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Null mutation of myeloperoxidase in mice prevents
mechanical activation of neutrophil lysis of muscle cell
membranes in vitro and in vivo

Hal X. Nguyen1, Aldons J. Lusis2 and James G. Tidball1,3
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Membrane lysis is a common and early defect in muscles experiencing acute injuries or
inflammation. Although increased mechanical loading of muscles can induce inflammation
and membrane lysis, whether mechanical loads applied to muscle can promote the activation
and cytolytic capacity of inflammatory cells and thereby increase muscle damage is unknown. We
tested whether mechanical loads applied to mouse muscle cells in vitro can increase membrane
lysis, and whether neutrophil-mediated lysis of muscle cells is promoted by mechanical loads
applied in vitro and in vivo. Cyclic loads applied to muscle cells for 24 h in vitro produced
little muscle cell lysis. Similarly, the addition of neutrophils to muscle cell cultures in the
presence of superoxide dismutase (SOD) produced little muscle cell lysis. However, when cyclic
mechanical loads were applied to neutrophil–muscle co-cultures in the presence of SOD, there was
a synergistic effect on muscle cell lysis, suggesting that mechanical loading activates neutrophil
cytotoxicity. However, application of mechanical loads to co-cultures of muscle cells and
neutrophils that are null mutants for myeloperoxidase (MPO) showed no mechanical activation
of neutrophil cytotoxicity. This indicates that loading promotes neutrophil cytotoxicity via MPO.
Activity assays confirmed that mechanical loading of neutrophil–muscle co-cultures significantly
increased MPO activity. We further tested whether muscle membrane lysis in vivo was mediated
by neutrophils when muscle was subjected to modified loading by using a mouse model of
muscle reloading following a period of unloading. We observed that MPO −/− soleus muscles
showed a significant 52% reduction in membrane lysis compared to wild-type mice, although the
mutation did not decrease inflammatory cell extravasation. Together, these in vitro and in vivo
findingsshowthatmechanical loadingactivatesneutrophil-mediatedlysisofmusclecells through
an MPO-dependent pathway.
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Lysis of muscle cell membranes by immune cells can
be an early and pivotal event in promoting muscle
injury or disease. For example, death of muscle cells in
polymyositis, a progressive and debilitating inflammatory
myopathy, is initiated by the release of the lytic protein
perforin by cytotoxic T-cell lymphocytes onto the surface
of muscle fibres (Goebels et al. 1996). Muscle membrane
lysis is then followed by T-cell invasion of the lysed
fibres, and muscle fibre death (Nakamura et al. 1993;
Goebels et al. 1996). In other progressive myopathies,
both lymphoid and myeloid cells have been implicated in
promoting lysis and death of muscle fibres. Depletion of
either cytotoxic T-lymphocytes or macrophages from mdx
mice, a model of Duchenne muscular dystrophy, causes a
significant reduction in muscle pathology and decreases

muscle membrane lysis (Spencer et al. 2001; Wehling
et al. 2001).

Myeloid cells also play a key role in promoting the
muscle membrane lysis that follows injury. Periods of
muscle ischaemia followed by perfusion lead to extensive
lysis and death of muscle fibres that can be attenuated by
depletion of neutrophils prior to reperfusion (Jolly et al.
1986; Korthuis et al. 1988; Kyriakides et al. 1999). Several
observations show that neutrophil-mediated lysis during
ischaemia–reperfusion is largely mediated by free radicals.
Treatments with superoxide dismutase (SOD) prior to
reperfusion to reduce the concentration of the potentially
injurious free radical, superoxide, can significantly reduce
muscle lysis and damage. Similarly, administration of
catalase to decrease hydrogen peroxide concentration can
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reduce muscle damage during reperfusion (Smith et al.
1989).

Free radicals generated by myeloid cells also promote
muscle damage during modified muscle use. Rodents
that are subjected to periods of muscle unloading
followed by return to normal loading experience muscle
inflammation, muscle membrane lysis and necrosis that
occur over a stereotypic time course. Significant increases
in membrane lysis are detectable within 2 h of the return
to muscle loading, and continue to increase for the next
20–24 h (Tidball et al. 1999). Neutrophil populations are
significantly elevated within 2 h of reloading, followed
by an increase in macrophages within 12–24 h (Tidball
et al. 1999). Muscle membrane lysis during reloading was
initially thought to be a direct result of the mechanical
load placed on the muscle, but more recent experimental
observations have shown that the majority of the lysis can
be attributed to neutrophil-mediated damage. Membrane
lysis induced by neutrophils in this model of muscle
injury appears to result directly or indirectly from
superoxide because null mutation of gp91phox, the catalytic
subunit of NADPH oxidase, yields neutrophils that cannot
produce superoxide, and prevents most membrane lesions
in muscles experiencing reloading (Nguyen & Tidball,
2003a,b).

