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SOD3 Variant, R213G, Altered SOD3 Function,
Leading to ROS-Mediated Inflammation and Damage
in Multiple Organs of Premature Aging Mice
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Abstract

Aims: Among the isoforms of superoxide dismutase, SOD3 is uniquely associated with the extracellular matrix
(ECM) by virtue of its heparin-binding domain (HBD). Substitution of arginine by glycine at amino acid 213
(R213G) of its HBD was first identified in patients with heart failure, followed by many studies that focused on
the role of this variant (SOD3R213G) in ischemic heart disease and cardiovascular disease. However, the
biological significance of this mutation in a physiological context is largely unknown. Results: As a first step,
we generated SOD3R213G transgenic mice, in which the variant gene was driven by the b-actin promoter
allowing expression in all tissues. Unexpectedly, we found that SOD3R213G transgenic mice exhibited pre-
mature aging, including hair graying, abnormal gait, and a shortened life span. Specifically, the aged mice
showed systemic inflammation and organ degeneration. In addition, aged SOD3R213G mice are susceptible to
neutrophil-mediated inflammation. Among other functions, the neutrophils of SOD3R213G mice produce high
amounts of reactive oxygen species, which would normally be controlled by SOD3 in ECM. Innovation: These
findings showed for the first time that arginine 213 in the HBD of SOD3 is critical for maintaining proper organ
function through moderating the normal innate immune response, which would otherwise lead to chronic
inflammation and degenerative diseases in aged mice. Conclusion: Therefore, patients with this variant may be
treated with SOD3 as a therapeutic strategy to prevent or cure these diseases.

Introduction

Superoxide dismutase 3 (SOD3) is an antioxidant en-
zyme that scavenges superoxide and other reactive oxy-

gen species (ROS) produced in cells and tissues preventing
cell death and protecting normal tissue during inflammation
(29). Unlike other SODs, SOD3 is a glycoprotein with a
heparin-binding domain (HBD). SOD3 is predominantly
expressed in the extracellular matrix (ECM) of tissues and the
glycocalyx of cell surfaces, where it is anchored to heparan
sulfate proteoglycan (27, 28, 38). Since SOD3 is highly ex-
pressed in normal lung tissue, blood vessels, airways, kid-
neys, the uterus, and the heart (17, 41), the role of SOD3 in
protection against oxidative stress in these organs is well
established (7, 44). In addition, we have demonstrated that
SOD3 acts to modulate the innate and adaptive immune re-

Innovation

We report that aged SOD3R213G Tg mice exhibit hair
graying, abnormal gait, and shortened life span. Specifi-
cally, the aged mice had systemic inflammation with de-
generation of organs. Aged SOD3R213G mice are susceptible
to neutrophil-mediated inflammation. These innate immune
cells possess strong chemotactic and apoptotic and proin-
flammatory characters, producing higher levels of reactive
oxygen species, in response to bacterial fragments. These
features may contribute to the expression of the phenotype.
Thus, these unexpected findings demonstrate that arginine
213 is required for proper SOD3 function and SOD3 has a
role in regulating chronic inflammation and degenerative
diseases, including organismal aging.
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sponses, meliorating the progression of skin diseases and
airway inflammation (22, 23). Considering that the ECM is
essential for tissue homeostasis and that any changes in the
ECM microenvironment can be detrimental to cell function,
SOD3 may play a critical role in protection against external
environmental factors such as pathogens.

The SOD3 variant, R213G, is a common human gene
variant, which involves the substitution of arginine by gly-
cine at amino acid 213 (R213G) in the HBD (19, 30). This
variant is associated with increased risk of ischemic heart
diseases (19), vascular impairment (11), and lung inflam-
mation (2), and many molecular aspects of the mutant R213G
of SOD3 in these diseases have been studied (11, 25, 26, 34).
However, the biological significance of this variant and rel-
evance in a physiological setting are largely unknown. In
addition, the impacts of this mutation on premature aging,
systemic inflammation, and cellular degeneration have not
been investigated.

The skin, lung, and intestine are the first defensive barriers
against pathogens. Failure of these defenses leads to infec-
tion, causing systemic inflammation. In addition, neutrophils
are the first line of defense against infections caused by
bacteria, fungi, and parasites, which rapidly initiate innate
immune responses to clear pathogens via chemotaxis or
phagocytosis, producing ROS (10). On the other hand, these
cells exhibit plasticity upon stimulation (32) and secrete ex-
tracellular remodeling substances, including elastase, ca-
thepsin G, and proinflammatory cytokines, which cause
tissue damage (4, 33).

In addition, as a natural aging-associated feature, hair
graying occurs by loss of pigment in the hair shaft caused by
impairment of melanogenesis, antioxidant mechanisms, or
antiapoptotic signals (42). Specifically, melanocytes in
graying hair bulbs are frequently highly vacuolated due to
oxidative stress (3). Furthermore, ROS-mediated damage of
melanocytes leads to hair graying (14). Although SOD3 has
antioxidative and anti-inflammatory effects, the impact of
variant R213G of SOD3 on these events has not yet been
reported.

In this study, we reported for the first time that SOD3R213G

Tg mice exhibit premature aging, including hair graying and
abnormal gait, and shortened life span. Specifically, the aged
mice had systemic inflammation and degeneration of aortic
myocytes and the femoral growth plate. Tissue-infiltrating
neutrophils were significantly increased in the aged SOD3R213G

mice. Interestingly, the distinctive phenotype of SOD3R213G

mice was not simply due to the alteration of SOD enzyme
activity. Instead, we observed that SOD3R213G mice released
SOD3 into the blood. These results suggest that arginine 213
of SOD3 is critical for the proper function of SOD3 in the
prevention of inflammatory and degenerative diseases that
occur during aging. Given the important role of the arginine
213 mutation in SOD3, patients with this variant may be
treated with SOD3 as a therapeutic strategy to prevent or cure
these diseases.

