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Abstract
Duchenne muscular dystrophy (DMD) is a muscle wasting disease in which inflammation influences the severity of
pathology. We found that the onset of muscle inflammation in the mdx mouse model of DMD coincides with large increases
in expression of pro-inflammatory cytokines [tumor necrosis factor-a (TNFa); interferon gamma (IFNc)] and dramatic reduc-
tions of the pro-myogenic protein Klotho in muscle cells and large increases of Klotho in pro-regenerative, CD206þmacro-
phages. Furthermore, TNFa and IFNc treatments reduced Klotho in muscle cells and increased Klotho in macrophages.
Because CD206þ/Klothoþmacrophages were concentrated at sites of muscle regeneration, we tested whether macrophage-
derived Klotho promotes myogenesis. Klotho transgenic macrophages had a pro-proliferative influence on muscle cells that
was ablated by neutralizing antibodies to Klotho and conditioned media from Klotho mutant macrophages did not increase
muscle cell proliferation in vitro. In addition, transplantation of bone marrow cells from Klotho transgenic mice into mdx
recipients increased numbers of myogenic cells and increased the size of muscle fibers. Klotho also acted directly on macro-
phages, stimulating their secretion of TNFa. Because TNFa is a muscle mitogen, we tested whether the pro-proliferative
effects of Klotho on muscle cells were mediated by TNFa and found that increased proliferation caused by Klotho was
reduced by anti-TNFa. Collectively, these data show that pro-inflammatory cytokines contribute to silencing of Klotho in dys-
trophic muscle, but increase Klotho expression by macrophages. Our findings also show that macrophage-derived Klotho can
promote muscle regeneration by expanding populations of muscle stem cells and increasing muscle fiber growth in dystro-
phic muscle.
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Introduction
Duchenne muscular dystrophy (DMD) is a progressive, muscle
wasting disease that is caused by mutation of the dystrophin
gene, which encodes a membrane-associated structural protein
at the cytosolic face of muscle membranes (1). Although
muscle-membrane weakness caused by the loss of the dystro-
phin protein is a primary functional defect underlying muscle
fiber death in DMD (2), other secondary features of the pathol-
ogy play major roles in determining the extent of pathology. In
particular, the inflammatory response to muscle injury has
large influences on the course and severity of pathology. For
example, depletion of macrophages from dystrophin-deficient
mdx mice, a model for DMD, reduces the number of injured
fibers in dystrophic muscle by 70% (3) and anti-inflammatory
drugs such as corticosteroids are the most-common, successful
palliative treatment for DMD (4).

Other features of the pathology of muscular dystrophy are
caused by the secondary loss of other proteins, which occurs as a
consequence of dystrophin-deficiency. Most prominently,
dystrophin-deficiency leads to a reduction in prevalence of pro-
teins that normally exist in a dystrophin-associated protein com-
plex but become less stable and more rapidly degraded in
dystrophin-deficiency. Because the individual loss of any single
member of the complex can cause muscle disease, their collective
loss can amplify the pathology of dystrophin-deficiency. In addi-
tion, other proteins are down-regulated at the transcriptional
level as a result of dystrophin-deficiency (5). Transcription of neu-
ronal nitric oxide synthase (nNOS), which normally associates
with the dystrophin-associated protein complex, is greatly
reduced in dystrophin-deficient muscle (6) and ensuing deficien-
cies in nitric oxide production can contribute to misregulation of
blood flow (7,8), defects in synapse formation, increased fatigabil-
ity (9,10), increases in muscle inflammation (3) and perturbations
in cardiac function (11,12).

More recent investigations have also shown that
dystrophin-deficiency causes epigenetic silencing of the gene
that encodes Klotho. Klotho is a transmembrane protein from
which the extracellular domain can be cleaved and released to
function as a circulating hormone. Alternatively, it can be
expressed as a truncated form that is secreted or retained in the
cytoplasm (13–15). Klotho has been studied primarily in the con-
text of aging biology because its genetic deletion causes prema-
ture death and rapid changes in several organs that resemble
premature senescence (13). In addition, its expression normally
declines in tissues as they age (13). Although Klotho is
expressed at highest levels in kidney, skin and brain, it is also
expressed at low levels in skeletal muscle (13) and reduced
expression in healthy, non-dystrophic muscles causes reduc-
tions in muscle mass and strength (13,16).

Silencing of Klotho in dystrophic muscles contributes to sev-
eral, major components of the dystrophic pathology. For exam-
ple, expression of a Klotho transgene that is not silenced in
dystrophic mdx mice increased their longevity, reduced muscle
loss, reduced muscle fibrosis and increased the numbers of
muscle-resident stem cells that are required for muscle regen-
eration (17). However, the absence of dystrophin is not directly
responsible for the reduction in Klotho expression, because neo-
natal mdx mice express normal levels of Klotho. Instead, Klotho
expression levels in mdx mice plummet at the acute onset of
pathology which occurs at approximately 1-month of age and is
characterized by extensive inflammation of the dystrophic
muscle (17). This suggests that inflammatory mediators may
play a role in Klotho down-regulation in dystrophic muscle.

Previous investigations have shown that inflammation can
suppress Klotho expression in other tissues. That relationship
has been most thoroughly documented in the kidneys where
the inflammation associated with diabetes, colitis or endotoxe-
mia causes large reductions in Klotho expression, contributing
to kidney pathology (18–20). Similarly, endotoxemia causes
reductions in myocardial Klotho that are associated with car-
diac dysfunction (21). Pro-inflammatory cytokines, especially
tumor necrosis factor-alpha (TNFa), reduce Klotho expression
in vivo, at least in some disease models. For example, the sup-
pression of Klotho signaling in kidneys that is caused by colitis
does not occur in mice treated with neutralizing antibodies to
TNFa (19). In addition, in vitro studies show that TNFa acts
directly on kidney cells to reduce Klotho expression (19,22) and
that TNFa-mediated suppression can be further amplified by
the presence of other pro-inflammatory cytokines, especially
interferon-gamma (IFNc) (19). Furthermore, genetic deletion of
interleukin-10 (IL10), an anti-inflammatory cytokine, reduces
Klotho expression in kidneys of colitic mice (19). Because IL10
reduces the expression of TNFa and IFNc by macrophages (23)
and deactivates pro-inflammatory (M1) macrophages (24,25),
reduced Klotho expression in IL10 mutant colitic mice is attrib-
utable to elevations of pro-inflammatory mediators.

Although inflammation can cause reductions in Klotho
expression, Klotho can inhibit pro-inflammatory pathways, in
return. Administration of recombinant Klotho to endotoxemic
mice reduced activation of the pro-inflammatory NFjB pathway
in myocardial cells, leading to lower levels of the pro-
inflammatory molecules TNFa, IL1b, IL6 and CCL2 in the myocar-
dium (21). Similarly, Klotho suppresses TNFa induced activation
of NFjB in kidney cells in vitro, leading to reductions in expression
of pro-inflammatory CCL2 and IL8 (20). Thus, pathological condi-
tions that reduce Klotho expression would diminish a negative
regulator of inflammation, which could potentially lead to patho-
logical amplification of chronic inflammatory diseases. In a
chronic inflammatory disease such as DMD, loss of muscle
Klotho could lead to increased inflammation and inflammatory
cell mediated damage to muscle tissue as the disease progresses.

