Nitric oxide synthase inhibition reduces muscle inflammation
and necrosis in modified muscle use
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Abstract: The objective of this study was to deter-
mine the role of nitric oxide in muscle inflamma-
tion, fiber necrosis, and apoptosis of inflammatory
cells in vivo. The effects of nitric oxide synthase
(NOS) inhibition on the concentrations of neutro-
phils, ED1* and ED2* macrophages, apoptotic
inflammatory cells, and necrotic muscle fibers in
rats subjected to 10 days of hindlimb unloading and
2 days of reloading were determined. Administra-
tion of NOS inhibitor N®-nitro-L-arginine methyl
ester (L-NAME) significantly reduced the concentra-
tions of neutrophils, ED1* and ED2* macrophages,
and necrotic fibers in soleus muscle relative to
water-treated controls. The concentration of apop-
totic inflammatory cells was also significantly lower
for L-NAME-treated animals compared with water-
treated controls. However, the proportion of the
inflammatory cell population that was apoptotic did
not differ between L-NAME-treated and control
animals, suggesting that L-NAME treatment did not
decrease inflammatory cell populations by increas-
ing the frequency of apoptosis. Thus, nitric oxide
or one of its intermediates promotes muscle inflam-
mation and fiber necrosis during modified muscle
use and plays no more than a minor role in the
resolution of muscle inflammation by inducing
apoptosis of inflammatory cells. J. Leukoc. Biol.
64:427-433; 1998.
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INTRODUCTION

Skeletal muscle injury resulting from modified muscle use is
associated with degenerative events that include sarcolemma
damage, sarcomeric disruption, and reduced contractility [1-4].
These disruptions to the normal structure and function of
muscle are apparent within minutes after injury and may become
more extensive during the following hours to days [2, 4-6].
Muscle injury also typically causes edema and the extravasa-
tion of neutrophils followed by ED1+ macrophages and later the
proliferation of resident ED2* macrophages [2, 5, 6].
Inflammation of injured muscle has been interpreted as
indicating an early stage of muscle regeneration because of the
ability of neutrophils and ED1™ macrophages to phagocytose
cellular debris and ED2* macrophages to stimulate the prolif-
eration and fusion of muscle precursor cells [7-9]. However, the

ability of neutrophils and macrophages to induce injury in other
cells in vitro [10-12] suggests that these early stages of muscle
inflammation may also involve damage to muscle fibers caused
by the invading cells. This possibility is supported by the
ability of neutrophils to induce skeletal muscle injury during
tissue reperfusion after ischemia [13, 14].

A potential mechanism by which inflammatory or other cells
could induce muscle injury after modified loading is through
reactive metabolites of nitrogen and oxygen, such as nitric
oxide (NO). NO, synthesized by a family of nitric oxide
synthases (NOS) from L-arginine and oxygen, can function as a
pro-inflammatory molecule by activating cyclooxygenases and
thereby increasing prostaglandin production [15], which can
promote inflammation and muscle proteolysis [16, 17]. Cell
damage caused by NO or other injurious molecules may also
promote inflammation by causing the release of cytosolic
molecules that can attract or activate inflammatory cells. For
example, platelet-derived growth factor and other cytosolic
proteins that are released by muscle after crush injury [18] can
act as chemoattractants to inflammatory cells [19] and contrib-
ute to inflammatory cell activation [20]. NO has also been
shown to promote motility [21] and chemotaxis [22] of neutro-
phils, which may contribute to their ability to invade injured
tissues.

NO can function as an anti-inflammatory molecule through
several mechanisms. For example, NO can inhibit leukocyte
adhesion to vascular endothelium [23], thereby preventing their
entry into injured tissue. NO may also function as an anti-
inflammatory molecule through its ability to inhibit the synthe-
sis of superoxide anions by neutrophils [24] to scavenge
superoxide [25] and to inhibit macrophage la* expression [26].
Anti-inflammatory actions of NO may also result from the
induction of apoptosis of inflammatory cells [27, 28]. A previous
investigation showed that ED1" macrophages undergo apopto-
sis during the stage of muscle inflammation when their
concentration declines [29], which indicates that apoptosis of
ED1* macrophages is a negative regulator of their population
during muscle inflammation in vivo. However, it is unknown
whether NO plays a role in regulating ED1* macrophage
apoptosis.
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Most NO-mediated effects that are expected to influence
inflammation are based on in vitro studies. Because of the
potentially opposing effects of NO as a promoter or inhibitor of
processes associated with inflammation, it is difficult to
determine whether NO will function in vivo as a proinflamma-
tory or an anti-inflammatory molecule based solely on the
findings of in vitro studies. This determination has practical
importance in view of the potential use of NO donors and NOS
inhibitors as therapeutic agents for the treatment of disease and
trauma [30, 31]. In this study, we tested whether modifying NO
production in vivo affects muscle inflammation and necrosis or
influences the occurrence of inflammatory cell apoptosis during
modified muscle use. Rats were subjected to periods of muscle
unloading followed by reloading, which has been shown
previously to cause muscle inflammation and necrosis [2, 5, 6]
and inflammatory cell apoptosis [29]. Experimental manipula-
tions were performed on animals to which NOS inhibitors were
administered, and the concentrations of neutrophils, macro-
phages, necrotic fibers, and apoptotic inflammatory cells were
compared to control animals not receiving NOS inhibitors.
Through this analysis, we were able to determine whether the
net effect of NO synthesis in vivo during muscle injury is to
function as a pro-inflammatory or anti-inflammatory molecule.

