 4-PBA to reduce ER stress, which is 

associated with mitochondrial dysfunction during aging. The extent of oxidative stress was 

then assessed in SSM and IFM that were isolated from the treated hearts and compared 

to untreated hearts. The results showed that treatment with 4-PBA led to a reduction in 

oxidative stress in SSM isolated from both 3-month-old (Figure 4A) and 24-month-old 

(Figure 4C) hearts compared to untreated hearts. The 4-PBA treatment also decreased 

oxidative stress in IFM isolated from both 3-month-old (Figure 4B) and 24-month-old 

(Figure 4D) hearts compared to untreated hearts. This suggests that reducing ER stress is a 

potential mechanism for decreasing oxidative stress within mitochondria in both young and 

aged hearts.

3.5. Attenuation of the ER stress improved PRDX3 content in aged IFM

To investigate the effect of 4-PBA treatment on PRDX3 content in aged SSM and IFM, 

PRDX3 content was compared in SSM and IFM isolated from 3-month-old and 24-month-

old hearts with or without 4-PBA treatment. The 4-PBA treatment did not affect the 

content of PRDX3 in SSM isolated from 3-month-old nor 24-month-old hearts compared to 

corresponding vehicle treatment (Figure 5A). Although the 4-PBA treatment did not affect 

the content of PRDX3 in IFM from 3-month-old hearts, it improved the PRDX3 content in 

IFM from 24-month-old hearts compared to the vehicle (Figure 5B). These findings support 
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that ER stress contributes to PRDX3 degradation during aging, and that attenuation of ER 

stress with 4-PBA treatment can improve PRDX3 content in aged IFM.

3.6. Attenuation of the ER stress did not affect PRDX4 content in aged heart

The effect of 4-PBA treatment on PRDX4 content was assessed in both 3 mo. and 24 mo. 

hearts. The results showed that compared to the vehicle, the 4-PBA treatment did not affect 

the PRDX4 content measured in either age group in total heart homogenate (Figure 5C). 

These findings suggest that ER stress is not a significant contributing factor to the decrease 

in PRDX4 content during aging.

4. Discussion

In this study, the researchers observed an increase in oxidative stress in aged heart 

mitochondria and found that attenuating ER stress using 4-PBA resulted in decreased 

oxidative stress in aged heart mitochondria. They also found that aging led to decreased 

PRDX3 content primarily in IFM and decreased PRDX4 content in aged hearts. The 

researchers discovered that 4-PBA treatment that decreased ER stress improved the PRDX3 

content in aged IFM, indicating that PRDX3 is a downstream target of ER stress during 

aging. However, the 4-PBA treatment did not restore PRDX4 content, suggesting that a 

decrease in PRDX4 may be an upstream source to initiate the ER stress during aging. Based 

on these findings, targeting PRDX4 may be a potential strategy to mitigate ER stress and 

relieve mitochondrial dysfunction during aging. The summary is depicted in Figure 6.

4.1. Oxidative stress and mitochondrial damage in aged hearts

The Mitochondrial Free Radical Theory of Aging suggests that an increase in ROS 

generation from the ETC contributes to mitochondrial dysfunction in aged hearts (Harman, 

1956). ROS generation is increased in aged heart mitochondria (Chen et al., 2020; 

Moghaddas et al., 2003). Oxidative stress is also increased in aged human heart tissue 

(Quan et al., 2015). In the present study, oxidative stress was increased in aged SSM and 

IFM from mouse hearts. Excess ROS generation participates in cell toxicity and DNA 

damage. Mitochondrial DNA (mtDNA) is prone to oxidative damage due to its proximity 

to the ETC and relative lack of an endogenous repair system (Orogo et al., 2015). The 

mtDNA encodes 13 subunits of respiratory complexes in the ETC (Bratic and Trifunovic, 

2010). Thus, the damaged mtDNA can increase oxidative stress by further impairing the 

ETC. The damaged ETC is a key source of increased ROS generation in cardiac myocytes 

(Chen et al., 2007). The ER is another source of ROS generation. H2O2 is produced in 

the ER during protein folding when a series of disulfide-exchange reactions form disulfide 

bonds (Ozgur et al., 2018; Tavender and Bulleid, 2010). H2O2 generated in the ER during 

protein folding increases oxidative stress if the H2O2 is not removed in a timely manner. In 

addition to the ETC, p66shc and monoamine oxidase (MAO) are other sources that generate 