In this investigation, we test the hypothesis that the acute
onset of inflammation in mdx muscular dystrophy leads to an
abrupt increase in production of pro-inflammatory cytokines that
reduce Klotho expression in muscle cells. We also assay whether
macrophages that accumulate in inflammatory lesions in dystro-
phic muscle express Klotho and whether their expression of
Klotho is regulated by pro-inflammatory or anti-inflammatory
cytokines. Further experiments test whether macrophage-
derived Klotho influences myogenesis and assay whether over-
expression of Klotho by leukocytes affects myogenesis in mdx
muscles. Finally, we test whether the effects of macrophage-
derived Klotho on myogenic cells are mediated by TNFa.

Results
Proinflammatory cytokines reduce Klotho expression
in muscle

Klotho expression in muscle is reduced at the onset of pathol-
ogy in mdx dystrophy and during aging. Quantitative PCR (QPCR)
of Klotho mRNA in mdx muscle shows a large reduction in
Klotho expression at the acute onset of muscle inflammation
that then continues to decline as the mice age, until at least
24 months of age (Fig. 1A). Wild-type muscles also experience
age-related reductions in Klotho expression between 1-month
and 24-months of age, although expression levels in wild-type
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muscle are always higher than in age-matched mdx muscles
during that period (Fig. 1A). Western blots also show that
secreted (60 kDa) and transmembrane (120 kDa) Klotho is unde-
tectable in mdx muscles after 1 month of age (Fig 1B). Because
soluble Klotho can act on cells through interactions with its
receptor that are enhanced by the presence of the receptor co-
ligand fibroblast growth factor-23 (FGF23) (26), we also assayed
whether expression levels of FGF23 in muscle were affected by
the dystrophin mutation at any stage of pathology. However,
FGF23 expression does not significantly differ between wild-
type and mdx muscles and does not differ between ages within
a single genotype (Supplementary Material, Fig. S1). Thus,
Klotho signaling is not influenced by modulating FGF23 expres-
sion in mdx muscle.

The abrupt reduction in Klotho mRNA expression in
1-month-old mdx mice corresponds with a similarly abrupt
increase in TNFa and IFNc expression, when muscle inflamma-
tion reaches its peak (Fig. 1C and D). TNFa expression then
declines progressively in mdx muscles, until at least 24-months
of age, although the level of IFNc expression in mdx muscle
remains continuously elevated from 1 to 24-months of age. In
contrast, both TNFa and IFNc undergo a continuous increase in
expression in wild-type muscles between 3 and 24 months of
age, although expression of each cytokine in wild-type muscles
is always less than in mdx muscles.

The finding that the reduction of Klotho expression coin-
cided with increases in expression of proinflammatory cyto-
kines suggested that proinflammatory cytokines could
negatively regulate Klotho expression in muscle. We tested this
possibility in vivo by assaying the effect of TNFa mutation on
Klotho expression in muscle and observed a greater than 2-fold
increase in Klotho mRNA in TNFa-null muscles at 6 months of
age (Fig. 1E). We also found that direct application of recombi-
nant TNFa and IFNc to myotubes in vitro reduced Klotho expres-
sion by half (Fig. 1F). We further confirmed that TNFa and IFNc

reduced Klotho protein in myotubes in vitro, in which Klotho
occurred primarily at 60 kDa (Fig. 1G). Although treatment with
IFNc alone did not affect Klotho expression, treatment with
TNFa alone or treatment with TNFa and IFNc together signifi-
cantly reduced Klotho (Fig. 1H).

Macrophages in inflammatory lesions in mdx muscles
express Klotho

Immunohistochemistry confirmed that Klotho was not present at
detectible levels in muscle fibers in 4-week-old mdx mice (Fig. 2A),
although previous investigations have shown that Klotho is present
in muscle fibers of wild-type muscles at the same age (17).
However, mononucleated cells in inflammatory lesions in mdx
muscle expressed elevated levels of Klotho (Fig. 2A). We assayed for
the identity of the Klotho expressing cells in inflammatory lesions
and found that the majority of the Klothoþ cells expressed CD206
(Fig. 2B), a marker for pro-regenerative, M2 macrophages (27).

Macrophage activation with pro-inflammatory or anti-
inflammatory cytokines increases Klotho expression

Because pro-inflammatory cytokines reduced Klotho expression
in muscle cells, we assayed whether they similarly suppressed
Klotho in macrophages. In addition, we tested whether anti-
inflammatory cytokines that can promote activation of macro-
phages to a pro-regenerative, M2 phenotype (IL4 and IL10)
influenced Klotho expression in macrophages because of the

high levels of expression of Klotho in CD206þ M2 macrophages
observed in vivo. We also chose to assay the effects of these
anti-inflammatory cytokines on Klotho expression by macro-
phages because they are elevated in the regenerative stage of
mdx dystrophy (27).

Macrophages were generated by isolating bone marrow cells
(BMCs) from wild-type mice and then culturing them in the
presence of macrophage colony stimulating factor (MCSF). We
then confirmed that the cells had differentiated into macro-
phages using flow cytometry, which showed that 93% of the cul-
tured cells expressed F4/80, a marker for mature monocytes/
macrophages (Fig. 2C). Western blots for Klotho in cell extracts
showed a prominent 60 kDa protein that was recognized by
anti-Klotho (Fig. 2D). We confirmed that the polypeptide was
Klotho by also probing western blots of the same samples using
anti-Klotho that had been preabsorbed by recombinant Klotho,
which depleted reaction of the antibody with the 60 kDa poly-
peptide (Fig. 2D). Finally, we further confirmed the 60 kDa
polypeptide was Klotho by performing a Klotho knockdown in
bone-marrow-derived macrophages (BMDMs), which nearly
eliminated the 60 kDa immunoreactive band (Fig. 2E), although
a control preparation using a scrambled siRNA construct caused
no reduction in the 60 kDa polypeptide.

We confirmed induction of the M1 phenotype in macro-
phages by TNFa and IFNc by showing that stimulation produced
large increases in the expression of transcripts that are elevated
in M1 macrophages (TNFa; inducible nitric oxide synthase
[iNOS]) and a strong trend for elevated IFNc expression (Fig.
2F–H). We also confirmed elevated expression of transcripts
that are markers of the M2 phenotype (CD206; CD163) in macro-
phages activated by IL10 and IL4 (Fig. 2I and J). QPCR data show
that activation to the M2 phenotype significantly increased
Klotho expression (Fig. 2K). However, unexpectedly, activation
to the M1 phenotype also increased Klotho expression in macro-
phages (Fig. 2K), in contrast to the suppression of KL expression
in muscle cells experiencing the same treatment protocol
(Fig. 1F). Thus, a pro-inflammatory environment in dystrophic
muscle can reduce overall Klotho expression in muscle
by reductions in muscle-derived Klotho but lead to local
increases in Klotho production by macrophages in inflamma-
tory lesions.

Klotho increases the production of TNFa, IL10 and IL4
by macrophages

The finding that the reduction of Klotho expression in mdx
muscles coincided with increased expression of pro-inflammatory
cytokines (TNFa and IFNc; Fig. 1C and D) and increased expression
of IL10 (27) suggested that Klotho may regulate the expression of
cytokines in dystrophic muscle. We found that stimulation of
BMDM with Klotho alone produced significant increases in the
secretion of TNFa, IL10 and IL4 and a strong trend for elevated
IFNc (Fig. 3A–D). Co-stimulation of BMDM with Klotho combined
with FGF23 produced even larger increases in TNFa in the condi-
tioned media, reaching 530.3 pg/ml (S.E.M.¼ 3.6; n¼ 6) at the end
of the 48-h treatment period. However, co-stimulation with FGF23
combined with Klotho produced only an insignificant trend for
increased IL10 (6.0 pg/ml, S.E.M.¼ 0.6, n¼ 6) and IL4 (20.6 pg/ml,
S.E.M.¼ 2.9; n¼ 6) compared with Klotho alone (IL10: 4.5 pg/ml,
S.E.M.¼ 0.7, n¼ 6; IL4: 12.7 pg/ml, S.E.M.¼ 5.2, n¼ 6). Klotho secre-
tion of IFNc did not differ between BMDMs stimulated with both
Klotho and FGF23 (1.1 pg/ml, S.E.M.¼ 0.7, n¼ 6) and BMDMs stimu-
lated with Klotho alone (0.9 pg/ml, S.E.M.¼ 0.5; n¼ 6).
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Figure 1. Proinflammatory cytokines reduce Klotho expression in muscle in vivo. (A) QPCR analysis of Klotho expression in quadriceps muscles over the course of mdx

pathology. Values normalized to 1-month-old wild-type mice. N¼ 5 per data set. * indicates significant difference from 1-month-old wild-type muscles at P<0.05.