Although neutrophils may cause most muscle
membrane lesions that occur during muscle reloading
following periods of unloading, neutrophil invasion and
subsequent muscle damage are initiated by changes in the
mechanical loads applied to muscle. This suggests two
potential mechanisms through which mechanical loading
can exacerbate muscle injury caused by neutrophils.
First, loading could cause the production or release
of chemotactic factors that attract neutrophils to the
muscle where they then promote muscle membrane lysis.
This possibility is supported by previous observations
showing that muscle reloading activates complement in
muscle, which is necessary for the subsequent invasion
of the reloaded muscle by neutrophils (Frenette et al.
2000). Also, reloading could increase the activation of
neutrophils, and thereby enhance their cytotoxicity.
Several in vivo observations support this possibility. In
particular, increased muscle activity can be associated
with an increase in myeloperoxidase (MPO) activity
in circulating populations of neutrophils (Suzuki et al.
1996), which suggests that loads applied to muscle can
influence the activation state of neutrophils, which may in
turn affect the subsequent lysis of muscle cells by invading
populations of neutrophils.

In the present investigation, we examine the
relationships between mechanical loading, neutrophil
activation and muscle cell lysis, using in vivo and in vitro
models. We use in vitro assays of muscle cell lysis by
wild-type or MPO −/− neutrophils in the presence or
absence of mechanical loads applied to the cells, to test

whether mechanical loading promotes neutrophil lysis of
muscle cells, and to assess whether neutrophil cytotoxicity
is mediated by MPO. We also test whether mechanical
loading increases the activation of neutrophils through
the release of soluble factors from the loaded muscle.
Finally, we test in vivo whether neutrophil-mediated lysis
of muscle cells occurs through MPO-dependent processes
by analysing muscle membrane lysis in wild-type and
MPO −/− mice subjected to muscle unloading followed
by reloading.

Methods

Animals

All experiments involving the use of animals were
conducted according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and the
University of California, Los Angeles Institutional Animal
Care and Use Committee. C57BL/6J mice were obtained
from the Jackson Laboratories (Bar Harbour, ME, USA).
MPO −/− mice were originally generated on the 129/SvJ
background and then transferred to the C57BL/6J back-
ground by at least 10 generations of back-crossing, as
previously described (Brennan et al. 2001a). Mice were
maintained in an accredited animal care facility and were
monitored daily for signs of distress, injury or disease.
At the end of experimentation, mice were killed by
an overdose of sodium pentobarbital, according to the
Panel on Euthanasia of the American Veterinary Medical
Association.

Isolation of peritoneal neutrophils

Peritoneal neutrophils were collected 20 h following intra-
peritoneal injection of 12% sodium caseinate. Cells from
the peritoneal exudates were centrifuged at 500 g for 5 min
and then resuspended in 0.85% ammonium chloride to
lyse erythrocytes. The cells were again pelleted and then
resuspended in Hanks’ balanced salt solution (HBSS).
The suspension was overlaid on Histopaque 1077 (Sigma,
St Louis, MO, USA) and then centrifuged at 400 g for
45 min at 4◦C. Neutrophils were collected from the
pellet. The purity of the neutrophil preparations exceeded
90%, as assessed morphologically in haematoxylin-stained
preparations of the isolated cells that adhered to
microscope slides by centrifugation (Cytospin, Shandon,
USA).