ROS in mitochondria. The p66shc is a protein found in the mitochondrial intermembrane 

space that produces H2O2 by reducing molecular oxygen through a redox center coupled 

with the oxidation of cytochrome c. Removing p66shc increases resistance to oxidative 

stress and prolongs the lifespan of mice, indicating that ROS generated from p66shc 

contributes to aging (Giorgio et al., 2005; Migliaccio et al., 2013). MAO is a flavoenzyme 
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located in the outer mitochondrial membrane that generates H2O2 when it breaks down 

neurotransmitters such as norepinephrine, epinephrine, and dopamine (Maggiorani et al., 

2017). MAO includes two isoforms (MAO-A and MAO-B). Inhibition of MAO-A decreases 

H2O2 generation in aged hearts, indicating that MAO is a source of oxidative stress during 

aging (Maggiorani et al., 2017; Manzella et al., 2018). In the present study, the researchers 

found that attenuation of the ER stress using 4-PBA led to decreased oxidative stress in 

aged heart mitochondria (Figure 4C, 4D), indicating that ER stress-mediated mitochondrial 

defects augments oxidative stress during aging.

Interestingly, 4-PBA treatment also decreased oxidative stress in 3-month-old SSM and 

IFM (Figure 4A, 4B). Since there were no mitochondrial defects in 3-month-old heart 

mitochondria, the 4-PBA treatment is less likely to decrease oxidative stress in 3-month-old 

by improving mitochondrial function. The 4-PBA may decrease oxidative stress in 3-month-

old by facilitating protein folding and assembly in the ER (Pao et al., 2021). NADPH 

oxidases are another source of ROS generation. NOX4 (NADPH oxidase 4) is mainly 

localized in the ER by interacting with calnexin (Prior et al., 2016). NOX4 is also found 

in mitochondria (Ozturk et al., 2017). Aging leads to increased ER stress, ROS generation, 

and NOX4 activity in ER isolated from aorta tissue (Lee et al., 2020). Knockout of NOX4 

or 4-PBA treatment leads to a decrease in ER stress and ROS generation in the aged 

ER (Lee et al., 2020). Overexpression of NOX4 in mitochondria also increases the ROS 

generation accompanied by impaired mitochondrial function (Canugovi et al., 2019). Thus, 

the 4-PBA treatment may decrease oxidative stress by decreasing ROS generated from both 

mitochondria and the ER.

4.2. Aging and mitochondrial antioxidants

In addition to increased ROS generation, a decrease in antioxidants also contributes to 

oxidative stress during aging (Kaplán et al., 2019). The primary antioxidant enzymes are 

superoxide dismutase (SOD), catalase, and glutathione peroxidase. Superoxide is converted 

by SOD to H2O2 that is reduced to water and oxygen by catalase. Glutathione peroxidase 

converts peroxides and hydroxyl radicals into nontoxic forms by oxidizing reduced 

glutathione into glutathione disulfide (Kaplán et al., 2019). Aging leads to alterations in 

genes encoding for proteins implicated in ROS production and clearance pathways (Rizvi 

et al., 2021). SOD1 content is decreased in aged human hearts (Rizvi et al., 2021), and 

SOD2 content is only decreased in hearts from aged female patients (Barcena de Arellano 

et al., 2019). The activities of SOD1 and SOD2 are decreased in aged rat hearts (Kaplán et 

al., 2019). Overexpression of catalase within mitochondria extends lifespan, indicating the 

importance of H2O2 production during the progression of aging. The activity of glutathione 

peroxidase is decreased in aged rat hearts (Kaplán et al., 2019). Oxidative stress impairs 

sulfhydryl homeostasis by oxidizing protein sulfhydryl groups (Gallogly et al., 2009; 

Gorelenkova Miller and Mieyal, 2015; Sabens Liedhegner et al., 2012). Thioredoxins and 

glutaredoxins are essential to maintain sulfhydryl homeostasis (Azuma and Shearer, 2008; 