MATERIALS AND METHODS

Experimental design

Forty-two female Wistar rats (Charles River Laboratories) were housed
individually and maintained on a 12-h light-dark cycle and given food and
water ad libitum. Treatment of animals followed procedures approved by the
UCLA Animal Research Committee. The hindlimbs of 28 rats were unloaded
for 10 days through the use of a tail harness attached to a swivel at the top of the
cage that allowed 360° rotation [6, 32]. After 10 days of hindlimb unloading, the
tail harnesses were removed and the rats experienced muscle reloading during
2 days under normal cage activity. The reloaded rats were randomly assigned to
N=-nitro-L-arginine methyl ester treated (L-NAME), N®-nitro-p-arginine methyl
ester treated (o-NAME), or water treated. L-NAME and b-NAME (0.5 mg -
mL-1) were provided continuously in the drinking water beginning at 9 days of
suspension until 2 days of reloading. The remaining rats served as hindlimb-
suspended controls that were killed after 10 days of suspension or ambulatory
controls that were not suspended and had normal cage activity for 10 days. All
rats were Killed by intraperitoneal injection of 100 mg - kg* pentobarbital
sodium. Both L-NAME and p-NAME inhibit NOS activity, although L-NAME is
a more effective inhibitor than b-NAME [33, 34].

Tissue preparation and immunohistochemistry

Soleus muscles were excised and prepared for immunohistochemistry following
previously published protocols [6]. Frozen sections were immunolabeled for
neutrophils (anti-W3/13, Sera-lab; diluted 1:75), ED1* macrophages (anti-
ED1; Serotec; 1:100), and ED2* macrophages (anti-ED2, Serotec; 1:100).
Negative controls received phosphate-buffered saline (PBS) instead of primary
antibody. Biotinylated anti-mouse 1gG (Vector Laboratories; 1:200) was used as
a secondary antibody. After secondary antibody incubation, sections were
incubated with avidin D horseradish peroxidase and developed with 3-amino-9-
ethylcarbazole to produce a red reaction product.

TdT-mediated dUTP labeling of apoptotic DNA

Apoptotic nuclei were detected using terminal deoxynucleotide transferase
(TdT)-mediated dUTP-biotin nick end labeling [35]. Tissue sections were
processed using procedures described by Spencer et al. [36]. Positive control
sections of young mouse thymus were treated in parallel with soleus sections.
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Negative controls were prepared identically, except TdT was eliminated from
the reaction mixture.

Quantification of inflammatory cells and apoptotic
nuclei

The number of inflammatory cells and apoptotic nuclei in two sections were
counted by light microscopy and the total area of the section was measured
using previously described techniques [37]. The number of labeled nuclei
located in the connective tissue between muscle fibers and the apoptotic cells
located within fibers were counted separately. The volume of muscle sampled
was calculated as the product of the cross-sectional area of the section and the
section thickness (10 pm). The concentrations of inflammatory cells and
apoptotic nuclei were expressed as number per cubic millimeter. The number of
ED1* macrophage-invaded fibers, an indicator of fiber necrosis, was counted
using the same morphometric techniques as previously described except that
the number of invaded fibers was expressed relative to the total area of the
section (mm2).

Statistical analyses

A one-way analysis of variance was used to analyze the treatment effect for the
concentrations of inflammatory cells and apoptotic inflammatory cell nuclei.
Body mass was analyzed using a two-way repeated measures analysis of
variance to determine the main effects [treatment and time (pre- and post
hindlimb unweighting and 48 h of reloading)] and the interaction effect. If the
observed F ratio was statistically significant, the Fisher least significance
difference test was used to locate the differences.