Results

Generation of SOD3R213G transgenic mice

To study the physiological relevance of SOD3R213G, we
generated transgenic (Tg) mice with the human SOD3 variant,
R213G, driven by the b-actin promoter to ensure tissue-wide

expression. The Tg mice were generated using a high-level
constitutively expressed SOD3 variant, R213G, substituting
arginine by glycine at amino acid 213 in the HBD, driven by
the chicken b-actin promoter of pCAGGS vector. The ex-
pression cassette contained the CMV-IE enhancer, chicken
b-actin promoter, and human SOD3R213G cDNA, followed by
a rabbit b-globin polyadenylation site (Fig. 1A). The trans-
gene was purified and microinjected into pronuclei of fertil-
ized eggs from C57BL/6J mice. For the experimental control,
SOD3 or SOD3 lacking HBD Tg mice were generated by
inserting either human SOD3 or SOD3 lacking HBD into the
same plasmid backbone of SOD3R213G Tg mice. To confirm
the Tg mice, the genotype was determined by PCR amplifi-
cation using genomic DNA of tail biopsies with a primer
recognizing part of hSOD3 and the rabbit b-globin poly A
tail, 5¢-gacggcagcctctggaggta; 3¢-catggcagccagcatatggc. The
top band (Fig. 1B, 540 bp) was cut out, and sequencing
analysis was performed to confirm the mice (Fig. 1C, Gene
Biotech, Seoul, Korea).

As shown in Figure 1D, two founders, #44 and #47, which
have less than ten copy numbers of the transgene, were se-
lected. Through a restriction enzyme PCR-based technique
(9), the insertion site of the transgene was identified and it
revealed that the transgene of founder #44 was integrated at
the noncoding region of chromosome 10 and the gene of
founder #47 was integrated at chromosome 7 (AL 772165.15)
and uncharacterized locus (XR 404620) (Fig. 1E), respec-
tively. Thus, although the gene insertion was different between
the two founders, the mice showed the same phenotype, sug-
gesting that the distinctive phenotype of the mice is not due to
gene insertion. Furthermore, the transgene was significantly
overexpressed in the organs of SOD3R213G Tg mice, while
expression of endogenous SOD3 was lower (Fig. 1F).

SOD3R213G Tg mice exhibit shortened life span
and hair graying

Surprisingly, SOD3R213G Tg mice exhibited a shortened
life span (Fig. 1H) with their hair turning gray upon aging
(Fig. 1G). The mean life span of the Tg mice was 11 months.
In addition, 17-week-old Tg mice had higher numbers of
white blood cells and elevated aspartate aminotransferase,
alanine aminotransferase, creatine phosphokinase, glucose,
and low-density lipoprotein levels than those of same-aged
wt mice (Table 1), implying that the aged mutant mice had an
inflammatory pathology.

Arginine 213 of SOD3 is required for proper
melanocyte proliferation and melanogenesis

Histopathological examinations and FACS analysis re-
vealed that aged SOD3R213G Tg mice had reduced levels of
melanin in the hair follicles, including the hair bulb and shaft
(Fig. 2A), as well as fewer melanocytes than wt mice (Fig.
2B), responsible for hair graying. To examine the mecha-
nism, we used Melan A cells (5) that were transiently trans-
fected with plasmids encoding human SOD3, SOD3 lacking
HBD, or SODR213G mutant. When cell proliferation was as-
sessed by stimulation with PMA, cells overexpressing SOD3
exhibited enhanced cell proliferation and cells expressing
SOD3 lacking HBD maintained proliferation at the control
levels (Fig. 2C, D), while cells expressing the mutant drasti-
cally inhibited proliferation. A possible explanation was that
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FIG. 1. Generation of SOD3 R213G mutant Tg and their phenotypes. (A) The structure of the SOD3R213G mutant Tg
construct. The R213G construct was cloned into the pCAGGS vector. Tg mice were generated as described in the Materials
and Methods section. (B, C) Confirmation of SOD3R213G Tg mice. The genotype was determined by PCR amplification
using genomic DNA of tail biopsies (B), and the sequence was confirmed as described in the Materials and Methods section
(C). (D) Copy number of SOD3R213G mutant Tg mice. (E) Identification of the insertion site of the transgene of two
founders. The insertion site of the transgene was identified by a restriction enzyme-based PCR technique as described in the
Materials and Methods section. Indicated number in the figure represents the restriction enzyme; 1:Hind III, 2:Pvu I, 3:SacI,
4: BgI II, 4:Pst 1. (F) Expression of exogenous and endogenous SOD3 in SOD3R213G mice. (G) Seventeen-week-old
SOD3R213G mice showed hair graying. (H) Kaplan–Meier survival curve. Closed circles are Wt mice; open circles are
SOD3R213G mice. Each of the forty wt or SOD3R213G mice was monitored. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars
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SOD3R213G-expressing cells exhibited increased apoptosis
(Fig. 2E). In agreement, the corresponding proliferation genes,
c-Myc and cyclin D1, were downregulated, but Bax was up-
regulated in SOD3R213G-expressing cells (Fig. 2G–I). How-
ever, aging marker, telomerase reverse transcriptase (TERT),
expression was not significantly changed by SOD3R213G

(Fig. 2F).
To explore the defect in melanogenesis, we determined the

levels of the microphthalmia transcription factor (MITF) that
controls melanocyte differentiation, including expression of
tyrosinase (Tyr) and dopachrome tautomerase (Dct) (6, 45).
While SOD3-expressing cells upregulated MITF expression,
cells expressing SOD3 lacking HBD maintained the basal
level of MITF expression (Fig. 2J), and SOD3R213G-expres-
sing cells inhibited MITF expression (Fig. 2J). In agreement
with this finding, consistent expression patterns were ob-
served for its corresponding genes, Tyr and Dct (Fig. 2K, L),
suggesting that SOD3 controls melanogenesis and arginine
213 is essential for the function of SOD3.

