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Abstract
To investigate the effects of the loss of methionine sulfoxide reductase (Msr) on aging, we have conducted the 
survival and end-of-life pathological analyses using male quadruple Msr knockout (KO) mice lacking MsrA, 
MsrB1, MsrB2, and MsrB3. Our study demonstrated that the loss of Msr in male mice resulted in a similar 
lifespan compared to wild-type (WT) mice. The end-of-life pathology data obtained from male mice showed a 
significantly higher severity of glomerulonephritis in quadruple Msr KO compared to WT mice, although the 
incidence of fatal glomerulonephritis was similar between quadruple Msr KO and WT mice. More importantly, 
the incidence of fatal lymphoma and neoplastic lesions (all fatal tumors), and tumor burden were significantly 
less in male quadruple Msr KO than WT mice. The comorbidity index was similar between quadruple Msr KO 
and WT mice. Our study suggests that the loss of four Msrs did not change lifespan in male quadruple Msr KO 
mice compared to WT mice. The end-of-life pathology showed paradoxical results for the non-neoplastic and 
neoplastic lesions in male quadruple Msr KO mice. The loss of four Msrs resulted in deleterious effects on the 
non-neoplastic lesion, i.e., severe kidney pathology, whereas cancer development was significantly suppressed. 
These results call for further study into the pathophysiological roles of the loss of four Msrs in aging and age-
related pathology. Among our findings, the anti-cancer effects due to the loss of four Msrs was the most strik-
ing observation that could lead us to seek the underlying mechanisms and potential discovery of new preven-
tive and/or therapeutic methods for certain human cancers.
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Introduction

Since Dr. Denham Harman first proposed the free radical 

theory of aging in the 1950s, the role of oxidative stress 
in aging and various age-related diseases has been exten-
sively studied over the past 70 years. There is substantial 
evidence that strongly supports this theory. The levels of 
oxidative damage to macromolecules increase with age, 
and interventions (dietary, genetic, and pharmacological) 
extending lifespan in various animal models are correlated 
to reduced oxidative damage and/or increased resistance 
to oxidative stress both in vivo and in vitro [1-6]. How-
ever, the series of experiments using mice that genetically 
altered various components of the antioxidant defense 
system did not support the oxidative stress theory of ag-
ing with a couple of exceptions: overexpressing catalase 
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in mitochondria (MCAT mice) and the down-regulation of 
Cu/ZnSOD (Cu/ZnSOD-null mice) [7-12]. Thus, a major-
ity of the results from mice with genetically altered levels 
of major antioxidant enzymes seriously calls into question 
the exact roles of oxidative stress on the aging process in 
mammals.  
Substantial evidence indicates important biological roles 
of methionine and methionine sulfoxide reductase (Msr) 
in cellular function and aging [13-15]. For example, me-
thionine plays important roles in protein functions by 
initiating protein synthesis, maintaining protein structure, 
retaining redox regulation, and scavenging reactive oxy-
gen species (ROS) to provide protection to other amino 
acids [13-18]. These critical biological roles of methio-
nine may be due to the presence of Msr, which reduces 
methionine sulfoxide (oxidized methionine) back to me-
thionine [19]. There are two main isoforms of Msr: MsrA 
and MsrB. MsrB has three subclasses in mammals (MsrB 
1-3) [19-21]. To directly test the role of Msr in patho-
physiology, MsrA and MsrB knockout (KO) mice have 
been generated. MsrA KO mice exhibited enhanced tis-
sue/organ damages under several experimental conditions, 
e.g., increased sensitivity to paraquat and cisplatin, severe 
ischemia-reperfusion damage to kidney and brain, higher 
hepatotoxicity by acetaminophen, and progressive hearing 
loss [22-30]. Despite the increased sensitivity to oxida-
tive stress, the survival study showed that MsrA KO mice 
had a similar lifespan compared to their wild-type (WT) 
control [22], which led us to question whether the loss of 
one Msr protein may not be sufficient to have a significant 
impact on longevity and age-related pathophysiological 
changes, i.e., synergistic effects by all four isoforms of 
Msr are required to manifest the important roles of Msr 
on aging. To examine whether the four isoforms of Msrs 
have synergistic effects against oxidative stress, changes 
in redox signaling pathways, and pathobiology, Lai et al. 
generated the mouse lacking MsrA, MsrB1, MsrB2, and 
MsrB3 (quadruple KO mouse) [31]. The purpose of this 
study was to investigate the effects of the loss of four Msrs 
on aging by conducting the survival study and examining 
the end-of-life pathology using male quadruple Msr KO 
mice. 