RESULTS

Ten days of hindlimb unloading followed by two days of
reloading resulted in an increase in the concentrations of
neutrophils and ED1* and ED2* macrophages (Fig. 1; Table
1), and fiber necrosis (Fig. 2) relative to ambulatory and
suspended only animals, which is consistent with previous
observations [6]. Novel findings of this study were that NOS
inhibition by L-NAME significantly reduced the concentrations
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Fig. 1. Concentrations of inflammatory cells in rat soleus muscles after 10
days of unloading followed by 2 days of reloading. Solid bars, neutrophil
concentrations; white bars, ED1* macrophage concentrations; hatched bars,
ED2* macrophage concentrations. AMB, ambulatory controls; SUSP, sus-
pended animals experiencing unloading without reloading; WATER, reloaded
animals provided water without NOS inhibitor; L-N, reloaded animals provided
water containing L-NAME; D-N, reloaded animals provided water containing
p-NAME. *Significant difference from AMB and SUSP (P < 0.05); #significant
difference from WATER and D-N; §, significant difference from WATER only.
Standard errors are shown.



TABLE 1. Concentration of Leukocyte Populations in Rat Soleus Muscle and Measurement of Muscle Necrosis After Experimental Treatments
Treatment Neutro/mm3 ED1/mm?3 ED2/mm? Invaded fibers
AMB. CONT. (n = 5) 1599 (430) 2280 (741) 8433 (5592) 0.1(0.15)

SUSP. (n = 7) 3579 (1601) 3662 (1650) 6806 (9350) 0.76 (0.30)
WATER (n = 10) 48,138 (36,308)* 54,579 (27,560)* 55,460 (32,424)* 6.48 (6.39)*
L-NAME (n = 11) 19,840 (12,943)" 21,680 (14,481)t 26,537 (7171)" 1.65 (1.03)*
D-NAME (n = 9) 45,372 (22,063)* 35,071 (25,298)* 39,660 (17,501)* 3.51 (1.70)*

Standard deviation is shown in parentheses.
* Values that differ significantly from suspended only muscle at P < 0.05.
T Significant difference from WATER and p-NAME.

* Significant difference from WATER only. AMB. CONT. group, ambulatory controls; SUSP, animals experiencing suspension for 10 days without a subsequent
reloading period. All other animals were suspended for 10 days, followed by 24 h of reloading while provided with water only (WATER), or water containing L-NAME
(.-NAME) or b-NAME (p-NAME). Neutro, neutrophils; ED1, ED1* macrophages; ED2, ED2* macrophages.

of inflammatory cells (Fig. 1) and fiber necrosis (Fig. 2) relative
to animals experiencing reloading without NOS inhibition. In
addition, the concentrations of inflammatory cells and necrotic
fibers in NOS-inhibited animals were similar to ambulatory and
suspended only animals. b-NAME-treated rats contained signifi-
cantly more neutrophils, ED1* macrophages, and ED2* macro-
phages relative to L-NAME-treated animals, ambulatory, or
suspended only animals. b-NAME-treated animals did not
differ significantly from water-treated animals in the concentra-
tion of neutrophils, macrophages, or invaded fibers. However,
administration of b-NAME showed a trend in reducing muscle
inflammation and necrosis for all parameters assayed (Table 1).
Although the trend was not significant at the confidence
interval employed in this investigation (P < 0.05), this result
reflects the small inhibitory effect of b-NAME on NOS activity
compared to that of L-NAME. This small inhibitory effect has
been observed previously [33, 34].

ED1* macrophages in muscles experiencing reloading with-
out L-NAME treatment were primarily found in clusters in the
muscle that were usually located in the connective tissue
surrounding muscle fibers, but were also observed in the
cytoplasm of fibers they invaded (Fig. 3). Reloaded muscles of
animals receiving L-NAME treatments also contained clusters
of ED1* macrophages, although they were uncommonly found
in invaded fibers and more often located near blood vessels.
Neutrophils and ED2* macrophages were more uniformly
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Fig. 2. Histogram showing the number of necrotic fibers/unit cross-sectional
area of rat soleus muscle. Labels for bars and markers indicating significance of
differences are defined in the legend for Figure 1.

distributed through the connective tissue of the muscle (Figs. 4
and 5) and L-NAME treatment had no detectable effect on their
distribution within the muscles, although their concentration in
the reloaded muscle was greatly reduced by the L-NAME
treatment. The intramuscular blood vessels of L-NAME-treated
animals commonly showed neutrophils and ED1+ macrophages
closely apposed to the luminal surface of the vascular endothe-
lium of reloaded animals (Fig. 6), so that they appeared to be
adhering to the endothelium. Neither neutrophils nor macro-
phages were observed to be closely apposed to the vascular
endothelium of reloaded animals receiving b-NAME or water
only.