SOD3R213G mice develop chronic skin inflammation
and cellular degeneration upon aging

Skin is the first defensive barrier against pathogens, and
failure of defense leads to infection. Thus, we speculated that
pathogenic conditions of aged mutant mice might be due to a
failure of this defense. To test this, we first investigated the skin
of the aged mutant mice maintained in a semispecific pathogen-
free facility. Indeed, aged Tg mice had skin inflammation with
increased numbers of infiltrated inflammatory cells (Fig. 3A,
first lower panel) and focally thickened epidermis (Fig. 3A,
second lower panel) accompanied by inflammation and fibrosis
in the dermis (Fig. 3A, second lower panel), muscle atrophy
(Fig. 3A, third lower panel), and increased numbers of apo-
ptotic cells in the epidermis (Fig. 3B, left panel) and hair fol-
licles (Fig. 3B, right panel). However, these phenotypes were
not observed in wt mice (Fig. 3A, upper panels).

For detail investigation, transmission electron microscopy
analysis was applied, which showed that the skin of the mu-
tant mice had empty spaces created by dead cells in the dermis
(Fig. 3C, first panel) and apoptotic cells in both the epider-
mis and dermis (Fig. 3C, second to fifth panels). In addition,
Masson’s trichrome staining showed that the skin of the aged
Tg mice had chronic inflammation with edema in the deep
dermis (Fig. 3D, third panel) and increased collagen deposi-
tion in the deep subcutaneous tissue and intermuscular stroma
(Fig. 3D, fourth panel). However, these phenotypes were not
observed in wt mice (Fig. 3D, first and second panels). The
corresponding proinflammatory gene, TNFa (Fig. 3E), der-
mal matrix remodeling molecular matrix metalloproteinase-1
(MMP-1) (Fig. 3F), monocyte chemoattractant, monocyte

chemotactic protein 1 (MCP-1) (Fig. 3G), and neutrophil
chemoattractant, MIp1a (Fig. 3H), were all upregulated. In
addition, aging marker, TERT, was upregulated (Fig. 3I).
Taken together, SOD3R213G mice developed chronic skin
inflammation and cellular degeneration upon aging. There-
fore, these results suggest that SOD3 can protect against skin
infection and that arginine 213 of SOD3 is essential for the
function of SOD3 in the skin.

Infiltrating neutrophils are significantly increased
in SOD3R213G Tg mice upon aging, along with
upregulation of proinflammatory cytokines

To further investigate the cause of skin and organ inflam-
mation in SOD3R213G mice, immunofluorescence imaging
analysis was applied. As shown in Figure 4A, infiltrating
neutrophils and macrophages were highly increased in the skin
of aged mutant mice compared with Wt (Fig. 4A, second and
third panels). Since failure of the first line of defense may lead
to systemic inflammation, we also observed increased numbers
of neutrophils, macrophages, and lymphocytes in the blood
(Fig. 4B), bronchoalveolar lavage fluid (BALF) in the lung
(Fig. 4C), and the spleen (Fig. 4D) of the aged Tg mice.
Correspondingly, increased levels of proinflammatory cyto-
kines, IL-6 (Fig. 4E, upper panel) and TNFa (Fig. 4E, lower
panel), were observed in SOD3R213G mice.

SOD3R213G promotes the levels of circulating
and infiltrating neutrophils in organs of the aged
mice, while SOD enzyme activity is unaffected
and SOD3 level is increased in blood

We, next, compared the phenotype of SOD3R213G mice
with that of age-matched SOD3 Tg, SOD3 lacking HBD, and
SOD3 Ko mice. SOD3 Tg mice had fewer inflammatory cells
in the blood (Fig. 5A), BALF (Fig. 5B), and spleen (Fig. 5C
and Supplementary Fig. S1A; Supplementary Data are
available online at www.liebertpub.com/ars). However, in-
creased levels of circulating and infiltrated cells, specifically
neutrophils, were dominantly observed in aged SOD3R213G

mice (Fig. 5A–C and Supplementary Fig. S1A). Consistently,
higher levels of proinflammatory cytokines, IL-6, IL-4, IL-
13, and TNFa, were observed in these mutant mice (Sup-
plementary Fig. S1B). Although SOD3 Ko mice have similar
patterns, the levels of neutrophils and proinflammatory cy-
tokines were less than those of SOD3R213G mice (Fig. 5A–C
and Supplementary Fig. S1). In addition, mice expressing
SOD3 lacking HBD had a similar phenotype to that of SOD3
Tg mice (Fig. 5A–C and Supplementary Fig. S1A, B). In-
terestingly, the content of neutrophils in the bone marrow of
SOD3R213G mice was not significantly different, compared

Table 1. Serum Profiles of 17-Week-Old Wild-Type and SOD3R213G Mutant Mice

WBC(103/ml) AST(IU/L) ALT(IU/L) CPK(IU/L) GLU(mg/dl) TG(mg/dl) LDL(mg/dl)

WT 1.7 – 0.2 49.2 – 5.6 24.6 – 5.1 59.5 – 19.5 205.1 – 15.1 95.06 – 13.4 15.25 – 1.7
TG 2.9 – 1.0 68.5 – 7.0* 36.7 – 4.8 108 – 16.7* 277.4 – 10.4* 73.75 – 7.3 26.5 – 3.8

Blood was obtained from the periorbital sinus of the mice. Blood count and biochemical analysis of serum enzymes and lipids were
performed using VetAce (Alfa Wassermann system). The sample included six males of Wt and SOD3R213G mutant mice. Statistical
significance (*) was determined by Student’s t-test at p < 0.01.

CPK, creatine phosphokinase; Glu, glucose; LDL, low-density lipoprotein.
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with wt, SOD3 Tg, SOD3 lacking HBD, and SOD3 Ko mice
(Fig. 5D), implying that SOD3R213G may promote prolifer-
ation or increase trafficking of neutrophils. Surprisingly,
SOD3R213G did not affect SOD enzyme activity (Fig. 5E).
Instead, we observed that a higher amount of SOD3 was
released into the blood of SOD3R213G mice (Fig. 5F).
Therefore, these results imply that the distinctive phenotype
of SOD3R213G mice may not simply be due to alteration of

SOD enzyme activity, but it may be due to releasing of SOD3
from tissue into the blood.