Gallogly et al., 2010; Gao et al., 2013; Sabens Liedhegner et al., 2012; Starke et al., 1997), 

but the contents of both are decreased in aged rat hearts (Kaplán et al., 2019). These results 

support the notion that the deficiency of antioxidants contributes to the increase in oxidative 

stress during aging.
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Peroxiredoxins are important antioxidants that help neutralize peroxides by using electrons 

generated by thioredoxins. Although peroxiredoxins are abundant in the heart, there have 

been few studies on how they change with age. One study found that the content of PRDX2 

was reduced in 26-month-old rat hearts (Kaplán et al., 2019)., but in the present study, 

we found that PRDX2 content was not significantly decreased in aged mouse hearts (24 

months). This difference may be due to species and age variations. A previous study showed 

that PRDX3 content was decreased in aged left ventricle tissue. In the current study, aging 

led to decreased PRDX3 content mainly in IFM, supporting that aging leads to PRDX3 

deficiency. Interestingly, the gene expression of PRDX3 is increased in aged hearts. An 

increase in PRDX3 gene expression should lead to an elevated PRDX3 protein content. 

However, PRDX3 content is decreased in aged mitochondria. These results suggest that the 

decreased PRDX3 content in aged hearts is less likely due to decreased protein synthesis. 

Post-translational modifications including the ubiquitin-proteasome pathway is a potential 

factor to decrease PRDX3 content in aged hearts (Huang et al., 2021). In addition, aging 

leads to decreased PRDX4 content in mouse hearts. However, aging has a limited effect on 

the contents of PRDX 1, 2, 5, and 6 in mouse heart. These results indicate that aging leads to 

the alteration of PRDX antioxidant capacity mainly reflected in the decrease in the contents 

of PRDX3 and PRDX4.

4.4. ER stress and PRDX3 degradation during aging

PRDX3 is a type of peroxiredoxin that contributes an important role in maintaining 

mitochondrial function and protecting against cellular damage (Wu et al., 2016). It is 

mainly located in the mitochondrial matrix and its deficiency has been associated with 

mitochondrial dysfunction and cellular senescence (Chen et al., 2014). In the heart, there are 

two populations of mitochondria: SSM and IFM, which have different properties including 

susceptibility to damage during aging (Fannin et al., 1999). IFM are more susceptible 

to damage due to increased ROS generation from complex III (Moghaddas et al., 2003). 

The study found that aging leads to decreased PRDX3 content in IFM, suggesting that 

a deficiency of PRDX3 may augment IFM damage during aging. Additionally, the study 

found that attenuation of ER stress, which is an upstream factor in inducing mitochondrial 

damage during aging, improves PRDX3 content in aged IFM, suggesting that PRDX3 is 

a downstream target of ER stress. Therefore, the deficiency of PRDX3 may contribute to 

the damage of IFM during aging, and targeting ER stress may be a potential therapeutic 

approach to prevent this damage.

In our previous study, we discovered that aging-induced ER stress activates mitochondrial 

calpain 1 (Chen et al., 2022b) which is a calcium-dependent protease that degrades various 

mitochondrial proteins, including apoptosis-inducing factor, subunits of complex I, and a 

subunit of pyruvate dehydrogenase in aged heart mitochondria (Chen et al., 2011; Chen 

et al., 2022a; Li et al., 2022). Attenuation of the ER stress leads to decreased calpain 1 

activation in aged hearts (Chen et al., 2022a). In the present study, we found that treatment 

with 4-PBA, which attenuates ER stress, improves PRDX3 content in aged IFM. This 

suggests that aging may lead to the degradation of PRDX3 by activating mitochondrial 

calpain 1 through increased ER stress. Furthermore, PRDX3 content is also decreased in 

mouse heart mitochondria following ischemia-reperfusion, and genetic knockout of p53, a 
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protein that accumulates in myocardium during aging, improves PRDX3 content in hearts 

following ischemia-reperfusion (Chen et al., 2019). Thus, an increase in p53 expression may 

also lead to decreased PRDX3 content during aging.