Methods

Animals and animal husbandry

The quadruple Msr KO mice were generated as previously 
described [31]. We obtained two breeding pairs, two male 
200 MsrB2 × 7 MsrB3 mice and two female MsrAKO 
× MsrB1KO mice from Dr. Rodney Levine’s laboratory 
(Laboratory of Biochemistry, National Heart, Lung, and 
Blood Institute, NIH), which were crossed to generate an 
aging colony of quadruple Msr KO mice with a C57BL/6 
genetic background.  
All mice were fed a commercial chow (Teklad Diet 
LM485: Madison, WI) and acidified (pH = 2.6-2.7) fil-
tered reverse osmosis water ad libitum. To accurately 
measure the amount of food consumption, the actual food 

consumed was calculated by subtracting the weight of 
the spillage from the weight of the chow removed from 
the hopper. All of the mice were maintained under a 
pathogen-free environment in microisolator units with Tek 
FRESH® ultra laboratory bedding. Sentinel mice that were 
housed in the same room and exposed weekly to bed-
ding collected from the cages of experimental mice were 
sacrificed on receipt and every six months thereafter for 
monitoring of viral antibodies (Mouse Level II Complete 
Antibody Profile CARB, Ectro, EDIM, GDVII, LCM, M. 
Ad-FL, M. Ad-K87, MCMV, MHV, M. pul., MPV, MVM, 
Polyoma, PVM, Reo, Sendai; BioReliance, Rockville, 
MD). All tests were negative. 
All procedures followed the guidelines approved by the 
Institutional Animal Care and Use Committee at the Uni-
versity of Texas Health Science Center at San Antonio, 
and are consistent with the NIH Principles for the Utili-
zation and Care of Vertebrate Animals Used in Testing, 
Research and Education, the Guide for the Care and Use 
of Laboratory Animals and Animal Welfare Act (National 
Academy Press, Washington, DC). Experiments were car-
ried out in strict accordance with the recommendations 
in the Guide for the Care and Use of Laboratory Animals 
of the National Institutes of Health. The animal protocol 
(20200083AR) was approved by the Institutional Ani-
mal Care and Use Committee of the University of Texas 
Health Science Center at San Antonio. The animals used 
in this experiment were euthanized via CO2 inhalation, en-
suring a humane process that minimized pain and distress.
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WT (n = 7) Msr KO (n = 10)

Body weight 24.95 ± 0.576 24.49 ± 0.599

Liver 1.331 ± 0.093 1.248 ± 0.108

Spleen 0.138 ± 0.053 0.156 ± 0.089

Pancreas 0.137 ± 0.009 0.123 ± 0.007

Heart 0.162 ± 0.006 0.169 ± 0.007

Lung 0.186 ± 0.007 0.201 ± 0.014

Left kidney 0.204 ± 0.015 0.217 ± 0.013

Right kidney 0.208 ± 0.017 0.236 ± 0.018

Left testis 0.071 ± 0.007 0.088 ± 0.004

Right testis 0.068 ± 0.006 0.091 ± 0.003

Brain 0.456 ± 0.006 0.455 ± 0.004

Left quadriceps muscle 0.139 ± 0.008 0.145 ± 0.011

Right quadriceps muscle 0.139 ± 0.013 0.152 ± 0.010

Left inguinal fat 0.071 ± 0.003 0.062 ± 0.006

Right inguinal fat 0.077 ± 0.008 0.064 ± 0.006

Left perirenal fat 0.046 ± 0.007 0.034 ± 0.006

Right perirenal fat 0.038 ± 0.005 0.031 ± 0.005

Left epididymal fat 0.142 ± 0.021 0.070 ± 0.015*

Right epididymal fat 0.134 ± 0.020 0.069 ± 0.014*

Left subscapular fat 0.076 ± 0.010 0.054 ± 0.008

Right subscapular fat 0.083 ± 0.005 0.069 ± 0.010

Mesenteric fat 0.129 ± 0.016 0.139 ± 0.014

Table 1. Body and organ weights of 24-28M Msr KO mice.