The SOD3 variant, R213G, leads to aberrant
neutrophil function in mice

We next investigated the function of neutrophils of
SOD3R213G mice by treatment with the bacterial fragment,

FIG. 2. SOD3R213G mutant
mice exhibit hair graying. (A)
Aged SOD3R213G mice lack
melanin pigment in hair folli-
cles. Dorsal skin sections of
17-week-old SOD3R213G mice
were isolated, and H&E stain-
ing was followed. Scale bar,
200lm (left panel) and 20lm
(right panel) (B) Melanocyte
content in the skin. Single cells
were separated from the skin
as described in the Materials
and Methods section. The cells
were stained with PE-conju-
gated anti-Melan A antibody,
and FACS analysis was fol-
lowed. (C–F) Proliferation
(C, D), apoptosis (E), and
TERT (F) expression of me-
lanocytes. Scale bar, 200 lm.
(G–J) Expression of c-Myc
(G), Cyclin D1 (H), and Bax
(I). (J–L) The expression of
melanogenesis-related genes:
Microphthalmia-associated
transcription factor (MITF)
( J), tyrosinase (Tyr) (K), and
dopachrome tautomerase (Dct)
(L). Melan A cells were tran-
siently transfected as described
in the Materials and Methods
section. Cell proliferation and
apoptosis and expression of the
indicated genes were assessed
as described in the Materials
and Methods section. The
in vitro data represent the
mean – SD of at least three
independent experiments. Sta-
tistical analysis was performed
by ANOVA at p < 0.01, and
Scheffe’s post hoc test was
followed; grouping a, b, c,
and d. To see this illustration
in color, the reader is referred
to the web version of this ar-
ticle at www.liebertpub.com/
ars
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FIG. 3. SOD3R213G mice develop chronic skin inflammation and cellular degeneration upon aging. (A, B) Severe
skin inflammation of aged SOD3R213G mice. The dorsal skin of 17-week-old SOD3R213G or Wt mice was isolated, and H&E
staining was followed. Increased numbers of inflammatory cells (A, first lower panel), fibrosis (A, second lower panel),
focally thickened epidermis (A, second lower panel), and muscle atrophy (A, third lower panel) were observed. Scale bar,
100 lm. Degenerative cells, including nuclear condensed cells in the epidermis (B, left panel) and hair follicles (B, right
panel) of aged SOD3R213G mice. Scale Bar, 50 lm. (C) Degenerative cells in the skin of aged SOD3R213G mice. Dead cell-
created spaces (C, first panel) and necrotic cells (C, second panel) in the dermis, vacuolated cells (C, third panel) in the
epidermis, and nucleus condensed cells (C, fourth and fifth panels) in the epidermis were observed by TEM as described in
the Materials and Methods section. Scale bar, 2 lm. (D) Chronic skin inflammation of aged SOD3R213G mice. Chronic
inflammation with edema in the deep dermis (D, third panel) and increased collagen deposition in the deep subcutaneous
tissue and intermuscular stroma (D, third and fourth panels) of aged SOD3R213G mice were observed by Masson’s trichrome
staining. Scale bar, 100 lm (left panels of each Wt and SOD3R213G) and 50 lm (right panels of each Wt and SOD3R213G).
(E–I) Expression of inflammatory and aging-related genes: Proinflammatory cytokines, TNFa (E); dermal matrix re-
modeling factor, MMP1 (F); inflammatory chemokine, MCP-1 (G); chemoattractant toward neutrophils, MIP1a (H); and
aging-related gene, TERT (I). The expression of indicated genes was performed by quantitative PCR as described in the
Materials and Methods section. Statistical analysis was performed by t-test (*p < 0.001 vs. wt control). Arrows indicate
infiltrated cell and fibrosis (A), apoptotic cell (B), condensed cell (C), and collagen accumulation (D). To see this illus-
tration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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formyl-methionyl-leucyl-phenylalanine (fMLP) (40). Upon
stimulation with fMLP, the neutrophils underwent increased
apoptosis (Fig. 6A), chemotactic ability (Fig. 6B), and elas-
tase expression (Fig. 6C). These levels were greater than
those of wt, SOD3 Tg, SOD3 lacking HBD, and SOD3 Ko
mice. In addition, SOD3R213G neutrophils upregulated the
expression of proinflammatory molecules, TNFa (Fig. 6D),
IL-6 (Fig. 6E), and cathepsin G (Fig. 6F). A similar pattern
was observed in SOD3 Ko mice (Fig. 6D–F), but the level

was lower than those of aged SOD3R213G mice. However, the
levels of wt, SOD3 Tg, and SOD3 lacking HBD Tg mice were
comparably low (Fig. 6D–F). Consistently, most neutrophils
of SOD3R213G mice possess a proinflammatory phenotype
(21), Gr1high CD11bhighCXCR4low (Fig. 6G).

When neutrophils isolated from the bone marrow of
SOD3R213G Tg mice were treated with G-CSF, the cells ap-
peared large and blast-like (Fig. 6H). A similar phenotype
was observed in neutrophils of SOD3 Ko mice (Fig. 6H),

FIG. 4. Infiltration of in-
nate immune cells and ex-
pression of proinflammatory
cytokines in aged SOD3R213G

mice. (A) Infiltrating neutro-
phils and macrophages are in
the skin of aged SOD3R213G

mice. The dorsal skin of 17-
week-old SOD3R213G mice
was isolated, and immunoflu-
orescence staining and confo-
cal analysis were performed as
described in the Materials and
Methods section. NIMP-R14:
neutrophil; CD11b: macro-
phage, Scale bar, 100 lM. (B,
C) Neutrophils are domi-
nantly increased in blood and
bronchoalveolar lavage fluid
(BALF) of SOD3R213G mice
upon aging. Neutrophil, mac-
rophage, and lymphocyte con-
tents in blood (B) and BALF
(C) in the lung of SOD3R213G

mice. Blood (B) and BALF
(C) were obtained from mice
and deep quick staining and
differential cell counting based
on cell morphology were per-
formed. (D) Changes in the
population of immune cells in
the spleen of SOD3R213G