# indicates significant difference from age-matched, wild-type muscles at P<0.05. n¼5 per data set. (B) Western blot of Klotho in mdx muscle homogenates collected

over the course of pathology. Relative Klotho levels are shown for full-length, transmembrane (120 kDa) and cytosolic/secreted (60 kDa) Klotho. “Loading” shows mem-

brane used for western blotting that was stained with Ponceau Red to show relative loading of each lane. (C) QPCR analysis of TNFa expression in quadriceps muscles

over the course of mdx pathology. Values normalized to 1-month-old wild-type mice. N¼5 per data set. * indicates significant difference from 1-month-old wild-type

muscles at P<0.05. # indicates significant difference from age matched, wild-type muscles at P<0.05. (D) QPCR analysis of IFNc expression in quadriceps muscles over

the course of mdx pathology. Values normalized to 1-month-old wild-type mice. N¼5 per data set. * indicates significant difference from 1-month-old wild-type

muscles at P<0.05. # indicates significant difference from age matched, wild-type muscles at P<0.05. (E) QPCR analysis of Klotho expression in quadriceps muscle of

5-month-old wild-type or TNFa–null mice. Values normalized to wild-type control mice. N¼5 per data set. * indicates significant difference from age-matched, wild-

type muscles at P<0.05. (F) QPCR analysis of Klotho expression in myotubes stimulated with TNFa and IFNc in vitro. Values normalized to untreated control myotubes.

* indicates significant difference from untreated control myotubes at P< 0.05. (G) Western blot of myotube extracts for Klotho. “Load” shows membrane used for west-

ern blotting that was stained with Ponceau Red to show relative loading of each lane. “Klotho” shows 60 kDa cytosolic/secreted Klotho in western blot of membrane.

(H) Western blot of myotube samples treated with proinflammatory cytokines. Myotubes were treated with IFNc or TNFa or IFNc and TNFa together or with vehicle-

only controls (Cont.). The image labeled “Loading” shows membrane used for western blotting that was stained with Ponceau Red, to show relative loading of each

lane. The anti-Klotho reactive band labeled “60 kDa” shows cytosolic/secreted Klotho in western blot of the membrane.
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We then assayed whether increases in Klotho in vivo could
similarly affect cytokine expression by assaying whether
expression of a Klotho transgene in mdx mice influenced cyto-
kine mRNA levels. We observed elevations in TNFa, IL10 and

IFNc expression in 6-month-old quadriceps muscles of mdx
mice, compared with wild-type controls, and found that expres-
sion of a Klotho transgene further elevated TNFa expression,
although the transgene had no effect on the expression of either

A
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F G H

I J K

D

E

B

Figure 2. Macrophages in dystrophic muscle in vivo and in vitro express Klotho. (A) A cross-section of 4-week-old mdx muscle labeled with antibodies to Klotho shows

mononucleated cells in an inflammatory lesion express KL (red) although no Klotho is detectible in neighboring, healthy muscle fibers. (B) A cross-section of 4-week-

old mdx muscle labeled with antibodies to Klotho (red) and CD206 (green). No Klotho is detectible in muscle fibers. Most labeled cells in the inflammatory lesion

(between brackets) appear yellow or orange, indicating that they express both Klotho and CD206. CD206þmacrophages (green) that are within the muscle in the peri-

mysium (between arrows), but not within the inflammatory lesion do not express Klotho. Nuclei appear blue (DAPI). Bars¼40 mm. (C) Flow cytometry of BMDMs labeled

with anti-F4/80 after growth in M-CSF supplemented media show that over 93% of the cells differentiated into mature monocytes/macrophages. (D) Western blot of

homogenates of BMDMs with anti-Klotho or with anti- Klotho that had been preabsorbed with full length Klotho shows that the 60 kDa protein in macrophages is

Klotho. (E) Western blot of homogenates of BMDMs that were untreated, or treated with Klotho siRNA or scrambled RNA controls show that the 60 kDa protein in mac-

rophage extracts is Klotho. (F–H) BMDMs treated with proinflammatory cytokines TNFa and IFNc are activated to express elevated levels of TNFa (F), iNOS (G) and a

strong trend for increased expression of IFNc (H). * indicates significant difference from unstimulated control. (I,J) BMDMs treated with anti-inflammatory cytokines

IL10 and IL4 are activated to express elevated levels of CD206 (I) and CD163 (J). * indicates significant difference from unstimulated control. (K) Stimulation of BMDMs

with either proinflammatory (Th1; TNFa and IFNc) or anti-inflammatory (Th2; IL10 and IL4) cytokines increases Klotho expression. * indicates significant difference

from unstimulated control at P<0.05.
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IL10 or IFNc in mdx mice (Fig. 3E–G). Thus, in vivo and in vitro
data show that increases in Klotho are sufficient to increase
TNFa in muscle.

Klotho and CD206þM2 macrophages are co-regulated
in vivo

The observation that CD206þ macrophages are the primary
sites of detectible expression of Klotho in mdx muscles and the
finding that stimulation of BMDMs with IL10 and IL4 promoted
the expression of both Klotho and CD206 suggested that the two
transcripts may also be co-regulated in vivo. We tested that pos-
sibility first by assaying the effect of Klotho transgene expres-
sion on CD206 expression in mdx muscles and found a
significant increase in CD206 mRNA in the transgenic muscles
(Fig. 4A). We also found that Klotho transgene expression
increased the concentration of CD206þ macrophages in mdx
muscle while reducing numbers of CD68þ macrophages
(Fig. 4B), indicating that Klotho promotes a shift of macrophages
toward the pro-regenerative M2 phenotype in vivo. In addition,
the expression of both CD206 and Klotho were positively influ-
enced by IL10 expression in mdx muscles; null mutation of IL10
in mdx mice caused similar reductions in the expression of both
transcripts (Fig. 4C and D).

Macrophage-derived Klotho increases muscle cell
proliferation and M2 macrophage numbers

M2 macrophages can increase muscle growth and regeneration
in vivo (28) and increase muscle cell proliferation in vitro (29–31).