Cytotoxicity assays

C2C12 mouse muscle cells were cultured in 6-well plates
in which the bottom of each well consisted of a flexible,
collagen-coated, silicon elastomer (Flex 1 plates, Flexcell,
Carrsboro, NC, USA). Cells in the mechanical-loading
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plates were grown in 10% fetal bovine serum (FBS)
in Dulbecco’s modified Eagle’s medium (DMEM) for
7 days, when they formed a confluent monolayer. The
cells were then placed in serum-free DMEM overnight
to induce fusion, and then returned to a medium
containing 10% FBS for 2 days before use in cytotoxicity
assays. Myotubes were then co-cultured with neutrophils
in HBSS containing 0.25% FBS for 24 h to assess
cytotoxicity. Neutrophils in some co-cultures were
activated by the addition of 0.64 µm phorbol
12-myristate 13-acetate (PMA). In other co-cultures,
SOD (500 units ml−1) was added to remove superoxide
from the medium. At the end of 24 h of co-incubation,
the medium was collected and lactate dehydrogenase
(LDH) release into the medium was assayed as a measure
of cell lysis. A 50 µl aliquot of medium was mixed
with 50 µl of LDH substrate mix (Promega) which was
incubated for 30 min in the dark at room temperature.
Absorbance at 490 nm was measured to determine LDH
activity, which represented the LDH concentration in
the medium. Spontaneous release (0% cytotoxicity)
was determined by assaying LDH activity in media
collected from cultures containing muscle cells without
neutrophils. Total LDH release was determined by
measuring LDH activity in the media of muscle cells
that were lysed with 0.1% Triton X-100 in HBSS (100%
cytotoxicity). Neutrophil density in cytotoxicity cultures
was expressed as the number of neutrophils per square
millimetre of surface area in the dish, as previously
described (Nguyen & Tidball, 2003b). Relative cell
numbers were not expressed as effector to target cell ratios
because the variability in cell proliferation and fusion that
occurs as myoblasts differentiate into myotubes prevents
the actual number of target cells being known. Instead,
relative target cell numbers were normalized to the surface
area of the culture dish, in which they form an adherent
and continuous monolayer. All cytotoxicity assays were
performed at least 3 times, with six replicates of each
condition in each assay, and each value was expressed as
the mean with its standard error (s.e.m.).

Cyclic mechanical loading

Mechanical-loading plates containing muscle cells only,
neutrophils only or muscle cells and neutrophils together
were placed onto a base-plate (Flexcell) housed in a
37◦C incubator. Cyclic loads were applied to the flexible
bottoms of the wells and to the attached cells by cyclic
application of negative pressure. The mean strain of the
loaded membrane was 20%, which is within the physio-
logical range experienced by skeletal muscle. The strain
cycle consisted of 20 s sinusoidal strain applied at 1.0 Hz
followed by 20 s of rest. This strain cycle was continued
for 24 h before media were assayed for LDH release
cytotoxicity.

MPO activity assay

MPO activity was assayed according to Suzuki et al. (1983).
Neutrophils or co-cultures containing neutrophils and
muscle cells were incubated in HBSS containing 0.25%
FBS with 0.64 µm PMA and 500 units ml−1 SOD. After
incubation of cultures containing neutrophils only, muscle
cells only, or neutrophils and muscle cell co-cultures,
media were collected and centrifuged for 2 min at 12 000 g
at 4◦C. Mixtures of 50 µl supernatant and 50 µl reaction
solution (3.2 mm tetramethylbenzidine, 0.6 mm hydrogen
peroxide and 16% N,N-dimethylformamide in 160 mm
sodium phosphate buffer, pH 5.4) were incubated for
3 min at 37◦C. Reactions were inhibited by the addition
of 200 µl of 200 mm sodium acetate buffer (pH 3.0).
Absorbance of the reaction mixture was measured
immediately at 630 nm. MPO activity was expressed
as change in absorbance per minute per millilitre of
supernatant.

Assays of neutrophil activation by conditioned media
from preloaded cells

Conditioned media were collected from muscle cell
cultures at the end of a 24 h period of cyclic mechanical
loading, and then transferred to cultures of neutrophils for
an additional 24 h. Control neutrophil cultures received
conditioned media from muscle cells that were cultured
for 24 h in the absence of mechanical loading. The medium
was then collected from the neutrophil cultures after 24 h
incubation and assayed for MPO activity.

Hindlimb muscle unloading and reloading

Muscle injury and inflammation were induced by
subjecting mice to 10 days of hindlimb muscle unloading
followed by reloading for 24 h by normal weight bearing.
Unloading was performed using a previously described
technique (Morey-Holton & Globus, 2002) which has been
shown to produce 40% mass loss of the soleus muscle in a
10 day period (Thomason & Booth, 1990). Reloading for
24 h by returning to normal ambulation produces muscle
inflammation, fibre injury and membrane lesions in soleus
muscle fibres (Krippendorf & Riley, 1993; St Pierre &
Tidball, 1994; Kasper, 1995; Tidball et al. 1999). The
‘reloaded’ mice were MPO −/− and wild-type that were
subjected to hindlimb unloading followed by reloading
for 24 h. The ‘unloaded only’ mice were subjected to
hindlimb unloading for 10 days and then immediately
killed for tissue collection, without experiencing reloading.
The ‘ambulatory control’ mice experienced normal cage
activity until they were killed for tissue collection. All mice
were 3 months of age. After they had been killed, soleus
muscles were dissected from each animal. One soleus
muscle from each animal was rapidly frozen in isopentane
and used for immunohistochemical analysis. The second
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soleus from each animal was used for assessment of muscle
membrane injury, as described below.