mice upon aging. Population
of Gr1 + and CD4 + (upper
panel), CD11c + and CD8 +

(middle panel), and CD11b +

(lower panel) in the spleen of
SOD3R213G mice upon aging.
(E) Changes in the levels of
proinflammatory cytokines,
IL-17 and IL-6 (upper panel)
and TNFa (lower panel).
Each of the 5- or 17-week-old
wt mice was used as a control.
To see this illustration in color,
the reader is referred to the
web version of this article at
www.liebertpub.com/ars
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suggesting that SOD3 is required for proper neutrophil dif-
ferentiation and proliferation. In addition, these blast-like
cells from SOD3R213G mice produced higher levels of ROS
upon stimulation with fMLP compared with neutrophils from
wt, SOD3 Tg, SOD3 lacking HBD, and SOD3 Ko mice (Fig.
6I). Consistently, we observed that NADPH oxidase is sus-
tained in SOD3R213G mice (Supplementary Fig S2). Fur-
thermore, mouse embryo fibroblast of SOD3R213G mice
showed increased ROS production (Supplementary Fig S2).
Therefore, these results suggest that SOD3 is required for
proper neutrophil development and homeostasis, which in
turn, may mediate a normal innate immune response.

Aged SOD3R213G mice develop systemic inflammation
and cellular degeneration

We further investigated other age-related changes in
SOD3R213G mice. Through histopathological examination, we

found that seven of the ten mice exhibited chronic inflamma-
tion in the skin, lung, gastric intestine, kidney, liver, muscle,
and heart. Specifically, as shown in Figure 7A and B, inflam-
mation in the peribronchovascular area and blood vessels of the
lung (A, first panel) and destruction of tubular structures due to
focal infiltration of chronic inflammatory cells in the cortex of
the kidney (A, second panel), the interstitium of the muscle (A,
third panel) and heart (B, first panel), and in the portal area of
the liver (B, second panel) were observed in aged SOD3R213G

mice. In addition, infiltration and aggregation of lymphocytes
in the lamina propria of the intestine (B, third panel) were
observed in these aged Tg mice. Furthermore, these phenotypes
were more severe than those seen in SOD3 Ko mice (data not
shown), which may lead to a shortened life span of the mice.

Surprisingly, severe degeneration of the aortic myocytes,
smooth muscle cells in the media layers, was observed in aged
SOD3R213G mice (Fig. 7C, first row, second panel), which may
lead to failure of the function of the arterial wall, causing

FIG. 5. SOD3R213G pro-
motes the levels of circu-
lating and infiltrating
neutrophils in organs of the
aged mice, while SOD en-
zyme activity is unaffected
and SOD3 level is increased
in blood. (A, B) Comparison
of cell profiles in blood (A)
and BALF (B). (C) The
population of Gr1 + CD11b +

neutrophils in the spleen.
(D) Neutrophil content in the
bone marrow. Indicated cell
profiles of either spleen or
bone marrow of 17-week-old
SOD3R213G mice, including
corresponding aged wt, SOD3
Tg, SOD3 lacking HBD, and
SOD3 Ko mice, were assessed
by FACS analysis as described
in the Materials and Methods
section. DHBD: SOD3 lack-
ing HBD mice, Ko: SOD3 Ko
mice, R213G: SOD3R213G

mice. (E, F) SOD activity,
and released SOD3 into the
blood. SOD3 activity (E) and
SOD 3 level (F) in the blood.
R213G1 and R213G2 repre-
sent two different SOD3R213G

mice. SOD activity in the
blood was measured as de-
scribed in the Materials and
Methods section. SOD3 in the
blood was detected by SDS-
PAGE as mentioned in the
Materials and Methods sec-
tion. To see this illustration in
color, the reader is referred to
the web version of this article
at www.liebertpub.com/ars
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FIG. 6. Aberrant characteristics of neutrophils in aged SOD3R213G mice. (A–C) The characteristics of neutrophils in
aged SOD3R213G mice. Potent apoptotic (A) and chemotatic (B) character and upregulation of elastase expression (C). Bone
marrow-isolated neutrophils were treated with 100 nM fMLP for 8 h, and apoptosis (A) was assessed as described in the
Materials and Methods section. Chemotaxis (B) was measured as described in the Materials and Methods section. (D–F)
The expression of proinflammatory molecules: Neutrophils expressed proinflammatory molecules, TNFa (D), IL-6 (E), and
cathepsin G (F). The gene expression of neutrophil elastase (C), TNFa (D), IL-6 (E), and cathepsin G (F) was assessed by
treatment with 100 nM fMLP for 8 h and performed by qRT-PCR. (G) Neutrophils of SOD3R213G mice possess proin-
flammatory character. The Gr1high CD11bhigh CXCR4low cell population (G) was measured by FACS analysis, gating
Gr1high CXCR4low and accessing the CD11bhigh population from BM cells. (H) Blast-like neutrophils in aged SOD3R213G

mice. Neutrophils (H) of aged SOD3R213G mice are compared with those of wt, SOD3 Tg, SOD3 lacking HBD, and SOD3
Ko mice. Bone marrow-derived neutrophils were treated with G-CSF as described in the Materials and Methods section. The
morphological image was taken by light microscopy. Scale bar, 200 lm. (I) Neutrophils of aged SOD3R213G mice promote
reactive oxygen species (ROS) production. ROS generation (I) was assessed by treatment with fMLP (100 nM, 1 h) in BM
cells and performed by staining with H2DCFH-DA, 2¢,7¢-dichlorofluorescein diacetate (5 lM) and APC-conjugated Gr1
antibody, and FACS analysis was followed. For the in vitro bar graph, results are the mean – SD of at least three independent
experiments. Statistical analysis was performed by ANOVA at p < 0.01, and Scheffe’s post hoc test was followed; grouping a,
b, c, and d. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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vascular disease. However, this phenotype was not observed in
young (5 and 8 weeks old) SOD3R213G mice (data not shown).
In addition, aged SOD3R213G mice showed a thin and irregular
degenerative growth plate in the femur (Fig. 7C, second row,
second panel), which causes irregular trabecular bone to im-
pair proper bone growth in the hind leg, leading to the observed
abnormal gait. Again, this phenotype was not observed in
young SOD3R213G mice (data not shown). Similar phenotypes
were observed in SOD3 Ko mice, but their levels were com-
parably mild (data not shown). However, wt, SOD3 Tg, and
SOD3 lacking HBD mice did not exhibit these phenotypes (data
not shown). Taken together, SOD3R213G mice are sensitized to
infection and organ degeneration upon aging due to uncon-
trolled inflammation (Fig. 8). Therefore, these results suggest
that the arginine 213 of SOD3 is essential for the protection of
normal tissues from inflammation and organ degeneration.