Because expression of a Klotho transgene in mdx mice caused
increases in the numbers of Pax7-expressing muscle stem cells,
called satellite cells (17), we tested whether macrophage-
derived Klotho could increase satellite cell numbers in vivo and
in vitro. We tested this possibility first in vivo by transplanting
BMCs from wild-type mice or Klotho transgenic mice into
mdx recipients. QPCR data showed that at 6-months post-
transplantation, muscles from mdx mice that received bone
marrow transplantation (BMT) of cells from Klotho transgenic
mice expressed 32-times more Klotho than mdx recipients that
received wild-type BMT (Fig. 5A). In addition, mdx mice that
received BMCs from Klotho transgenic donors showed a 91%
increase in the number of Pax7þ cells/muscle fiber and a 61%
increase in Pax7þ cells per unit volume of muscle, compared
with mdx mice receiving wild-type BMCs (Fig. 5B and C). Those
increases in satellite cell numbers were associated with
increased muscle fiber size (Fig. 5D), where the cross-sectional
area of mdx recipients of Klotho transgenic BMCs were 41%
larger than recipients of wild-type BMCs (Fig. 5E). Despite the
increase in fiber size, Klotho transgenic BMT did not affect the
muscle mass to body mass ratio, compared with wild-type BMC
recipients (Supplementary Material, Fig. S2A). Unlike the previ-
ously reported findings which showed that systemic expression
of a Klotho transgene increased numbers of muscle fibers in
mdx mice (17), transplantation of Klotho transgenic BMCs did
not affect numbers of muscle fibers, compared with wild-type
recipients (Supplementary Material, Fig. S2B). However, trans-
plantation of Klotho transgenic BMCs into mdx recipients
increased the numbers of CD206þ M2 macrophages in muscle,
compared with mdx mice that received BMT of wild-type cells
(Fig. 5F), which is similar to the increase achieved by systemic

A B

C

E F G

D

Figure 3. Klotho increases the expression of pro-inflammatory and anti-inflammatory cytokines. (A–D) Conditioned media from BMDMs stimulated in vitro with Klotho

were assayed by ELISA for levels of TNFa (A), IFNc (B), IL10 (C) and IL4 (D). * indicates significant difference from cytokine concentration in control cultures at P< 0.05.

(E–G) Expression levels of TNFa (E), IFNc (F) and IL10 (G) mRNA in 6-month-old quadriceps muscles from wild-type, mdx and KLþ/mdx mice. N¼ 8 per control data set.

N¼6 per Klotho treated data set. * indicates significant difference from expression in wild-type control muscles at P<0.05. # indicates significant difference from

expression in mdx muscles at P<0.05.
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expression of a Klotho transgene in mdx mice. Collectively,
these observations show that macrophage-derived Klotho can
regulate satellite cell numbers and muscle fiber growth in vivo
and increase numbers of macrophages that can promote
muscle regeneration.

We next assayed whether macrophage-derived Klotho
acted directly on myogenic cells to affect their proliferation.
Conditioned media were collected from cultures of wild-type
control BMDMs, Klotho transgenic BMDMs and Klotho hypomor-
phic mutant BMDMs and transferred to myoblast cultures for 48
h. Conditioned media from Klotho transgenic cultures caused
large increases in myogenic cell numbers that were prevented
by anti-Klotho, but unaffected by treatment with isotype control
antibodies (Fig. 6A). In contrast, conditioned media from Klotho
mutant BMDM cultures produced no increase in myogenic cell
numbers compared with cultures that did not receive condi-
tioned media (Fig. 6A). In addition, cell numbers in myogenic cell
cultures that received media from Klotho mutant BMDM cultures
treated with anti-Klotho or isotype control antibodies did not dif-
fer from Klotho mutant media that received no antibody treat-
ment (Fig. 6A). These data show that much of the pro-
proliferative effect of macrophages on myogenic cells is attribut-
able to Klotho.

Much of the mitogenic activity of Klotho on myogenic
cells occurs through TNFa-mediated signaling

TNFa is a strong mitogen for myogenic cells (32) which suggests
the possibility that the increase in myogenic cell numbers
caused by Klotho may be mediated by Klotho induction of TNFa.
Because previous findings also showed that Klotho has anabolic
effects on myotubes (17), we assayed whether the effects of
Klotho on myotube protein content are also mediated by TNFa.
We found that the increase in myoblast numbers in vitro that
resulted from Klotho stimulation was significantly reduced by
the presence of anti-TNFa in the culture media, but not influ-
enced by addition of isotype control antibody (Fig. 6B).

In addition, myoblast numbers in cultures that were not treated
with Klotho were unaffected by addition of anti-TNFa, indicat-
ing that the anti-proliferative effect of anti-TNFa negatively
affected proliferation promoted by Klotho but did not inhibit
proliferation that occurred independent of Klotho stimulation
(Fig. 6B). We also found that direct application of Klotho to myo-
tube cultures increased protein content of the myotubes, as
demonstrated previously (17), although addition of anti-TNFa

did not diminish the anabolic effects of Klotho on myotubes
(Fig. 6C). Thus, the mitogenic effect of Klotho on muscle cells is
largely mediated by TNFa, although Klotho induction of protein
accumulation is not.

Klotho is most highly expressed in CD206þ
macrophages at sites where muscle undergoes early
stages of regeneration

Because Klotho can promote myogenesis in vitro, we tested
whether the distribution of Klotho-expressing M2 macrophages
in dystrophic muscle related to the stage of mdx pathology.
At 1-month of age, nearly all Klotho-expressing cells in mdx
muscle were CD206þ macrophages (Fig. 7A). At 3-months of
age, clusters of CD206þ macrophages within the mdx muscle
parenchyma expressed Klotho, although CD206þ macrophages
residing in the epimysium, the layer of connective tissue at the
muscle surface, did not express detectible Klotho (Fig. 7B). We
tested whether the clusters of KLþ/CD206þ macrophages were
associated with sites of muscle regeneration by co-labeling with
antibodies to Klotho and to developmental myosin heavy chain
(dMyHC), and found that the highest concentrations of Klothoþ
cells were located at sites where muscle regeneration was at
early stages of myogenesis, occupied by small, dMyHCþ myo-
tubes (Fig. 7C). In contrast, relatively little Klotho was expressed
by cells that were located on the surface of large, regenerative,
central-nucleated muscle fibers at late stages of regeneration
(Fig. 7D). Finally, we assayed for the distribution of Klothoþ/
CD206þ cells in 2-year-old mdx mice that are at advanced stages

A B

C D

Figure 4. Klotho and CD206 expressing macrophages are co-regulated in vivo. (A) QPCR assay of CD206 expression levels in 6-month-old quadriceps muscle from mdx

and KLþ/mdx mice. N¼5 per data set. * indicates significant difference from expression in control muscles at P<0.05. (B) Numbers of CD68þmacrophages and CD206þ
macrophages in quadriceps muscles from 6-month-old mdx and KLþ/mdx mice. N¼5 per data set. * indicates significant difference from expression in mdx muscles at

P<0.05. (C) Numbers of CD206þ macrophages in quadriceps muscles from 6-month-old mdx and IL10 null mutant mdx mice. N¼5 per data set. * indicates significant

difference from expression in mdx muscles at P<0.05. (D) QPCR assay of Klotho expression levels in 6-month-old quadriceps muscle from mdx and IL10 null mutant

mdx mice. N¼5 per data set. * indicates significant difference from expression in mdx muscles at P< 0.05.
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of pathology when muscle regeneration is deficient and found
little Klotho expression in CD206þ macrophages (Fig. 7E and F),
suggesting an age-related decline in Klotho expression by mye-
loid cells, as occurs in other tissues (13).