Note: all weights collected in grams. *P < 0.05.
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Survival study

The mice in the survival groups were allowed to live 
out their lives, and the lifespan for each mouse was de-
termined by recording the age of spontaneous death. A 
survival study consisting of 18 male quadruple Msr KO 
mice and 60 male WT mice was conducted. The survival 
curves were compared statistically using the log-rank and 
Wilcoxon tests [32]. The median, mean, and top 10th per-
centile (when 90% of the mice have died) survivals were 
calculated for each group. The median and top 10th per-
centile survivals for each group were compared to the WT 
group using a score test adapted from Wang et al. [33].

End-of-life pathological assessment

After the gross pathological examinations, the following 
organs and tissues were excised and preserved in 10% 
buffered formalin: brain, pituitary gland, heart, lung, tra-
chea, thymus, aorta, esophagus, stomach, small intestine, 
colon, liver, pancreas, spleen, kidneys, urinary bladder, re-
productive system (prostate, testes, epididymis, and semi-
nal vesicles), thyroid gland, adrenal glands, parathyroid 
glands, psoas muscle, knee joint, sternum, and vertebrae. 
Any other tissues with gross lesions were also excised. 
The fixed tissues were processed conventionally, embed-
ded in paraffin, sectioned at 5 m, and stained with hema-
toxylin and eosin. The diagnosis of each histopathological 
change was made with histological classifications in aging 
mice as previously described [34-38]. A list of pathologi-
cal lesions was constructed for each mouse that included 
both neoplastic and non-neoplastic diseases. Based on 
these histopathological data, the tumor burden, comorbid-
ity index, and severity of each lesion were assessed in all 

mice as previously described [35-38].

Statistical analysis 

Unless otherwise specified, all experiments were done at 
least in triplicate. Data were expressed as means ± SEM 
and were analyzed by the non-parametric test ANOVA. 
All pair-wise contrasts were computed using Tukey error 
protection at 95% confidence interval (CI) unless other-
wise indicated. Differences were considered statistically 
significant at p < 0.05. 

Results

Body weight 

The body and organ weights of old (24-28 months) male 
quadruple Msr KO and WT mice are shown in Table 1. 
The body and organ weights were similar between qua-
druple Msr KO and WT mice, except for epididymal fat. 
Epididymal fat weight was significantly less in quadruple 
Msr KO compared to WT mice. Based on the body and 
organ weights data, there was no evidence that the loss of 
four Msrs affected the growth and development of male 
C57BL/6 mice with the exception of epididymal fat.

Survival curves

To test whether the loss of four Msrs affects aging, we 
conducted a survival study using male quadruple Msr KO 
and WT control mice. Our study showed that the survival 
curve of male quadruple Msr KO was not significantly 
different from male WT mice (Figure 1; P = 0.055). The 
mean, median, and 10th percentile survivals for male qua-
druple Msr KO and WT mice (KO/WT) were 854/881, 
852/889, and 956/1,136 days, respectively (Table 2). The 
male quadruple Msr KO mice had slightly shorter mean 
(3.1%), median (4%), and 10th percentile (15.8%) lifes-
pans compared to WT mice; however, these differences 
did not reach statistical significance (P > 0.05). 

End-of-life pathology 

The end-of-life pathology data were collected from male 
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Figure 1. The survival curves of male quadruple Msr KO and WT 
mice. The survival curves of male quadruple Msr KO (blue line) and WT 
(red line) mice are presented. The survival cohort consisted of 18 male 
quadruple Msr KO and 60 WT mice. The survival curves did not show a 
significant difference between male quadruple Msr KO and WT mice (P 
= 0.055). 

WT Msr KO

Neoplasm 27 5

Lymphoma 24 5

Lymphoma + other tumors 1 0

Other tumors 2 0

Non-neoplasm 16 8

Glomerulonephritis 1 2

Acidophilic macrophage pneumonia 0 1

Others 2 0

Undetermined 13 5

Neoplasm + Non-neoplasm 1 0

Autolysis 0 9

Total 44 17

Table 3. Probable cause of death in male Msr KO mice.