Immunohistochemistry

Soleus muscles were stored in isopentane at −80◦C.
Cross-sections 10 µm thick were taken from the midbelly
of one soleus muscle from each animal and used
for immunohistochemical analysis. Sections were fixed
in acetone and then immunolabelled for neutrophils
using rat anti-mouse Ly6G (Pharmingen) or for
macrophages using rat anti-mouse F4/80. Anti-F4/80 was
prepared by ammonium sulphate precipitation of
immunoglobulins from F4/80 hybridoma cultures
(ATCC). The concentrations of precipitated immuno-
globulins were diluted to 0.1–0.2 µg ml−1 of anti-F4/80
for use in immunohistochemistry. Sections were processed
as previously described (Wehling et al. 2001) and
immunoreactive cells were identified using a biotinylated
mouse anti-rat IgG second antibody and horseradish
peroxidase-conjugated avidin before reaction with
aminoethylcarbonyl (Vector). The total number of
neutrophils or macrophages in each section was counted
microscopically. The total volume of each section analysed
was determined by measuring the area of each section
using a stereological, point-counting technique (Spencer
et al. 2001), and then multiplying that value by the section
thickness (10 µm). Number of cells per volume of each
section was calculated to yield the concentration of cells.
The concentrations of neutrophils or macrophages in
sections of soleus muscles of each group were expressed
as the mean and s.e.m. Values were compared using
Student’s t test with the level for statistical significance set
at P < 0.05.

Assays of muscle membrane injury

Injuries to soleus fibre membranes were assayed by
measuring the relative concentration of the fluorescent,
extracellular tracer dye, procion orange, in the cytoplasm
of fibres from muscles in each experimental and control
group. Muscles that are incubated in procion orange
solutions exclude the marker dye unless membrane lesions
are present. One soleus from each mouse was incubated
in 0.5% procion orange dye solution in Krebs–Ringer
solution for 1 h followed by two, 5 min washes with
Krebs–Ringer solution. The soleus muscles were then
rapidly frozen in isopentane, and midbelly cross-sections
of each muscle were cut. Two assessments of fibre
membrane injury were used. In the first assay, the number
of brightly fluorescent, injured fibres in each section was
expressed as a percentage of the total fibres in the section.
In the second injury assay, the fluorescence intensity of
every individual fibre in each muscle cross-section was
measured in an 8 µm diameter, circular area that was

sampled at the centre of each fibre using a digital imaging
system (Bioquant, Nashville, TN, USA). Fluorescence
intensity values for each fibre were then corrected for
background, by measuring background signal from an
area of the slide that contained no tissue, and subtracting
the background value from the cytosolic fluorescence
measurements.

Results

Mechanical loading promotes neutrophil lysis
of muscle cells in vitro through
an MPO-mediated pathway

Assays of MPO activity in the media of peritoneal
neutrophils confirmed that neutrophil activation
produced an increase in MPO release by wild-type
neutrophils, but no significant MPO activity was observed
in the media of resting or activated neutrophils collected
from MPO −/− mice. We then tested whether muscle
cell lysis by activated neutrophils occurred through an
MPO-dependent pathway. Lysis of muscle by neutrophils
(5000 mm−2) did not differ between cultures of wild-type
(mean ± s.e.m., 12.1 ± 2.2% lysis; Fig. 1A) and MPO
−/− neutrophils (10.5 ± 1.0% lysis; Fig. 1B). Consistent
with previous reports (Nguyen & Tidball, 2003b), the
addition of superoxide dismutase to the co-cultures
significantly reduced neutrophil-mediated lysis by
wild-type neutrophils (3.5 ± 1.6% lysis; Fig. 1A). Similar
reductions in cytotoxicity were observed in co-cultures
with MPO −/− neutrophils when SOD was added
(2.5 ± 1.18% lysis; Fig. 1B). These findings indicate
that muscle cell lysis by neutrophils occurs through
superoxide-dependent, MPO-independent pathways in
non-loaded cultures.