4.5. ER stress and PRDX4 defects during aging

PRDX4 is an important antioxidant enzyme mainly located in the endoplasmic reticulum 

(ER). It plays a crucial role in removing H2O2 generated during oxidative protein folding 

in the ER (Ozgur et al., 2018; Tavender and Bulleid, 2010). Thus, PRDX4 contributes an 

important role in the removal of H2O2 generated during protein folding. It is not surprising 

that genetic removal of PRDX4 increases the ER stress by enhancing oxidative stress 

(Homma et al., 2018; Lee, 2020). Elimination of PRDX4 also accelerates the aging process 

in ovarian tissue (Liang et al., 2020). ER stress is increased in the aged heart (Akande et 

al., 2022; Chen et al., 2020; Chen et al., 2021). We find that PRDX4 content is decreased 

in aged hearts. In addition, the attenuation of the ER stress using 4-PBA does not protect 

PRDX4 content in aged heats. The results suggest that PRDX4 is not a downstream target 

of the increase in ER stress with aging. Recent studies show that PRDX4 deficiency is a 

key factor to increase ER stress. Improvement of PRDX4 content leads to decreased ER 

stress (Guo et al., 2012). The decreased PRDX4 content in aged mouse hearts suggests that 

PRDX4 deficiency is a potential contributing factor to the increase in the ER stress observed 

during aging.

5. Limitations

While gene expression and protein content measurements provide important information 

about the expression and abundance of PRDX1–6, assessing their enzyme activities would 

provide more direct information regarding their functions in the heart. It would be 

interesting to investigate the activities of PRDX1–6 in young and aged hearts in future 

studies. Although 4-PBA is a commonly used compound to decrease ER stress (Basseri et 

al., 2009; Jain et al., 2016; Jian et al., 2016), the 4-PBA does have some off-target effects 

including effects on urea secretion and histone deacetylase activity. The 4-PBA has been 

used to treat urea cycle disorders by inhibiting histone deacetylase (Iannitti and Palmieri, 

2011). Sirtuin 1 is one of histone deacetylases. Interestingly, genetic elimination of sirtuin 

1 markedly impairs cardiac function in 12 mon. old mice (Hsu et al., 2017), supporting 

that inhibition of histone deacetylase does not provide benefits during aging. Our study 

shows that 4-PBA treatment leads to decreased ER stress in aged hearts (Chen et al., 2020). 

Therefore, we believe that the 4-PBA treatment improves the PRDX3 content by attenuating 

the ER stress. In the current study, we only used male mice. The effect of aging on PRDXs 

in female mice needs to be addressed in the future study. Since aging also leads to increased 

ER stress in the female heart (Supplementary Figure 1), we anticipate that similar results 

will be observed in aging female heart.

6. Conclusion

Our previous studies show that the attenuation of ER stress using 4-PBA or metformin 

improves mitochondrial function in aged mouse hearts (Chen et al., 2020; Chen et al., 2017; 

Chen et al., 2021). Here we show that attenuation of the ER stress also improves the content 
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of a key mitochondria-targeted antioxidant, PRDX3, in aged heart mitochondria. In addition, 

aging leads to decreased PRDX4 content that may trigger the ER stress during aging. These 

results advance our understanding of the role of increased ER stress in the mitochondrial 

dysfunction that occurs during aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Aging decreased PRDX3 in cardiac mitochondria and PRDX4 in the ER

• Attenuation of ER stress improved PRDX3 content in mitochondria in aged 

hearts

• Attenuation of ER stress did not improve PRDX4 content in aged hearts

• PRDX3 is a downstream target of age-induced ER stress in the heart

Chen et al. Page 17

Mech Ageing Dev. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Aging increased oxidative stress in both SSM and IFM.
Oxidative stress was assessed in young and aged mitochondria using an Oxyblot™ kit. The 

intensity of all bands in each lane was quantified, and subunit 4 of cytochrome oxidase was 

used as protein loading control. Compared to 3 mo., oxidative stress was increased in both 

aged SSM (Panel A) and IFM (Panel B). Mean ± SEM. *p <0.05 vs. 3 mo.
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Figure 2. The gene expression of PRDX1, PRDX2, PRDX3, PRDX4, PRDX5 and PRDX6 in 3 
mo. and 24 mo. hearts is shown.
Real-time PCR was used to assess the gene expression of PRDX1–6 in young and aged 

hearts. There were no significant differences in PRDX1 (Panel A), PRDX2 (Panel B), 

PRDX4 (Panel D), PRDX5 (Panel E), and PRDX6 (Panel F) between 3 mo. and 24 mo. 