Discussion
The results of the present investigation show that macrophage-
derived Klotho can have significant influences on both myogene-
sis and inflammation in dystrophic muscle. These findings were
particularly unexpected by us, because previous work has shown
that the expression of Klotho by muscle cells is silenced in dys-
trophic muscle (17), unlike the elevated expression of Klotho in
CD206þ M2 macrophages in the same tissue that is reported
here. Several observations show that macrophage-derived Klotho
can enhance the regenerative capacity of dystrophic muscle.
First, expression of Klotho by leukocytes that are derived from
BMCs increases the number of satellite cells in dystrophic muscle
in vivo. In addition, Klothoþ/CD206þ macrophages are concen-
trated at sites of regeneration in dystrophic muscle and
macrophage-derived Klotho can act directly on muscle cells to
increase their proliferation and growth. Finally, elevated expres-
sion of Klotho in dystrophic muscle biases macrophage popula-
tions toward an M2 macrophage phenotype that can promote
muscle growth and regeneration (33). These observations may be

particularly significant in DMD because loss of the renewal
capacity of satellite cells in dystrophic muscle may contribute to
impaired regeneration of dystrophic muscle (17,34). Collectively,
these findings support a model in which M2-biased macrophages
specifically target Klotho to sites of regeneration in dystrophic
muscle, which increases the regenerative capacity of muscle
(Fig. 8).

Although the mechanism through which Klotho increases
the numbers of satellite cells in dystrophic muscles is unknown,
previous work has shown that the effect is attributable to
increased proliferation and is not a consequence of reductions
in myoblast necrosis or apoptosis (17). As shown by the cur-
rent findings, at least part of the pro-proliferative effect is
mediated by TNFa. Several previous investigations have
shown that TNFa can increase muscle growth and regenera-
tion by direct actions on myogenic cells. For example, TNFa

promotes myoblast proliferation (32) and inhibits differentia-
tion (35–37) through a process that depends in part on activa-
tion of NFjB and the subsequent increase in the expression
and stability of cyclin D1 (35,38,39). Our finding that the direct
application of Klotho to myogenic cells in vitro increases cell
numbers but that the increase is diminished by TNFa neutral-
izing antibodies shows that myogenic cells themselves are a
source of the TNFa that then acts through an autocrine/para-
crine pathway.

A

D

B C

E

F

Figure 5. Transplantation of BMCs from Klotho transgenic mice increases Klotho delivery to mdx muscles and increases satellite cell numbers, muscle fiber size and

CD206þM2 macrophages. (A) QPCR analysis of Klotho expression in tibialis anterior muscles of mdx mice that received BMT from wild-type mice or from Klotho trans-

genic mice show BMT transplantation from transgenic mice causes a 32-fold greater level of Klotho expression in the muscle. For all panels in Figure 5, white bars are

data from mdx mice receiving wild-type BMT. Black bars are data from mdx mice receiving Klotho transgenic BMT. (B,C) BMT of Klotho transgenic BMCs caused signifi-

cantly higher numbers of satellite cells per muscle fiber (B) and per unit volume of muscle (C), compared with mdx mice receiving wild-type BMT. (D,E) BMT of Klotho

transgenic BMCs caused significantly larger muscle fiber cross-sectional areas, compared with mdx mice receiving wild-type BMT. Data are shown as frequency distri-

bution of fiber cross-sectional areas for tibialis anterior muscles from mdx mice receiving wild-type BMT (white bars) or Klotho transgenic BMT (black bars) (D) and

shown as mean value of cross-sectional areas of the same groups (E). (F) Transplantation of Klotho transgenic BMCs caused significantly more CD206þ M2 macro-

phages to occur in mdx muscles at 6 months BMT, compared with mice receiving wild-type BMT. N¼5 per data set. * indicates significant difference from expression in

mdx muscles at P<0.05.
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The observation that CD206þ macrophages in dystrophic
muscles express high levels of Klotho while Klotho is silenced
in dystrophic muscle fibers at the onset of pathology shows that
Klotho silencing in muscular dystrophy is cell type selective.
Previous work has already demonstrated that Klotho silencing
in mdx dystrophy was tissue selective, in which Klotho silencing
in mdx muscle tissue coincided with increased methylation at
the promoter region of the gene and a significant increase in a
repressive histone mark, dimethylated lysine 9 on histone 3
(H3K9) (17). Klotho silencing in mdx muscle is also associated
with increases in methylation of the Klotho gene promoter

region at sites enriched in cytosines linked to guanine nucleoti-
des by a single phosphate (CpG sites) (17). Klotho gene methyla-
tion at CpG sites in kidneys, cancer cells and neurons has also
been linked to Klotho silencing (40–45). However, dystrophin-
deficiency did not cause Klotho silencing in other tissues in mdx
mice, including kidney, spleen and liver, showing that Klotho
silencing was caused by local conditions in the pathological
muscle (17). We expect that local elevations in oxidative stress
underlie Klotho silencing, at least in part, because increased
dimethylation of H3K9 on the Klotho gene in muscle cells was
associated with increased oxidative stress (17) and oxidative
stress occurs at high levels in inflammatory lesions in dystro-
phic muscle (46,47). In addition, others have shown that oxida-
tive stress is sufficient to silence Klotho in other tissues and
pathologies (45). However, we show in the present investigation
that inflammatory lesions in dystrophic muscle are the sites of
highest expression of Klotho by macrophages. That observation
could suggest the possibility that Klotho was expressed before
the macrophages migrated into inflammatory lesions and were
exposed to elevated oxidative stress. However, the epimysium
is a major source for myeloid cells that migrate to sites of
muscle injury after their activation (48) and we found that epi-
mysial CD206þ macrophages did not express Klotho, although
CD206þmacrophages that expressed high levels of Klotho were
located in inflammatory lesions within 100 mm from the epimy-
sium. That finding indicates that Klotho is not elevated in
CD206þ macrophages before their migration to inflammatory
sites.

An alternative mechanism through which macrophages
may be spared Klotho silencing by oxidative stress would be
through their high levels of expression of anti-oxidants that
protect them from free radical-mediated effects. This self-
protection of macrophages from damage by oxidative stress is
an adaptive trait that enables macrophages to survive the cyto-
toxic levels of free radicals they generate which are sufficient to
kill infectious organisms. For example, macrophages and other
leukocytes in inflammatory lesions can produce hypochlorous
acid, which is a potentially cytotoxic free radical that can induce
tremendous oxidative stress in tissues (49,50). Macrophages
also produce nitric oxide and superoxide at concentrations that
are sufficient to lyse muscle cells in co-cultures without causing
damage to macrophages in the cultures (51). Macrophages are
better protected from detrimental effects of hypochlorous acid
and other free radicals by their relatively high levels of expres-
sion of anti-oxidants, especially glutathione (52). Furthermore,
Klotho induces expression of manganese superoxide dismutase
which can also increase resistance to oxidative stress by
removal of reactive oxygen species, at least in HeLa cells (53).
Thus, muscle fibers may experience more oxidative stress than
experienced by macrophages in the same lesion, and their sub-
sequent loss of Klotho expression would further increase their
susceptibility to oxidative stress. The mechanism through
which macrophages in dystrophic muscle escape Klotho silenc-
ing is under continuing study.