The contribution of mechanical loading to
neutrophil-mediated muscle lysis was examined in
co-cultures using either wild-type or MPO −/−
neutrophils. Application of cyclic mechanical loads to
muscle cells in vitro, in the absence of neutrophils,
produced small but significant (P < 0.05) increases
in muscle cell lysis (1.7 ± 0.35% lysis), compared to
non-loaded muscle cells (0.0 ± 0.01% lysis) (Fig. 1). No
measureable LDH release was observed in mechanically
loaded, neutrophil cultures in the absence of muscle cells.
Addition of neutrophils to muscle cultures in the presence
of mechanical loading significantly increased lysis to levels
that were similar for both wild-type (11.5 ± 1.6% lysis;
Fig. 1A) and MPO −/− co-cultures (9.8 ± 1.4% lysis;
Fig. 1B). However, muscle cell lysis did not differ between
non-loaded and loaded cultures in either wild-type or
MPO −/− neutrophil cultures in the absence of SOD
(Fig. 1). These findings indicate that mechanical loading
does not promote neutrophil-mediated lysis of muscle
cells in the absence of exogenous SOD.
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Because extracellular SOD is present in vivo and
its concentration is influenced by mechanical loading
in vivo (Hollander et al. 2001), we assayed the effect
of SOD on neutrophil-mediated lysis of muscle cells
experiencing mechanical loading. Addition of SOD to
mechanically loaded muscle cells in the presence of MPO
−/− neutrophils reduced muscle lysis to levels that did not
differ significantly from the levels observed in non-loaded
MPO −/− co-cultures in the absence of mechanical
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Figure 1. Cytolysis of wild-type mouse myotubes in lactate
dehydrogenase (LDH) release cytotoxicity assays
A, muscle cytolysis in the absence (Muscle only) or presence
(Muscle + Neutrophils) of wild-type neutrophils. Exogenous
superoxide dismutase (SOD) was added to some preparations. All
treatments used 5000 neutrophils mm−2. Data from cultures that
were not subjected to mechanical loading are shown by black
columns. Data from cultures subjected to mechanical loading are
shown by grey columns. B, identical treatments as shown in A, but
neutrophils from myeloperoxidase (MPO) −/− mice were used in the
assays. ∗ Significantly different from corresponding non-loaded
treatment. # Significantly different from muscle cells without
neutrophils treated under otherwise identical conditions. P < 0.05.
n = 6 replicates per treatment. Bars represent S.E.M.

loading (loaded: 2.5 ± 1.2% lysis; non-loaded: 3.1 ± 0.6%
lysis; Fig. 1B). However, addition of SOD to mechanically
loaded muscle cells in the presence of wild-type
neutrophils greatly increased muscle lysis compared to
levels observed in non-loaded, wild-type neutrophil
co-cultures in the absence of mechanical loading (loaded:
12.6 ± 1.4% lysis; non-loaded: 3.5 ± 1.6% lysis; Fig. 1A).
These findings show that mechanical loading activates
MPO-mediated cytotoxicity of neutrophils in the presence
of SOD.

Mechanical loading promotes neutrophil
MPO activity in vitro

Our finding that mechanical loading increased
neutrophil-mediated, MPO-dependent cytotoxicity
suggested that loading could increase MPO activity.
Assays of MPO activity in co-cultures of muscle cells and
neutrophils showed that loading increased activity by 60%
in the absence of exogenous SOD in the culture media
(loaded: 2.9 ± 0.14 units; non-loaded: 1.8 ± 0.1 units)
(Fig. 2). Similarly, loading increased MPO activity
in the presence of exogenous SOD by 58% (loaded:
4.9 ± 0.2 units; non-loaded: 3.1 ± 3.1 units). In addition,
exogenous SOD caused significant increases in MPO
activity for both non-loaded (72% increase) and loaded
cultures (70%) (Fig. 2). Mechanical loading of neutrophils
in the absence of muscle cells did not significantly affect
MPO activity (Fig. 3).
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Figure 2. MPO activity in supernatants of muscle cells or muscle
cells with neutrophil co-cultures
Conditions were identical to those used in Fig. 1A except that all
treatments used 25 000 neutrophils mm−2. ∗ Significantly different
from corresponding non-loaded treatment. # Significantly different
from muscle cells without neutrophils treated under otherwise
identical conditions. P < 0.05. n = 6 per treatment. Bars represent
S.E.M.
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Figure 3. MPO activity of neutrophil cultures in the absence of
muscle cells
Cultures were either subjected to mechanical loading or not loaded.
Some preparations were activated with phorbol 12-myristate
13-acetate (PMA). Mechanical loading did not significantly increase
MPO activity in the supernatant of any treatment compared to
identically treated samples in the absence of mechanical loading.
∗ Significantly different from wild-type neutrophils subjected to
identical experimental treatments. P < 0.05. n = 6 per treatment. Bars
represent S.E.M. Data sets without apparent error bars had errors that
were too small to appear at the scale of this graph.