Discussion

Our study demonstrated that the SOD3 variant, R213G,
which naturally occurs in man leading to a heart failure phe-
notype, alters the function of SOD3 in SOD3R213G Tg mice
with the same phenotype, namely degeneration of aortic
myocytes. Importantly, earlier studies have shown that SOD3
protects against destructive ROS effects in tissues (22, 23).
Thus, arginine 213 in the HBD of SOD3 is critical for its
proper functioning to maintain normal cell and tissue protec-
tion against ROS. While the Tg mice, expressing SOD3
lacking HBD, have a similar phenotype to SOD3 Tg mice, a
functionally different role of SOD3 was observed in SOD3R213G

Tg mice. In agreement with this finding, it was reported that
SOD3 reduces superoxide levels and improves aortic relaxation
in response to acetylcholine after LPS treatment, but the

FIG. 7. Systemic inflam-
mation and cellular degen-
eration occur in aged
SOD3R213G mice. (A, B)
Systemic inflammation in
aged SOD3R213G mice. (C)
Degeneration of myocytes in
the aorta and growth plate in
the femur of aged SOD3R213G

mice. Histological analysis of
the aged SOD3R213G mice
compared with wt mice. H&E
staining of the indicated or-
gans of the 17-week-old mice
was performed as described
in the Materials and Methods
section. Scale bar, 100 lm
(lung, muscle, liver, intes-
tine, and bone) and 50 lm
(kidney, heart, and aorta).
The arrow indicates infil-
trated inflammatory cells in
each organ and degeneration
of aortic myocytes or the
femoral growth plate. To see
this illustration in color, the
reader is referred to the
web version of this article at
www.liebertpub.com/ars
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SOD3R213G fails to protect against endothelial dysfunction
(25). In addition, it was shown that SOD3R213G impairs the
affinity of SOD3 to heparin and adherence to the endothelial
cell surface, but does not affect the enzymatic activity of
SOD3 (1, 39), suggesting that the altered function of the
mutant may not simply be due to changes in enzymatic ac-
tivity, but due to dislocation of SOD3 from the ECM. In
agreement, it has been reported that R213G in SOD3 is located
in the center of the carboxyl-terminal cluster of positively
charged amino acid residues of the HBD and this mutation
reduces heparin affinity, tissue SOD3-specific activity (39),
and its tissue half-life, resulting in increased plasma levels of
SOD3 (8, 15). Consistently, it was reported that R213G dis-
rupts the a-helical structure of SOD3, which leads to reducing
the affinity of SOD3 for heparin and collagen and altering
its ECM-binding region (34). Therefore, this loss of SOD3
function in SOD3R213G Tg mice may lead to the progressive
pathogenesis in organs that require SOD3 for homeostasis.

Since SOD3 controls the levels of extracellular ROS (24),
SOD3R213G may fail this function. Thus, as ROS accumulates
in the ECM, danger signals are triggered, leading to inflam-
mation, tissue remodeling, and even oncogenesis. These

events may lead to many degenerative processes such as ap-
optosis that worsen with aging. In agreement with this idea, it
was reported that while wt cellular fibronectin promotes cell
survival, cellular fibronectin mutated in its HBD triggers ap-
optosis in fibroblasts (20). In this manner, arginine 213 in the
HBD of SOD3 is likely to be a crucial site for the proper
function of SOD3. Therefore, the inappropriate function of
SOD3R213G is, at least in part, due to the loss of its interaction
with heparin or heparin sulfate in ECM where SOD3 controls
ROS levels. This, consequently, leads to fatal problems at the
cells, including aorta and bone, which required SOD3 for
protection against tissue ROS. Thus, it is likely that mutant
SOD3R213G is a trigger for these inflammatory and degenera-
tive diseases. Perhaps, the role of SOD3R213G on vascular
impairments in man (11, 19) may be, in part, due to these
consequences. Thus, further investigation is necessary to de-
termine if overcoming the deleterious effects of SOD3R213G

may be a therapeutic strategy to treat certain inflammatory and
degenerative diseases.

Given that ROS in ECM elicits a danger signal, it is possible
that the imbalanced ROS content in SOD3R213G-expressing
cells may lead to cell death. In agreement, it was reported that
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FIG. 8. Proposed model
showing that aged SOD3R213G

mice exhibit premature aging
and are susceptible to neu-
trophil-mediated inflamma-
tion. The skin and lung of aged
SOD3R213G mice are suscepti-
ble for infection, which leads to
recruitment and infiltration
of neutrophils into the organs,
producing proinflammatory
molecules and ROS. Subse-
quently, these molecules con-
tribute to melanocyte apoptosis
leading to hair graying; chronic
inflammation leading to sys-
temic inflammation; degenera-
tion of aortic myocytes leading
to failure function of the arte-
rial wall; and degeneration of
femoral growth plates leading
to impairment of bone growth
and abnormal gait. Conse-
quently, these lead to shortened
life span in mice. To see this
illustration in color, the reader
is referred to the web version of
this article at www.liebertpub
.com/ars

R213G ALTERS THE FUNCTION OF SOD3 11



while superoxide plays a signaling role in phagocytes by ac-
tivating the protease, SOD modulates this signaling event (37).
While lower levels of ROS promote cell survival and prolif-
eration, higher levels of ROS activate apoptotic signaling to
remove cells that have lost proper cellular function (16).
Therefore, imbalances of ROS content in SOD3R213G mice
may disrupt proper cellular and tissue functions. Specifically,
uncontrolled ROS levels produced by neutrophils in aged
SOD3R213G mice may, in part, lead to expression of the phe-
notype of SOD3R213G mice, including hair graying, systemic
inflammation, and cellular degeneration.