Our findings that the pro-inflammatory cytokines TNFa and
IFNc increase Klotho expression in macrophages show that reg-
ulatory relationships between pro-inflammatory cytokines and
Klotho in inflammatory cells differs from other cells, at least
in vitro. For example, we found that identical treatment condi-
tions using TNFa and IFNc reduced Klotho expression in myo-
tubes by more than 50% but increased Klotho expression in
macrophages by more than 50%. Similarly, treatments of cul-
tured kidney tubular cells with TNFa at a range of concentra-
tions that bracket the concentration used in the present

A

B

C

Figure 6. Klotho increases satellite cell proliferation through a TNFa-mediated

mechanism. (A) Myoblast cell numbers per well after growth in culture media

only (Control; white bar) or conditioned media from wild-type BMDMs, Klotho

transgenic BMDMs (KL Tg) or Klotho hypomorphic mutants (KL mutants). For

each sample group grown with conditioned media, 5 wells contained condi-

tioned media only (grey bars), 5 wells contained conditioned media to which iso-

type control IgG had been added (black bars) and 5 wells contained conditioned

media with anti-Klotho (striped bars). * indicates significant difference from con-

trol cultures at P<0.05. # indicates significant difference from isotype control

cultures from same conditioned media culture group at P<0.05. (B) Myoblast

cell numbers per well after growth in culture media only or culture media con-

taining recombinant Klotho (KL treated). For each of those treatment groups,

5 wells contained no antibody (white bars), 5 wells contained isotype control

antibody (grey bars) and 5 wells contained anti-TNFa (black bars). * indicates sig-

nificant difference from control cultures at P<0.05. # indicates significant differ-

ence from isotype control cultures at P<0.05. (C) Protein concentration in

isovolumetric homogenates of myotubes grown and stimulated under same

conditions as myoblasts in Figure 6C. * indicates significant difference from con-

trol cultures at P<0.05.
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investigation, produced reductions of Klotho expression by 50%
or more (22). Likewise, TNFa treatment of a distal convoluted
tubule cell line at the same concentration as used in the present
investigation caused reductions in Klotho expression by nearly
50%, that was further reduced by co-stimulation with IFNc (19).
However, an earlier investigation found no reduction of Klotho
expression in renal proximal tubular epithelial cells caused by
TNFa, but the concentration of TNFa was lower in that investi-
gation (18). Although the mechanism through which pro-
inflammatory cytokines reduce Klotho expression in kidney
and muscle cells is not known definitively, several observations
suggest that the effect is attributable to TNFa induction of free
radical production. In particular, TNFa and IFNc induction of
iNOS expression leads to large increases in nitric oxide (NO) pro-
duction and NO can be further metabolized to other free radi-
cals that can increase oxidative stress in tissues. Treatment of
kidney cells in vitro with TNFa and IFNc produced elevations in
iNOS expression that accompany reductions in Klotho expres-
sion (19). In addition, treatment of kidney cells with an NO
donor caused reductions in Klotho expression that were similar
to reductions caused by TNFa and IFNc treatments (19).
Furthermore, the TNFa/IFNc induced down-regulation of Klotho
occurs at the transcriptional level, again indicating Klotho gene
silencing by oxidative stress (19).

Although our findings indicate that M2-biased macrophages
escape silencing of the Klotho gene in dystrophic muscle and
that macrophage-derived Klotho increases satellite cell popula-
tions and promotes muscle growth, other investigations have
shown that M2 macrophages can also worsen the pathology of
muscular dystrophy by increasing muscle fibrosis. M2 macro-
phages express arginase which metabolizes arginine to produce
pro-fibrotic molecules such as polyamines and ornithine, which
is further metabolized to produce proline (54–57), creating a
pro-fibrotic environment (58). During progressive stages of mdx
dystrophy when muscle fibrosis becomes more prominent, the
levels of arginase expression in intramuscular M2 macrophages
increase continuously (59). Furthermore, ablation of arginase-2
expression significantly reduces fibrosis in mdx muscles at
advanced stages of the pathology, showing that arginine metab-
olism contributes significantly to mdx pathology (59). Other
observations implicate CD206þM2 macrophages with increased
muscle fibrosis in DMD, where they are enriched at sites of
increased endomysial fibrosis (46). Thus, M2 macrophages can
play beneficial roles in mdx dystrophy through Klotho-
mediated promotion of muscle growth and regeneration, or

A
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F

Figure 7. Klotho is expressed by M2 macrophages at sites of muscle regeneration

in adult mdx muscles but not senescent mdx muscle. (A) Section of 4-week-old mdx

quadriceps muscle labeled with antibodies to CD206 (green) and Klotho (red).

Nuclei are labeled with DAPI (blue). Double-positive KLþ/CD206þmacrophages

are yellow or orange. (B) Section of 3-month-old mdx quadriceps muscle with

antibodies to CD206 (green) and Klotho (red). Macrophages in the epimysium at

the surface of the muscle (arrows) are KL-/CD206þ. Most macrophages in inflam-

matory site in muscle (center of figure) are KLþ/CD206þ (yellow or orange). (C)

Section from muscle shown in Figure 6B that was taken adjacent to the section in

Figure 6B. Section was stained with antibodies to Klotho (red) or developmental

myosin heavy chain (green) to indicate sites of muscle regeneration. Cells in the

epimysium at the surface of the muscle (arrows) do not express Klotho. (D) Section

of a 3-month-old quadriceps muscle stained with antibodies to Klotho (red) or

developmental myosin heavy chain (green) showed the high concentration of M2

macrophages expressing elevated levels of Klotho at sites of muscle regeneration.

Central nuclei of large, regenerative muscle fibers are indicated with blue arrows.

Macrophages at surface of regenerative fibers express low levels of Klotho (red

arrows) (E) Section of 24-month-old mdx quadriceps stained with antibodies to

CD206 (green) and Klotho (red) showing that CD206þ macrophages distributed

throughout the thickened endomysial tissue (arrows) do not express Klotho. (F)

Section of 24-month-old mdx quadriceps stained with antibodies to CD206 (green)

and Klotho (red) showing an inflammatory lesion (arrows) occupied by elevated

numbers of KL-/CD206þmacrophages. Bars¼ 50 mm.
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detrimental roles through arginase-mediated muscle fibrosis.
Unfortunately, the age-related loss of Klotho expression in mdx
macrophages (current investigation) and age-related increase in
arginase expression (59) appear to produce an M2 macrophage
population that may be primarily pathogenic at late stages of
the disease. However, experimental interventions that increase
expression of Klotho counter the elevated expression of pro-
fibrotic transcripts and prevent the accumulation of connective
tissue in dystrophic muscle at progressive stages of mdx dystro-
phy (17). Thus, Klotho delivery to dystrophic muscle can reduce
the pathology of muscular dystrophy at early and progressive
stages of the pathology by reducing fibrosis, as well as improv-
ing growth and maintaining satellite cell populations.

Materials and Methods
Mice

All animals were handled according to guidelines provided by
the Chancellor’s Animal Research Committee at the University
of California, Los Angeles. C57BL/10ScSn-Dmdmdx/J mice (mdx
mice), B10.129P2(B6)-Il10tm1Cgn/J mice (IL10 mutant mice),
B6.129S-Tnftm1Gkl/J (TNFa mutant mice) and C57BL/6 (wild-type
mice) were purchased from The Jackson Laboratory (Bar Harbor,
ME) and bred in specific pathogen-free vivaria at the University
of California, Los Angeles. The production of Klotho hypomor-
phic mutants and the generation of transgenic mice that over-
express Klotho (EFmKL46) have been described previously (13).
The Klotho transgene is under control of the elongation factor
1a promoter that causes systemic expression of the transcript.
Mice carrying the Klotho transgene were crossed into the
C57BL/6 background for a minimum of six generations and then
crossed into the mdx background using a previously described
breeding strategy (3,60). Expression of the Klotho transgene was
confirmed by qPCR and Western blot. Null mutation of the dys-
trophin gene was confirmed using mdx-amplification-resistant
mutation system PCR (61). Primers are listed in Supplementary
Material, Table S1.

IL10 mutant mice were back-crossed onto a C57/BL6 back-
ground and then crossed with mdx mice to generate mice that
lacked both IL-10 and dystrophin using a breeding strategy pre-
viously described (3,27). Null mutation of IL-10 was confirmed
by PCR using an upstream primer that was common for both
wild-type and mutant DNA, a wild-type downstream primer
and a downstream primer for the neomycin cassette.