Conditioned media from mechanically loaded muscle
cells do not increase MPO activity in neutrophils

We tested whether the increase in MPO activity in
neutrophils was mediated by a soluble factor whose release
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Figure 4. Transfer of conditioned media from muscle cells
subjected to loading or not subjected to loading does not
increase MPO activity in neutrophil cultures
Medium was collected from muscle cultures after 24 h of cyclic
loading or non-loading, transferred to neutrophil cultures and then
MPO activity measured after 24 h. Neutrophil cultures contained
5 × 106 neutrophils ml−1. ‘% Conditioned Media’ indicates the
percentage of the total media in the cultures that consisted of
conditioned media. There was no significant difference in MPO activity
between cultures receiving conditioned media from loaded or
non-loaded muscle cell cultures at any concentration of conditioned
media. Bars represent S.E.M. n = 6.

from muscle was stimulated by loading. However, we
found no difference in MPO activity in neutrophil cultures
receiving conditioned media from muscle cultures that
had experienced mechanical loading or were non-loaded.
Unexpectedly, we found that as we titrated different
concentrations of conditioned media from muscle cultures
to fresh media in the neutrophil cultures, there was a
decrease in MPO activity as the proportion of conditioned
media was increased (Fig. 4). These findings indicate that
muscle cells may release a soluble factor that decreases
MPO activity, but the release of that factor is not affected
by mechanical loading.

Null mutation of MPO reduces fibre membrane injury
in muscle experiencing modified loading in vivo

Soleus muscles of wild-type mice experiencing 24 h of
muscle reloading following 10 days of muscle unloading
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Figure 5. Null mutation of MPO does not reduce myeloid cell
invasion of reloaded muscle
Soleus muscles from ambulatory control mice (Amb), mice subjected
to 10 days of hindlimb unloading only (Unload) or unloading followed
by 24 h reloading (Reload) were assayed for neutrophil concentration
(A) and macrophage concentration (B). # Significantly different from
ambulatory mice of the same genotype. No significant differences
were found between MPO −/− and wild-type mice in any
experimental group. Bars represent S.E.M. n = 6.
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showed elevated concentrations of neutrophils and
macrophages (Fig. 5), and increased concentrations of
injured fibres (Fig. 6). Injured fibres were identified as
brightly fluorescent fibres after incubation in fluorescent,
extracellular marker dye. However, MPO −/− mice that
had experienced identical muscle unloading–reloading
protocols showed a significant 52% reduction in the
percentage of fibres that were injured (Fig. 6), indicating
that fibre injury is mediated by MPO in this model. We also
observed that the frequency distribution of intracellular
fluorescence for all soleus muscle fibres in MPO −/− mice
that had experienced reloading was shifted significantly
towards lower values (Fig. 7). This indicates a general
reduction of membrane lysis during reloading in
MPO −/− mice, compared to controls. Although null
mutation of MPO significantly reduced membrane lysis
and fibre injury during reloading, the concentration of
neutrophils and macrophages did not differ significantly
between wild-type and MPO −/− mice (Fig. 5). This
observation indicates that MPO-mediated damage to
muscle is not necessary to promote leucocyte invasion,
and supports the possibility that the null mutation of MPO
reduces muscle membrane damage because it reduces the
cytolytic capacity of myeloid cells, rather than affecting
their ability to target and invade muscle experiencing
modified loading.

Discussion

Recent investigations have shown that superoxide or a
superoxide-derivative plays a central role in the lysis of
muscle cell membranes in vitro or in muscle experiencing
modified loading in vivo (Nguyen & Tidball, 2003b).
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Figure 6. Soleus muscle fibre injury assessed by bright
intracellular fluorescence of procion orange
Treatment groups are the same as for Fig. 5. ∗ Significantly different
from ambulatory mice of the same genotype. # Significantly different
from MPO −/− mice in the same experimental group. Bars represent
S.E.M. n = 6.