Gender Group Sample 
size Mean Median 10%

survival

Male 
cohort

WT 60 881 889 1136

Msr KO 18 854 852 956

Table 2. Summary statistics of Msr KO mice.
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significantly higher in male quadruple Msr KO mice (2.22) 
compared to WT mice (0.86) (Figure 2c; P < 0.01). The 
comorbidity index, which is the total number of diseases 
detected per mouse was slightly less in male quadruple 
Msr KO mice compared to WT mice; however, it was not 
statistically significant (Figure 2d; P = 0.071). 
Therefore, the pathology data shown in Table 3 and Figure 
2 convincingly demonstrate that the loss of four Msrs has 
significant benefits by suppressing cancer development 
during aging in male mice. However, these benefits are ac-
companied by significantly deleterious effects on a major 
non-neoplastic lesion, i.e., glomerulonephritis, compared 
to WT mice.

Discussion

The free radical theory, currently known as the oxidative 
stress theory, has been one of the most popular theories 

quadruple Msr KO and WT mice. The probable cause 
of death is presented in Table 3. Approximately 29% of 
quadruple Msr KO mice and 64% of WT mice developed 
fatal neoplastic diseases, with lymphoma being the major 
disease. The incidence of fatal tumors in male quadruple 
Msr KO mice (29.4%) was significantly less than WT 
mice (63.6%) (P = 0.0162). The incidence of fatal lym-
phoma in male quadruple Msr KO mice (29.4%) was 
significantly less than WT mice (59.1%) (P = 0.0376). 
However, the severity of lymphoma was similar between 
male quadruple Msr KO and WT mice (Figure 2a; P > 
0.05). The tumor burden (number of total neoplastic le-
sions per mouse) of male quadruple Msr KO mice (0.47) 
was significantly lower than WT mice (0.89) (Figure 2b; 
P = 0.032). 
The incidence of fatal glomerulonephritis, a major age-
related non-neoplastic lesion in C57BL/6 mice, was simi-
lar between male quadruple Msr KO and WT mice (P > 
0.05); however, the severity of glomerulonephritis was 

Figure 2. The severity of lymphoma, tumor burden, severity of glomerulonephritis, and comorbidity index in male quadruple Msr KO and 
WT mice. The end-of-life pathology data were collected from male quadruple Msr KO and WT mice. The severity of lymphoma (Figure 2a: top 
left), tumor burden (Figure 2b: top right), severity of glomerulonephritis (Figure 2c: bottom left), and comorbidity index (Figure 2d: bottom right) in 
quadruple Msr KO (closed bar) and WT (open bar) were compared. The severity of lymphoma was similar in quadruple Msr KO compared to the WT 
mice. The tumor burden (number of total neoplastic lesions per mouse) of quadruple Msr KO (0.47) mice was significantly lower than WT mice (0.89) 
(Figure 2b; *P = 0.032). The severity of glomerulonephritis was significantly higher in quadruple Msr KO mice (2.22) compared to WT mice (0.86) 
(Figure 2c; *P < 0.01). The comorbidity index (the total number of diseases detected per mouse) was slightly less in male quadruple Msr KO mice 
compared to WT mice (P = 0.071).
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in aging over the past several decades because the ac-
cumulation of oxidative damage to macromolecules and 
cellular components could cause cellular/physiological 
dysfunction and functional decline leading to aging and 
age-related diseases [2, 39-46]. To directly test the causal 
roles of oxidative stress and damages in aging and age-
related diseases, several laboratories, including ours, have 
conducted the aging study using mice that genetically 
altered various components of the antioxidant defense 
system. Richardson et al. have extensively examined 
the role of oxidative stress on aging with various mouse 
models by up-regulating or down-regulating major anti-
oxidant enzymes [8-10]. Although these transgenic and 
KO mice showed some interesting changes, e.g., changes 
in oxidative damage to macromolecules, mitochondrial 
function, cellular functions, and response to oxidative 
stress, etc., no significant differences in lifespans were 
observed. There were a couple of exceptions: a) the mice 
overexpressing catalase in mitochondria (MCAT mice) 
showed significantly extended lifespan and reduced some 
of the age-related pathology compared to WT littermates 
[11]; and b) the mice that lack Cu/ZnSOD (Cu/ZnSOD 
null mice) had a significantly shorter lifespan and were 
associated with an increased occurrence of hepatocellular 
carcinoma, which is an uncommon neoplastic lesion in 
C57BL/6 mice [12]. Despite these interesting outcomes 
with MCAT and Cu/ZnSOD null mice, studies with mice 
that have altered levels of major antioxidant enzymes did 
not support the oxidative stress theory of aging. Since 
protecting macromolecules against oxidative damages 
may not be sufficient to have significant biological effects 
on aging and pathobiology, the research in this field (oxi-
dative stress and aging) has shifted to seek the molecules 
that possess not only antioxidant properties, but also have 
diverse pathophysiological effects by changing the gene 
expression and protein/enzymes functions.  
Although all macromolecules can be damaged by ROS, 
a large portion (50-75%) of ROS could be scavenged by 
proteins [47]. Interactions between ROS and proteins 
could cause a wide range of post-translational modifi-
cations depending on the number of the sites with side 
chains and backbones, and degree of modifications. The 
current consensus is that: a) reversible modifications of 
protein could play important roles in redox signaling, 
which is involved in physiological cellular functions; and 
b) irreversible modifications of proteins could lead to the 
loss of function and/or development of potential toxic ef-
fects, which may be involved as pathogenesis in various 
diseases. The major targets of ROS in proteins are the 
sulfur-containing amino acids: methionine and cysteine, 
and these amino acids are most susceptible to oxidation 
[47]. Methionine oxidation turns methionine to methio-
nine sulfoxide leading to structural and functional changes 
of proteins. This oxidation process can be reversed by Msr 
[14]. This high susceptibility to oxidation and catalytic re-
action that reduces methionine sulfoxide back to methio-
nine, makes methionine a very unique molecule in cellular 
function and aging. These oxidation-reduction reactions 
could not only protect other amino acids and proteins 