Interestingly, the chronic inflammatory phenotype oc-
curred in both aged SOD3R213G mice and SOD3 Ko mice.
However, this phenotype was comparably mild in SOD3-
deficient mice. Perhaps, this discrepancy is due to the rescue
of the SOD3 Ko mice by using alternative molecular mech-
anisms that maintain proper cellular or organ function. Al-
ternatively, there may be some functional redundancy among
the SOD family members, including SOD1 and SOD2 in
SOD3 Ko mice. On the other hands, the SOD3 R213G mutant
mice are greatly overexpressed by the SOD3R213G gene,
which may govern endogenous SOD3, altering SOD3 func-
tion, affecting its affinity for heparin, or inducing a confor-
mational change of SOD3 in the ECM. In agreement, we
observed an increase in the plasma level of SOD3 in the
SOD3R213G Tg mice. In addition, it has been reported that
mice with an embryonic deletion in SOD3 can tolerate am-
bient oxygen, whereas those with an acute deletion of SOD3
suffer from severe lung damage and high mortality in am-
bient oxygen (18). Similarly, SOD3R213G mice may exhibit a
more severe phenotype compared with SOD3 Ko mice. On
the same line, we observed that SOD3 with deleted HBD
mice have a similar phenotype of SOD3 Tg. When we tested
in vitro for the anti-inflammatory effect using a plasmid en-
coding SOD3 with deleted HBD or its recombinant protein,
the results were similar as those of the full-length SOD3 (data
not shown). Thus, we speculated that SOD3 with deleted
HBD has a similar function as SOD3 physiologically, al-
lowing the function of endogenous SOD3. Thus, we need to
investigate further for this effect.

It is clear that aged SOD3R213G mice display an aging-
associated phenotype. In this case, when the tumor suppressor,
p53, is deleted in the first six exons of the p53 gene that en-
codes a carboxy-terminal p53 fragment, this mutation consis-
tently activates p53 and the resultant p53 mutant mice exhibit
enhanced resistance to spontaneous tumor development.
However, upon aging, the p53 mutant mice display aging-
associated phenotypes, reducing longevity, osteoporosis, or-
gan atrophy, and diminished stress tolerance (43). Although
young mutant p53 mice did not show this phenotype, signifi-
cant differences were shown in the skin, hair, and muscle mass
in 24-month-old p53 mutant mice. Thus, similar, but not all,
aging-associated phenotypes were observed in 17-week-old
SOD3 R213G mice. This premature aging of SOD3R213G mice
may also be controlled by the p53-mediated signaling path-
way. Interestingly, a splice variant of p52shc/p46shc, the p66shc

adaptor protein, enhanced resistance to oxidative stress re-
sponse and led to an increased life span in mammals (31). In
addition, melanocyte-specific deleted c-Myc leads to consti-
tutive gray hair in mice (35). Moreover, Wnt signaling leads
melanocyte stem cells to initiate pigmented hair generation
(36) and plays essential roles in the development of melano-

cytes (12, 13). Thus, SOD3 may also participate in these signal
transduction pathways that regulate the proliferative or apo-
ptotic response and life span in mammals. In that sense, it is
likely that arginine 213 in the HBD of SOD3 plays a key role in
determining the direction of signaling events.

The current study provides a new paradigm for the role of
SOD3 in chronic and degenerative diseases, including aging,
and may provide a new target to cure systemic inflammation
and certain degenerative diseases. In addition, we reported
for the first time that SOD3 regulates innate immunity by
ameliorating infection and controlling proper signal propa-
gation and activation of neutrophils. Therefore, this animal
model will be useful in testing novel therapies to control
inflammatory and degenerative diseases.

Materials and Methods

Animals

All mice, including C57BL/6, SOD3 Tg, SOD3 lacking
HBD Tg, SOD3 Ko, and SOD3R213G Tg mice, were cared in
semispecific pathogen-free conditions, and animal experi-
ments were performed in accordance with established insti-
tutional guidance that was approved by the Research Animal
Care Committee of The Catholic University (Seoul, Korea).
Thus, three to four mice each of wt, SOD3 Tg, SOD3 lacking
HBD, SOD3 Ko, and SOD3R213G Tg mice were used for an
animal experiment. For the Kaplan–Meier survival curve,
each of the forty wt or SOD3R213G mice was monitored.

Transgene insertion

To determine the exact location of insertion of transgenes
within the genome, tail DNA of founder #47 and #44 was
obtained. The DNAs were digested by restriction endonucle-
ase enzyme digestion and followed sequential PCR to produce
amplicons, representing regions flanking the integrated trans-
gene (9). Sequencing and BLAST (Ensemble and NCBI)
search were performed to find the locus of integrated genes.

Melanin content in the skin

Dorsal skin of the mice was incubated with 1:3 dispase/
trypsin (50 U/ml dispase, Roche, 0.25% Trypsin; GIBCO) for
2 h at 37�C. The skin was chopped and filtered through a 100-
lm strainer to remove hair and cornified layers. The sepa-
rated single cells were subjected to FACS analysis to detect
the population of melanocytes using PE-conjugated Melan A
antibody (Santa Cruz, CA).