However, superoxide itself seems unlikely to cause
muscle membrane lysis directly, because its toxicity is
relatively low, and it would be rapidly converted to
other free radicals (Hampton et al. 1998). In the present
investigation, we show that null mutation of MPO
greatly reduces neutrophil-mediated lysis of muscle cells
in vitro and in vivo, and yields a protective effect against

Figure 7. Frequency distributions of muscle fibres over the
range of intensities of intracellular fluorescence of procion
orange
Intracellular fluorescence was measured in individual fibres in entire
cross-sections of soleus muscles from each treatment group (n = 6 per
group). A total of more than 34 000 individual fibres was analysed.
A rightward shift of peaks on the abscissa indicates an increase in the
frequency of fibres with membrane lesions. Frequency distribution of
intracellular fluorescence for wild-type (dashed line) or MPO −/−
(continuous line) muscle fibres of ambulatory control (A), unloaded (B)
or reloaded (C) soleus muscle fibres.
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muscle cell lysis similar to that previously reported for
gp91phox null mutants (Nguyen & Tidball, 2003b), which
are deficient in superoxide production. Together, those
findings indicate that the toxic effects of superoxide may
occur through its conversion first to hydrogen peroxide
by SOD, followed by conversion to the highly reactive and
toxic hypochlorous acid by MPO (Fig. 8). Because MPO
competes with catalase for hydrogen peroxide (Hampton
et al. 1998), and catalase converts hydrogen peroxide to
benign water and oxygen, our results suggest that increased
expression of catalase would have a protective effect against
muscle membrane lysis that would be similar to null
mutation of MPO. In agreement with this expectation,
other investigators have shown that the transgenic
over-expression of catalase protects cardiac muscle from
injury that is caused by superoxide derivatives (Li
et al. 1997). Collectively, these findings emphasize the
fact that the relative activities of catalase and MPO
may play a central role in determining the extent
of muscle damage during inflammation or oxidative
stress.

We were intrigued to find that there was a substantial,
synergistic effect on the level of muscle cell lysis when
both mechanical loading and neutrophils were applied to
muscle cells in vitro. Loading alone caused only a 1.7% lysis
of muscle cells, while co-culturing with neutrophils in the
absence of loading resulted in only 3.5% lysis. However,
loading in the presence of neutrophils resulted in 12.6%
lysis of muscle cells under otherwise identical culture
conditions in the presence of SOD. In vivo observations
have provided conflicting interpretations concerning the
potential roles of neutrophils and mechanical loading
in muscle injury during modified muscle loading. Some
investigations have reported that neutrophils are present
at elevated concentrations at the time of muscle injury
during modified loading (Frenette et al. 2000) while others
using the same model report that neutrophils do not
invade until after injury occurs (Frenette et al. 2002). If
our in vitro model resembles events that occur in vivo,

Oxygen 
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SOD 

H2O2 

H2O + O2 

Hypochlorous 
acid 
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Catalase 
No loading
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Other cytolytic or non-cytolytic free radicals 

Figure 8. Schematic diagram of free radical production that may be influenced by mechanical loading
of neutrophils in skeletal muscle
Black boxes indicate substrates or products that are benign or have low toxicity. Red boxes indicate substrates
or products that are cytotoxic. Red lettering indicates enzymes that are activated by mechanical loading. Green
lettering indicates enzymes that are inhibited by mechanical loading.

our findings would indicate that neutrophils can greatly
amplify muscle damage caused by modified muscle use.
That interpretation is consistent with the finding that
MPO −/− mice showed significantly reduced muscle
membrane lysis during muscle reloading in vivo, and
previous findings that gp91phox −/− mice experienced
no significant increase in muscle membrane lysis during
reloading in vivo (Nguyen & Tidball, 2003b).

The observations that mechanical loading of muscle
cells in vitro increases the release of MPO from neutrophils
present in co-cultures provides direct evidence for a
link between the mechanical environment and neutrophil
activity and cytotoxicity. Several studies conducted in vivo
have shown a relationship between exercise and levels
of MPO in sera (Bury & Pirnay, 1995; Belcastro et al.
1996) but conclusions could not be made concerning
whether mechanical loading experienced during exercise
or another variable experienced during exercise stimulated
the increase in MPO. In addition, alternative explanations
for the increase in MPO in serum following exercise
have emerged from in vivo studies. Elevations in the
concentration of neutrophils in the serum that were caused
by increased neutrophil de-margination during exercise
(Muir et al. 1984) may be responsible for part of the
observed increase in MPO. In addition, other investigators
have observed that exercise increased the amount of MPO
released per neutrophil (Suzuki et al. 1996), so that exercise
could elevate both the numbers and activity of neutrophils
in vivo. Our in vitro findings show that the increased release
of MPO per neutrophil may reflect, at least in part, the
mechanical stimulation of muscle that leads to neutrophil
activation.