The distribution of apoptotic cells also tended to be clus-
tered, and uncommon instances of apoptotic cells in necrotic
muscle fibers were observed (Fig. 7). The concentration of
apoptotic inflammatory cells was also significantly lower in
L-NAME-treated animals relative to water-treated or o-NAME-
treated animals, but did not differ significantly from muscles of
ambulatory and suspended only animals (Fig. 8).

We tested the possibility that the frequency of occurrence of
inflammatory cell apoptosis was lower in L-NAME-treated
animals than in water- or o-NAME-treated animals by compar-
ing the ratio of apoptotic cells to the total number of neutrophils
and ED1+ macrophages in the sample. The number of apoptotic

Fig. 3. Cross-section of rat soleus muscle collected after 10 days of hindlimb
unloading followed by 2 days of reloading while receiving water without NOS
inhibitor. Section was immunolabeled for ED1* macrophages. Dark staining
mononucleated cells lying primarily in the connective tissue between fibers
(arrowheads) and occasionally present within the cytoplasm of necrotic muscle
fibers (arrows) are ED1* macrophages. Bar = 100 pm.
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Fig. 4. Cross-section of rat soleus muscle collected after 10 days of hindlimb
unloading followed by 2 days of reloading while receiving water without NOS
inhibitor. Section was immunolabeled for neutrophils, which were observed
primarily in the connective tissue between fibers. Bar = 100 um.

cells was expressed relative to neutrophil and ED1* macro-
phage populations because these cells experience a decrease in
their concentration at these early stages of muscle reloading,
whereas ED2* macrophage populations remain elevated for at
least 7 days after commencement of reloading [6]. This analysis
revealed that the ratio of the concentration of apoptotic
inflammatory cells to the concentration of neutrophils and
ED1+ macrophages did not differ significantly between any
experimental groups (Fig. 9). This indicates that L-NAME did
not increase the frequency of occurrence of apoptosis of
inflammatory cells.

The volume of water ingested from 9 days of hindlimb
unloading throughout the 2 days of reloading was not signifi-
cantly different between the treatments (mean = sE; water,
108 * 6.2; L-NAME, 89.7 = 5.9; b-NAME, 105.6 = 6.6 mL).
The L-NAME- and the p-NAME-treated animals ingested
753.4 = 53 and 864.4 = 60 pmol - kg'* body mass, respectively
(P > 0.05). Body mass was not influenced by hindlimb
unloading or by b-NAME or L-NAME administration.

Fig. 6. Cross-section of rat soleus muscle collected after 10 days of hindlimb
unloading followed by 2 days of reloading while receiving water containing
L-NAME. Section was immunolabeled for neutrophils. L-NAME treatment
resulted in the presence of neutrophils (arrows) lying on the luminal surface of
vascular endothelia (arrowheads). Bar = 50 pm.

DISCUSSION

Previous investigations conducted in vitro have shown that NO
can influence inflammatory cell functions as either a proinflam-
matory or an anti-inflammatory molecule [22-24, 27, 28]. The
apparently opposing effects of NO in vitro make it difficult to
predict the biological effects of NO because its role may vary
with differences in the tissue in which the inflammation occurs
[38-41], differences in the presence of other pro-inflammatory
or anti-inflammatory molecules, and its concentration or rate of
delivery in the tissue [42]. The possibility that NO production
by muscle can influence the occurrence of muscle injury and
inflammation has been suggested by the observation that mdx
mouse muscles, which express very low levels of NOS [43, 44],
experience extensive muscle inflammation and necrosis [45,
46]. Although it is not expected that NOS deficiency is a major
cause of muscle inflammation and necrosis in dystrophic mdx
muscle, it is feasible that the low levels of NO production by
mdx muscle may exacerbate muscle inflammation if NO release
by muscle serves an anti-inflammatory role.