RNA isolation and quantitative PCR

RNA was isolated from muscle homogenates (17) and then
electrophoresed on agarose gels and its quality assessed by
28S and 18S ribosomal RNA integrity. RNA samples (2 lg) were
reverse transcribed with Super Script Reverse Transcriptase II
using oligo dTs to prime extension (Invitrogen) to produce
cDNA. Expression of selected transcripts was assayed using
SYBR green qPCR Supermix according to the manufacturer’s
protocol (BioRad) and an iCycler thermocycler system
equipped with iQ5 optical system software (BioRad). We used
established guidelines for experimental design, data normal-
ization and data analysis for quantitative PCR (QPCR) to maxi-
mize the rigor of quantifying the relative levels of mRNA
(62,63). We empirically identified reference genes that did not
vary between experimental groups using geNorm 3.5 software
(27). The normalization factor for each sample was calculated
by geometric averaging of the Ct values of reference genes
using the geNorm software. Expression for each gene in con-
trol samples was set to 1 and the other values were to scaled
the control. Primers used for QPCR are listed in Supplementary
Material, Table S1.

Western blots

Expression levels of Klotho were assayed by western blot analy-
sis, using 30 lg total protein per lane. Equal loading of samples
was confirmed by staining nitrocellulose blots with 0.1%
Ponceau S solution (Sigma). Nitrocellulose membranes were
blocked with 50 mM sodium phosphate buffer pH 7.4 containing
200 mM sodium chloride (phosphate-buffered saline; PBS) and
0.1% Tween-20 and 3% non-fat dried milk for 24 h at 4 �C. The
membranes were probed with rabbit anti-mouse Klotho (Abcam
#75023) for 2 h at room temperature. Membranes were washed
with PBS containing 0.05% Tween-20 and probed with horserad-
ish peroxidase (HRP) conjugated-donkey anti-rabbit IgG
(Amersham) for 1 h. Membranes were washed and Klotho was
visualized with chemiluminescent substrate (FemtoGlow;
Michigan Diagnostics) and a fluorochem imaging system
(Syngene PXi). Specificity of the anti-Klotho was tested by com-
paring blots treated with anti-Klotho or with anti-Klotho that
had been pre-incubated with recombinant Klotho (R&D
Systems) to deplete Klotho specific immunoglobins from the
solution.

Figure 8. Schematic representation of the regulatory interactions between inflammation and dystrophic muscle cells that are influenced by Klotho. Direct action of

pro-inflammatory cytokines on muscle cells reduces Klotho expression (present investigation) which contributes to loss of satellite cells in aging, dystrophic muscle.
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Production of Pax7 antibody and
immunohistochemistry

Pax7 hybridoma cells were purchased from Developmental
Studies Hybridoma Bank (Iowa City Iowa). Cells were cultured in
complete medium consisting of DMEM with 1% penicillin-
streptomycin (Gibco) and 20% heat-inactivated fetal bovine
serum (FBS). Conditioned medium was collected from the cul-
tures and used for purification of antibodies to Pax7, as
described previously (64).

Muscles were dissected from euthanized mice and rapidly
frozen in liquid nitrogen-cooled isopentane. Cross-sections
10-mm thick were taken from the mid-belly of muscles. Sections
were then fixed in 2% paraformaldedye for 10 min and then
immersed in antigen retrieval buffer (10 mM sodium citrate,
0.05% Tween 20, pH 6.0) at 95–100

�
C for 40 min. Endogenous

peroxidase activity in the sectioned tissue was quenched by
immersion in 0.3% H2O2. Sections were then treated with block-
ing buffer from a mouse-on-mouse immunohistochemistry kit
(M.O.M kit; Vector) for 1 h and immunolabeled with mouse anti-
Pax7 antibody overnight at 4

�
C. Specificity of the antibody for

Pax7 was confirmed, as described previously (17). Sections were
washed with PBS and then incubated with biotin-conjugated
anti-mouse IgG for 30 min. Sections were subsequently washed
with PBS and then incubated for 30 min with ABC reagents from
the M.O.M kit. Staining was visualized with the peroxidase sub-
strate 3-amino-9-ethylcarbazole (AEC kit; Vector), yielding a red
reaction product. The number of satellite cells/sectioned muscle
fiber was determined by counting the number of Pax7þ cells in
mid-belly cross-sections of muscles and the total number of
fibers per cross-section.

For identification of Klothoþ or CD206þ cells for bright-field
microscopy, acetone-fixed frozen sections of quadriceps were
blocked in 3% bovine serum albumin (BSA) and 2% gelatin in
50 mM Tris buffer (pH 7.2) for 1 h and then immunolabeled with
rat anti-CD206 (1/50; Serotec) for 3 h at room temperature or
with rabbit anti-Klotho (1/50) overnight at 4

�
C. Sections were

washed with PBS and then probed with biotin-conjugated sec-
ondary antibodies (1/200; Vector Laboratories) for 30 min.
Sections were subsequently washed with PBS and then incu-
bated for 30 min with avidin D-conjugated horseradish peroxi-
dase (1/1000; Vector Laboratories). Staining was visualized with
the AEC kit.

Macrophages that were double positive for Klotho and
CD206 were identified in muscle sections by indirect immuno-
fluorescence. Sections were incubated overnight at 4

�
C with

anti-Klotho followed by labeling with Texas Red-conjugated
anti-rat IgG secondary antibody (Vector). Sections were then
washed, blocked, and incubated with rat anti-CD206 for 3 h at
room temperature. Sections were subsequently washed and
incubated with fluorescein-conjugated anti-rat IgG secondary
antibody (Vector). Sections were washed with PBS and treated
with RNase A (Sigma, 0.2 ug/ml) and DAPI diluted 1: 100 000 in
PBS for 5 min. Following washes with PBS, sections were
mounted with Gel Mount (Biomedia) and glass coverslips.

Stereology

The number of cells/volume of muscle was determined by
measuring the total volume of each section using a stereologi-
cal, point-counting technique to determine section area and
then multiplying that value by the section thickness (10 lm) (3).
The numbers of immunolabeled cells in each section were

counted and expressed as the number of cells/unit volume of
each section.

Fiber size and number

Cross-sections of tibialis anterior muscles were sectioned at
their midbelly and used for fiber cross-sectional area measure-
ments and fiber number counts. Sections were stained with a
hematoxylin solution, and all fibers were counted in each cross-
section were counted and the cross-sectional area of 500 fibers
was measured using a digital imaging system (Bioquant).

TNFa and IFNc stimulation of myoblasts and myotubes

Murine myoblasts (C2C12; ATCC) were seeded in six-well plates
in complete DMEM with 100 U/ml penicillin, 100 mg/ml
streptomycin and 10% FBS. When cells reached confluence,
cultures were transferred to differentiation medium (DMEM
with 100 U/ml penicillin, 100 mg/ml streptomycin) overnight to
induce differentiation and fusion to form myotubes. Cultures
were then returned to complete medium to allow growth and
differentiation for 72 h, before cytokine treatments. Myotube
cultures were then treated for two, 24 h periods with 10 ng/ml
of IFNc or 20 ng/ml of TNFa or both IFNc and TNFa or complete
medium only, as control preparation. Myotubes were then col-
lected in reducing sample buffer (80 mM Tris-HCl pH 6.8, 0.1 M
dithiothreitol, 70 mM dodecyl sulfate, 1.0 mM glycerol) with pro-
tease inhibitor cocktail (1: 100, Sigma). Protein concentration
was quantified as previously described (65). Relative quantities
of Klotho in treatment groups were then assessed by western
blotting as described above. Each group included six replicates.