from oxidative damage by scavenging ROS, but also play 
important roles in protein functions as the initiation of 
protein synthesis, maintaining protein structure, and redox 
regulation. These critical biological roles of methionine 
could be possible because of Msr, which reduces methio-
nine sulfoxide (oxidized methionine) back to methionine. 
There are two main isoforms of Msr: MsrA and MsrB, 
which has three subclasses in mammals (MsrB 1-3) [19-
21].  
Studies with MsrA KO mice demonstrated that MsrA 
KO mice exhibited enhanced tissue/organ damages under 
several experimental conditions. MsrA KO mice showed 
increased sensitivity to paraquat and cisplatin, severe 
ischemia-reperfusion damage to kidney and brain, higher 
hepatotoxicity by acetaminophen, and progressive hear-
ing loss [22-30]. The studies with MsrB KO mice showed 
increased oxidative damage to lipids and proteins, and 
oxidized glutathione in both liver and kidneys; however, 
prominent tissue and organ damages, except hearing loss, 
were not observed in MsrB KO mice [48]. An aging study 
with MsrA KO mice showed that their lifespan was simi-
lar to the WT control, despite the increased sensitivity 
to oxidative stress [22]. These results led us to question 
whether the loss of one Msr protein may not be sufficient 
to have a significant impact on longevity, i.e., synergistic 
effects by all four isoforms of Msr deletion may be re-
quired to have age-related pathophysiological changes. 
The mouse lacking MsrA, MsrB1, MsrB2, and MsrB3 
(quadruple Msr KO mouse) was generated to examine 
whether the four isoforms of Msr have synergistic and sig-
nificant effects against oxidative stress, changes in redox 
signaling pathways, and pathobiology [31]. The initial 
characterization showed that quadruple Msr KO mice did 
not have any developmental abnormalities, showed nor-
mal post-natal growth, and were fertile. On the contrary 
to the initial expectations that these mice would be more 
sensitive to oxidative stress, quadruple Msr KO mice were 
more resistant to oxidative stresses induced by ischemic-
reperfusion in the heart or intraperitoneal paraquat injec-
tion. With this very unique mouse model, we investigated 
the effects of the loss of four Msrs on aging by conducting 
the survival study and examining the end-of-life pathol-
ogy using male quadruple Msr KO mice.  
Our survival study showed that the survival curve of male 
quadruple Msr KO mice was slightly different from WT 
mice, with a p-value that was marginal to statistical sig-
nificance. The mean, median, and 10th percentile lifespans 
of male quadruple Msr KO mice were approximately 3%, 
4%, and 16% shorter than the WT mice, respectively. De-
spite the general trends that male quadruple Msr KO mice 
had a slightly shorter lifespan, no significant changes in 
lifespan analyses were observed in the log rank test for the 
survival curve analyses, and mean, median, and 10th per-
centile lifespans. This study was conducted with a small 
number of male quadruple Msr KO mice because of their 
high neonatal deaths (approximately 40% less survival of 
pups until weaning than WT mice). Therefore, it would be 
of interest to analyze the survival data including perinatal/
neonatal deaths, since human population studies analyze 
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the data incorporating neonatal deaths. 
The end-of-life pathological analyses were conducted 
with male quadruple Msr KO mice. Approximately 64% 
of WT and 29% of quadruple Msr KO mice had neoplastic 
diseases, and lymphoma was the major neoplastic lesion. 
The incidence of fatal lymphoma in male quadruple Msr 
KO mice was significantly less (29.4%) than WT mice 