The stimulation of neutrophil cytotoxicity by
mechanical loading that we observed in vitro occurred
only if exogenous SOD was present in the culture medium.
This suggests that in the absence of exogenous SOD, the
slower conversion of superoxide to hydrogen peroxide
did not yield sufficient quantities of toxic intermediates
to cause muscle membrane damage. However, we
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observed in vivo that null mutation of MPO greatly
reduced muscle membrane lysis by neutrophils in muscle
experiencing reloading. That finding indicates that the
levels of endogenous, extracellular SOD in muscle during
reloading in vivo are sufficient to produce cytotoxic levels
of hydrogen peroxide and hypochlorous acid. Previous
investigators have reported the expression of extracellular
SOD in skeletal muscle (Folz & Crapo, 1994), including
a muscle-specific transcript that is present at high levels
(Folz & Crapo, 1994). Increased muscle activation and
loading during either acute or endurance exercise can
increase levels of SOD (Lawler et al. 1994; Powers et al.
1994) and MPO activity in muscle (Bury & Pirnay, 1995;
Belcastro et al. 1996), which is consistent with the model
that we propose in which increased muscle use during
reloading drives superoxide conversion to hypochlorous
acid by SOD and MPO. Furthermore, exercise can
decrease the activity of catalase, which competes with
MPO for its substrate, hydrogen peroxide (Laughlin et al.
1990; Leeuwenburgh et al. 1994; Hong & Johnson, 1995),
although under some exercise treatments catalase activity
is unaffected or increased in some muscles (Alessio &
Goldfarb, 1988; Ji et al. 1992; Powers et al. 1994). Thus, the
addition of MPO-rich neutrophils to muscle experiencing
increased loading in the presence of elevated SOD activity
and decreased catalase activity, would promote muscle
membrane lysis.

Our model of the role of mechanical loading in
neutrophil-mediated lysis of muscle cells (Fig. 8) can be
expected to represent only a part of the complex and
potentially cytolytic interactions between the mechanical
environment and free-mediated events in muscle in vivo.
For example, increased activation of skeletal muscle also
increases the release of nitric oxide by muscle (Balon &
Nadler, 1994; Tidball et al. 1998; Patwell et al. 2004),
which can then react with superoxide to produce a more
highly cytotoxic radical, peroxynitrite. Furthermore, the
release of superoxide from muscle is also influenced by
muscle activation (Patwell et al. 2004). This scenario may
be even more complex because the stoichiometry of super-
oxide and nitric oxide may determine the reactivity and
cytotoxicity of the final reactant that is generated (Miles
et al. 1996). In addition, hydrogen peroxide can be
converted to hypochlorous acid by MPO or to other free
radicals or non-radical oxidants in vivo, depending on
the presence of other enzymes or cofactors. The extent
to which changes in mechanical loading can effect the
expression, activity or availability of these other variables
has only barely begun to be explored.

The reduction in tissue damage that was observed
in reloaded skeletal muscle of MPO −/− mice differs
from the increased pathology in MPO −/− mice that
has been observed in other models of injury and disease.
For example, tissue damage in experimental autoimmune
encephalomyelitis and atherosclerosis is exacerbated in

MPO −/− mice (Brennan et al. 2001b). Similarly, we
reported previously that null mutation of gp91phox, the
catalytic subunit of NADPH oxidase, reduced muscle
damage in the unloading–reloading model (Nguyen &
Tidball, 2003b), although gp91phox −/− mice experienced
increased tissue damage in experimental arthritis models
(van de Loo et al. 2003). Although there are numerous
differences between the mechanisms of tissue damage in
each of these models of injury and disease, important
differences may include whether the mutations affect
myeloid cell function in acute or chronic disease, and
whether the pathology primarily involves an innate or
acquired immune response. The protective effects of null
mutation of MPO or gp91phox were observed in an acute
injury in which there is exclusively an innate, inflammatory
response to tissue damage (Nguyen & Tidball, 2003b;
present investigation). The injurious effects of null
mutation of MPO or gp91phox were observed in chronic
diseases that were driven by T-lymphocytes (Brennan et al.
2001b; van de Loo et al. 2003). Loss of MPO or gp91phox

expression by myeloid cells in that context could result in
loss of suppression of T-cell function, leading to increased
pathology (Brennan et al. 2001b).

We conclude that neutrophils play a significant role in
injuring muscle cell membranes during muscle reloading
following periods of unloading, and that this membrane
damage is mediated by MPO. Our findings further
show that mechanical activation of neutrophil cytolysis
can occur in vivo and in vitro, by stimulating the
release of MPO. These observations provide a direct link
between changes in mechanical loads applied to muscle,
and an increase in muscle damage that is induced by
inflammatory cells. Our continuing investigations are
directed towards identifying the specific, muscle-derived
signals that produce an increase in neutrophil cytotoxicity
and MPO release.
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