Transient transfection of Melan A cells

Melan A cells were seeded 1 day before transfection. The
cells were transiently transfected with a plasmid encoding
human SOD3, SOD3 lacking HBD, SOD3R213G mutant, or
vector control, using Attractene transfection reagent (GIB-
CO, Invitrogen, San Diego, CA). To access cell proliferation,
12-h transfected cells were treated with 50 nM PMA for 72 h,
and the cell number was counted. Apoptotic cells were as-
sessed by staining with Annexin V and propidium iodide (PI).
To assess gene expression, 12-h transfected cells were treated
with 50 nM PMA for 12 h and Thy, MITF, Dct, c-Myc, cyclin
D1, and Bax expression was assessed by quantitative RT-
PCR (qRT-PCR).
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Quantitative RT-PCR

To perform qRT-PCR, the following mouse primers were
used. Tyrosinase, 5¢-gggatagcagatccttctca, 3¢-cattggcttctggg
taaact; dopachrome tautomerase, 5¢-gaccctgtgtttgtggtcct,
3¢-gttgctctgcggttaggaag; MITF, 5¢-caagtcccaagcagtggaa,
3¢-ggagcttaacggaggcttg; c-Myc, 5¢-cgactccgtacagccctat, 3¢-
cgcaacataggatggagag; cyclin D1, 5¢-cctgacaccaatctcctca, 3¢-
gacctcctcttcgcacttc; neutrophil secreting elastase, 5¢-ctctggct
gccatgctact, 3¢-gttcacacagtgggctgct; cathepsin G, 5¢-cggcagc
aactgactaagc, 3¢-caagcactcagcccttctg; TERT, 5¢-gttcctgttctgg
ctgatg, 3¢-cttgtgacagctcccgtag; and MMP-1, 5¢-caccactgaattt
caccag, 3¢-gaactgcttgtccaggttt. The primers used for TNFa,
MCP-1, and MIP1a were described previously (22).

Tissue histology and ultrastructure examination

The tissues, including dorsal skin, lung, kidney, liver, in-
testine, aorta, muscle, and heart, were isolated and fixed in 4%
paraformaldehyde in PBS and embedded in paraffin according
to general histochemical procedure. For the skeletal histo-
chemical examination, the femur and tibia were isolated and
fixed in 4% paraformaldehyde in PBS overnight, followed by
decalcification with 10% formic acid for Hematoxylin and
Eosin (H&E) staining. Blood and BALF in the lung were
obtained from the mice as described previously (23). Deep
quick staining, H&E, or Masson’s trichrome staining were
followed according to the manufacturer’s instructions. Tissue
inflammation was assessed based on pathology criteria. Spe-
cifically, skin inflammation was assessed by investigating the
degree of thickness of the epidermis and the content of infil-
trated cells into the skin, fibrosis, and abnormal ECM structure,
including collagen accumulation. Immunofluorescence stain-
ing of skin was performed with fluorescence-conjugated an-
tibodies against CD11b (BioLegend, San Diego, CA), NIMP-
R14 (Abcam, Cambridge, UK), and Melan A (Santa Cruz,
CA). Nuclei were stained with DAPI (Vector Lab, Burlin-
game, CA). The images were taken by confocal microscopy
(Carl Zeiss, Thomwood, NY).

To examine the ultrastructure, transmission electron mi-
croscopy (TEM) analysis was performed. Skin tissues were
fixed in 4% paraformaldehyde and 2.5% glutaraldehyde in
0.1 M phosphate buffer for 12 h, and postfixed with 1% os-
mium tetroxide in PBS for 1 h. TEM analysis was performed
as described previously (23). The ultrathin sections (60–
70 nm) were obtained by ultramicrotome (Leica Ultracut
UCT, Wetzlar, Germany). Ultrathin sections collected on
grids (200 mesh) were examined in TEM ( JEM 1010, Tokyo,
Japan) at 60 kV. The images were recorded by CCD camera
(SC 1000; Gatan, Pleasanton, CA).

Cell surface and intracellular staining

APC-conjugated antimouse Ly-6G (Gr1), CD11c, IL-4, IL-
17, and IFNc, PE-conjugated anti-mouse CD11b, IL-17, TNFa,
and IL-13, and FITC-conjugated anti-mouse CXCR4, IL-6,
and CD4 were purchased from eBioscience (San Diego, CA).
PI and FITC-conjugated Annexin V were obtained from Bio-
Legend (San Diego, CA). Cell surface, Gr1, CD11c, CD11b,
CXCR4, Annexin V, and PI were measured by flow cytometry
(FACS Calibur; BD Bioscience, San Jose, CA). Cytokines,
TNFa, IFNc, IL-4, IL-13, and IL-17, were assessed by flow
cytometry after intracellular staining with permeabilizing re-

agent (BD Cytofix/Cytoperm). The data were analyzed with
CellQuest software (Becton Dickinson, Mountain View, CA).

Proliferation of bone marrow neutrophils

Gr1 + CD11b + neutrophils were isolated from bone mar-
row (BM) cells and purified using antibody–magnetic bead
depletion. In brief, total BM cells from femurs and tibias were
flushed out with 2 ml of RPMI 1640 media using a 23-gauge
needle. RBC was depleted with hemolysis buffer (Sigma, St
Louis, MO) and purified using the lineage cell depletion kit
(Miltenyi Biotec, Bergisch Gladbach, Germany). The cells
were cultured with 20 ng/ml G-CSF (Prospec, Brunwick, NJ)
for 10 days to assess proliferation. The morphology of neu-
trophils was examined by a light microscope. At some ex-
periments, BM cells were used.

Neutrophil chemotaxis assay

Transwell plates of 3-lm pore size (Corning Costar,
Cambridge, MA) were loaded with 600 ll of the medium in
the presence of 100 nM fMLP in the lower chamber in trip-
licates. Freshly isolated neutrophils were resuspended at
2 · 107 cells/ml, and 250 ll of this suspension was placed in
the inserts in the upper chamber. After 2 h of incubation at
37�C in a 5% CO2 incubator, migrated cells in the lower
chamber were counted by adding 50 ll of 70 mM EDTA to
release adherent cells.

Immunoblot

Human SOD3 antibody was obtained from Abcam (Cam-
bridge, MA). Blood was lysed and SDS-PAGE was performed
using the corresponding antibody for specific protein.

Measurement of ROS content and SOD activity

ROS generation of neutrophils was accessed by staining
with H2DCFH-DA, 2¢, 7¢-dichlorofluorescein diacetate
(5 lM), and FACS analysis was followed. For SOD activity,
the fresh blood was taken and subjected to centrifugation for
isolation of serum, and SOD activity was measured using the
SOD assay kit (Dojindo lab, Kumamoto, Japan).

Statistical analysis

Results are given as the mean – SD. Data were analyzed by
ANOVA at p < 0.05 and Scheffe’s post hoc test or t-test
(*p < 0.001). Differences with a low p-value were regarded as
statistically significant.
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