(59.1%), although the average severity of lymphoma was 
similar between male quadruple Msr KO and WT mice. 
The incidence of fatal tumors (all types of tumors) in male 
quadruple Msr KO mice was significantly less (29.4%) 
than WT mice (63.6%). The tumor burden of male qua-
druple Msr KO mice (0.47) was significantly lower than 
WT mice (0.89). This indicates that the deletion of four 
Msrs significantly suppressed the spontaneous tumor 
development during aging. These results were paradoxi-
cal because our previous work showed that suppression 
of spontaneous cancer formation was accompanied by 
extended lifespans with long-lived mice, while male qua-
druple Msr KO mice showed suppressed spontaneous 
cancer development with a slightly shorter lifespan. These 
paradoxical results are similar to the observations with 
short-lived Ku70 and Ku80 mice, which also showed less 
tumor frequency [49]. Several studies conducted to test 
the role of Msr in cancer development [50-56] showed 
contradictory results, i.e., Msr showed pro- or anti-cancer 
effects, possibly depending on the types of cancer. Thus, 
to our knowledge, this study is the first to report the pro-
tective roles by the deletion of four Msrs on spontaneous 
tumor development during aging. On the other hand, the 
pathological analyses showed that the severity of glo-
merulonephritis, which is one of the major and potential 
fatal diseases in C57BL/6 mice, was significantly higher 
in male quadruple Msr KO mice (2.22) compared to WT 
mice (0.86). This indicates that the loss of four Msrs ac-
celerates the development of some non-neoplastic lesions 
during aging, which is consistent with the study that 
showed MsrA deficiency exacerbated kidney damage by 
lipopolysaccharide in vivo [57].                       .
Our survival and end-of-life pathological analyses showed 
that the loss of four isoforms of Msr resulted in: a) sig-
nificant suppression of cancer development; b) deleteri-
ous effects on age-related kidney pathology; c) higher 
neonatal deaths, which led to 40% less survival of pups 
until weaning; and d) no apparent lifespan changes in 
male mice. These results urge us to further investigate the 
pathophysiological roles of the loss of four Msrs in aging 
and age-related pathology. Among our observations, the 
most striking anti-cancer effect by the loss of four Msrs 
in male mice could lead us to seek the underlying mecha-
nisms and the potential discovery of new preventive and/
or therapeutic methods of certain human cancers. 

Conclusions

In conclusion, we have conducted survival and end-of-life 
pathological analyses of mice that lack all four isoforms 
of Msr (MsrA and MsrB1-3), referred to as quadruple Msr 

KO mice. Our study demonstrated that the male quadruple 
Msr KO mice exhibited a significant suppression of can-
cer development including lymphoma; however, this anti-
tumor effect was accompanied by deleterious changes on 
kidney pathology. No significant changes in lifespan were 
observed in male quadruple Msr KO mice. However, the 
male quadruple Msr KO mice showed higher neonatal 
deaths, which resulted in a 40% reduction in the survival 
of pups until weaning. These results urge us to further in-
vestigate the underlying mechanisms of pathophysiologi-
cal roles of the loss of four Msrs in aging and age-related 
pathology as systemic and comprehensive analyses were 
not conducted in this study. These results also call for fur-
ther investigation to seek the underlying mechanisms of 
anti-cancer effects by the loss of four Msrs, which could 
lead to the potential discovery of new preventive and/or 
therapeutic methods for certain human cancers.
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