hearts. Aging led to increased PRDX3 expression vs. 3 mo. (Panel C). Mean ± SEM. p < 

0.05 vs. 3 mo. n=6 in each group.
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Figure 3. The contents of PrDX1, PRDX2, PRDX4, PRDX5 and PRDX6 were measured.
Immunoblotting was used to assess the protein contents of PRDX enzyme contents in young 

adult and aged hearts. There were no significant differences in PRDX1 (Panel A) and 

PRDX2 (Panel B) between 3 mo. and 24 mo. hearts. Aging led to decreased PRDX4 content 

vs. 3 mo. (Panel C). Aging did not alter PRDX5 in SSM (Panel D), PRDX5 in IFM (Panel 

E), or PRDX6 contents (Panel F) compared to 3 mo. Mean ± SEM. p < 0.05 vs. 3 mo. n=4 in 

each group. CS, cytosol. Note that PRDX-3 levels are shown in Figure 5.
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Figure 4. Attenuation of the ER stress led to decreased oxidative stress in adult and aged hearts.
4-PBA treatment was used to decrease ER stress. The 4-PBA treatment decreased oxidative 

stress in 24 mo. SSM (Panel C) and IFM (Panel D). 4-PBA treatment also led to decreased 

oxidative stress in 3 mo. SSM (Panel A) and IFM (Panel B). These results indicate that ER 

stress contributes to increased oxidative stress in the mitochondria, especially during aging. 

The intensity of all bands in each lane was quantified, and subunit 4 of cytochrome oxidase 

was used as protein loading control. Mean ± SEM. *p <0.05 vs. vehicle treatment.
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Figure 5. The 4-PBA treatment restored PRDX3 but not PRDX4 content in aged hearts.
4-PBA was used to decrease ER stress in aged hearts. Attenuation of the ER stress using 4-

PBA did not improve the PRDX3 content in aged SSM (Panel A). The 4-PBA treatment did 

improve the PRDX3 content in aged IFM (Panel B), supporting that ER stress contributes to 

PRDX3 depletion during aging. However, the 4-PBA treatment did not alter PRDX4 content 

in aged hearts (Panel C), suggesting that PRDX4 is not a downstream target of the ER stress 

during aging. Mean ± SEM. *p <0.05 vs. 3 mo. † p<0.05 vs. 24 mo. vehicle.
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Figure 6: A proposed schematic of the role of PRDX3 and PRDX4 in aged hearts.
A deficiency of PRDX4 is a potential mechanism of the increase in the ER stress that 

occurs during aging by augmenting oxidative stress. An increase in ER stress leads to 

mitochondrial dysfunction and PRDX3 defects during aging by activating mitochondrial 

calpain 1 (CPN1) (Chen et al., 2022b; Thompson et al., 2020). The 4-PBA treatment 

improves mitochondrial function and PRDX3 content by decreasing the ER stress that in 

turn attenuates the activation of mitochondrial calpain 1 (Chen et al., 2020; Chen et al., 

2022b). Restoration of PRDX4 content is another potential strategy to decrease the ER stress 

during aging.
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Table 1:

Antibodies used in the current study

Antibody name Company Catalog number Concentration

PRDX1 ThermoFisher Scientific PA3–750 1:1000

PRDX2 Cell Signaling 46855 1:1000

PRDX3 Sigma-Aldrich SAB5701418 1:500

PRDX4 Sigma-Aldrich SAB4301759 1:1000

PRDX5 Sigma-Aldrich SAB4501465 1:1000

PRDX6 Abcam ab14715 1:500

GAPDH Cell Signaling 5174 1:2500

Subunit 4 of complex 4 Cell Signaling 4844 1:2500

VDAC Abcam Ab15895 1:2000
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Table 2:

Primers used in the current study.

Gene name Catalog number Assay ID

PRDX1 4453320 Mm01621996_s1

PRDX2 4448892 Mm04208213_g1

PRDX3 4448892 Mm00545848_m1

PRDX4 4448892 Mm00450261_m1

PRDX5 4448892 Mm00465365_m1

PRDX6 4448892 Mm07306454_mH

Primers were purchased from ThermoFisher Scientific (Waltham, MA).
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