Preparation of bone marrow-derived macrophages

Bone marrow cells (BMCs) were aseptically flushed from wild-
type femurs and tibiae with Dulbecco’s phosphate buffered sal-
ine (DPBS; Sigma, St. Louis, MO) and treated with ACK lysing
buffer (Gibco, Waltham, MA) to clear red blood cells. Following
a DPBS wash and filtration through a 70-mm filter, BMCs were
seeded at 5 � 106 per 6-cm dish in RPMI-1640 (Sigma) with
20% heat-inactivated fetal bovine serum (FBS; Omega
Scientific, Tarzana, CA), penicillin (100 U/ml; Gibco), streptomy-
cin (100 mg/ml; Gibco) and 10 ng/ml MCSF (R&D, Minneapolis,
MN) at 37˚C with 5% C02 for 6 days. For some experiments,
adherent cells were released by brief trypsinization (Gibco),
washed with DPBS and filtered through a 70-mm mesh filter
before blocking with anti-CD16/32 and staining with anti-F4/80-
APC (eBioscience, San Diego, CA). Flow cytometry was per-
formed on a FACS Calibur (Becton-Dickinson, San Jose, CA) to
confirm F4/80þbone marrow-derived macrophages (BMDMs).
For other experiments, adherent cells were stimulated for 24 h
with activation media consisting of Dulbecco’s Modified Eagle
Medium (DMEM) with 0.25% heat-inactivated FBS, penicillin–
streptomycin, 10 ng/ml MCSF and either Th1 cytokines (10 ng/
ml IFNc and 10 ng/ml TNFa) or Th2 cytokines (10 ng/ml IL-
10þ 25 ng/ml IL-4) (BD Pharmingen).

In vitro Klotho siRNA knockdown

BMCs were aseptically prepared and cultured as described
above. After 6 days in culture, the BMDMs were switched to
DMEM only (Sigma) for 24 h prior to transfection. BMDM were
transfected using lipofectamine 2000 (Invitrogen) alone
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(untreated) or with 100 nM Klotho Stealth RNAi siRNA oligos
(Stealth RNAi siRNA MSS205816, Invitrogen) or 100 nM
scrambled oligos (Stealth RNAi siRNA 12935–300, Invitrogen) for
6 h in Opti-MEM medium (Gibco). After transfection, cultures
were changed to DMEM only for 24 h to allow for gene knock-
down. BMDM were collected in reducing sample buffer with pro-
tease inhibitors and prepared for Western blot analysis of
Klotho expression.

ELISA analysis of BMDM-conditioned media

Cultures of BMDM from wild-type mice were established as
described above. On the sixth day of culture, the BMDM
were switched to DMEM containing penicillin/streptomycin,
10 mm/ml heparin (Sigma), 0.25% heat-inactivated FBS and M-
CSF (control media) or media containing 1 mg/ml recombinant
mouse Klotho (R&D) alone, or in combination with 0.5 mg/ml
FGF23 (R&D) (stimulation media). After 24 h of stimulation, the
BMDM received fresh control media or stimulation media and
were cultured for an additional 24 h. At the end of 48-h stimula-
tion, conditioned media were collected, aliquoted, briefly centri-
fuged to remove particulates and then frozen at �20˚C. Separate
aliquots of BMDM-conditioned media from each sample were
analysed for expression of pro-inflammatory (TNFa, IFNc) and
anti-inflammatory (IL10, IL4) cytokines by ELISA, according to
manufacturer’s instructions (Quantikine ELISA, R&D). Each
group contained at least six replicates.

Bone marrow transplantation

Beginning one week prior to bone marrow transplantation
(BMT) mouse drinking water was supplemented with trimetho-
prim/sulfamethoxazole (80 lg/ml trimethoprim and 400 lg/ml
sulfamethoxazole) and continued for 3-weeks. Two-month-old
female mdx mice underwent myeloablative preconditioning via
three consecutive intraperitoneal injections of 1, 4-butanediol
dimethanesulfonate (Sigma-Aldrich) (20 mg/kg body weight) 72,
48 and 24 h prior to BMT. On the day of transplantation, male
donor mice were sacrificed and their femur and tibia bones
were sterilely dissected and flushed of BMCs. BMCs were iso-
lated and recipient mice received 107 donor BMCs by tail-vein
injection. At 6-month post-BMT, tissues and BMCs were col-
lected from recipient mice. BMCs were used for chimerism anal-
ysis by fluorescent in situ hybridization of the Y-chromosome
(Kreatech FISH Probes) (bone marrow leukocytes donor-derived:
83.61%; S.E.M.¼ 1.24; n¼ 24).

In vitro assays for muscle cell proliferation

For all proliferation assays, myoblasts were seeded in six-well
plates at 60 000 cells per well in complete DMEM (with 100 U/ml
penicillin, 100 mg/ml streptomycin and 10% FBS) for 24 h at 37˚C
in 5% CO2 before treatments. Myoblasts were approximately
30% confluent at the onset of treatments and received fresh,
treatment media at 24 and 48-h post-plating. The myoblasts
were approximately 90% confluent and not yet fused when the
cells were collected at 72-h post-plating. Myoblasts were trypsi-
nized with 1 ml 0.05% trypsin-EDTA, washed with DPBS, stained
with trypan blue and counted using a hemocytometer to deter-
mine how the various treatments affected proliferation. Each
group contained at least five replicates.

For myoblast treatments with BMDM-conditioned media,
BMDM cultures were established from wild-type, KL Tg or KL

mutant mice as detailed above. On day 6 of culture, BMDM were
switched to DMEM with penicillin/streptomycin, 0.25% heat-
inactivated FBS and MCSF. After 24 h of culture, the BMDM-
conditioned medium was collected, briefly centrifuged to
remove particulates and applied to previously plated myoblast
cultures. Control wells received non-conditioned, complete
DMEM that was incubated at 37˚C for 24 h in plates without
BMDM. Five wells from each group received 2 mg/ml anti-Klotho
neutralizing antibody (rat anti-human, cross-reactive with
mouse, clone #775340; R&D) or 2 mg/ml rat IgG2B isotype control
antibody (clone #141945, R&D) in the conditioned media.
Myoblasts were counted after 48 h of stimulation as described
above.

The effect of TNFa depletion on Klotho-stimulated myoblast
proliferation was also assayed. Myoblasts were stimulated with
10 mg/ml heparin and 0.5 mg/ml recombinant human FGF23 (con-
trol; R&D) or with heparin, FGF23 and 1 mg/ml recombinant
mouse Klotho (R&D) in complete DME. Five wells of the control
and Klotho-treated groups received 6 mg/ml rat anti-mouse
TNFa-neutralizing antibody (clone MP6-XT3; Southern Biotech)
and five wells of the Klotho-treated group received 6 mg/ml rat
IgG1K isotype control (clone KLH/G1–2-2, Southern Biotech).
Proliferation was quantified at 72 h post-plating after 48 h of
stimulation, as described above.

In vitro assays of myotube growth

Myoblasts were seeded in six-well plates at 120 000 cells per
well and grown in complete DMEM with alternate-day media
changes. When cells reached confluence, cultures were serum-
starved for 24 h to induce differentiation. Myotubes were stimu-
lated with heparin and FGF23 or heparin, FGF23 and Klotho at
24 and 48 h following differentiation, as described previously.
To test whether TNFa affects Klotho-stimulated myotube
growth, a TNFa-neutralizing antibody or isotype control anti-
body were added to cultures as detailed above. Myotubes were
collected 72 h following serum starvation in reducing sample
buffer with protease inhibitors (Sigma). Protein concentration
was quantified as previously described (65). Each group included
five replicates.
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Supplementary Material is available at HMG online.
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