Fig. 5. Cross-section of rat soleus muscle collected after 10 days of hindlimb
unloading followed by 2 days of reloading while receiving water without NOS
inhibitor. Section was immunolabeled for ED2* macrophages, which were
exclusively located in the connective tissue between fibers. Bar = 100 pm.
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Fig. 7. Cross-section of rat soleus muscle collected after 10 days of hindlimb
unloading followed by 2 days of reloading while receiving water containing no
NOS inhibitors. Section was labeled for apoptotic nuclei. Dark staining nuclei
of apoptotic mononucleated cells located in the connective tissue (arrowhead)
or clustered in a necrotic fiber (arrow) are shown. Bar = 100 pm.
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Fig. 8. Histogram showing the concentration of apoptotic inflammatory cells
in rat soleus muscle. Labels for bars and markers indicating significance of
differences are defined in the legend for Figure 1.

In this investigation, we tested whether NOS inhibition had a
positive or negative effect on muscle inflammation by adminis-
tering NOS inhibitor to rats experiencing muscle reloading after
periods of muscle unloading. Previous investigations have
shown that this technique of modifying muscle loading results
in significant muscle inflammation and necrosis [1, 2, 6, 37].
Our data show that NOS inhibition reduces muscle inflamma-
tion and necrosis during muscle reloading following periods of
unloading to levels that do not significantly differ from ambula-
tory control animals, thereby indicating that NO plays a
prominent proinflammatory role in at least this model of muscle
inflammation. The anti-inflammatory effect of NOS inhibition
was observed in all populations of inflammatory cells assayed,
which suggests that NO may positively influence the concentra-
tion of each of these cell populations in reloaded muscles.
Alternatively, NO may play a positive role in regulating the
invasion or proliferation of one inflammatory cell type in
muscle that is capable of affecting the subsequent increase of
other inflammatory cell populations by NO-independent mecha-
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Fig. 9. Histogram showing the ratio of the number of apoptotic nuclei
expressed relative to the total number of neutrophils and ED1* macrophages in
each group tested. This ratio was significantly higher (P < 0.05) for all
experimental groups relative to ambulatory controls, but there was no
significant difference between experimental groups.

nisms. If this latter case exists, neutrophils would be the likely
cell type on which NO could act directly as a proinflammatory
molecule because they are typically the first inflammatory cells
to invade injured tissue, including muscle [45].

NOS inhibition may cause a reduction in muscle inflamma-
tion by blocking several proinflammatory effects of NO that
have been demonstrated in vitro. The activation of cyclooxygen-
ases by NO [15] leads to the production of prostaglandins that
typically function as proinflammatory molecules and can
increase muscle proteolysis [16, 17]. NO can also act as a
chemoattractant to neutrophils [22], which would promote
inflammation. Furthermore, NO generated by activated inflam-
matory cells would be inhibited by the administration of
L-NAME, which could thereby reduce inflammatory cell-
mediated damage to the reloaded muscle. Thus, the reduction
in muscle fiber necrosis in NOS-inhibited animals may be
attributed both to a decrease in the concentration of inflamma-
tory cells in the reloaded muscle and to inhibition of NO-
mediated fiber injury.

Systemic inhibition of NOS by the administration of L-NAME
at the concentrations used in this investigation has been shown
previously to inhibit NO-mediated vasodilation [48-51] and to
cause an increase in blood pressure [48]. Administration of
NOS inhibitors, including L-NAME, either by intravenous
injection or by addition to drinking water has also been found to
reduce blood flow to muscle [51-53]. The effect of NOS
inhibition on muscle blood flow varies with muscle type, with
rat soleus muscle experiencing approximately a 30% decrease
in blood flow after administration of L-NAME [52]. Thus,
reduction of blood flow to the muscle during reloading may be a
potentially important factor contributing to the reduction in
muscle inflammation in NOS-inhibited animals, since this
would be associated with a reduction in the number of
neutrophils and ED1* macrophages circulating through the
muscle during the reloading period.

The observation reported here that NOS-inhibited animals
contained neutrophils and ED1* macrophages adhering to the
vascular endothelium of intramuscular vessels, although no
similar cell adhesion was observed in reloaded muscle of
animals that did not experience NOS inhibition, is consistent
with previous observations made in vitro. For example, applica-
tion of L-NAME to neutrophils in vitro increases their adhesion
to endothelial cells [54] and administration of the NOS
substrate arginine inhibits monocyte adhesion to endothelial
cells [55]. L-NAME application in vivo has also been shown to
increase leukocyte rolling [49] and binding [49, 56] in situ. The
L-NAME promotion of leukocyte rolling and binding is expli-
cable by the observation that NO suppresses the expression of
key cell adhesion molecules involved in leukocyte diapedesis,
in particular P-selectin, ICAM, and VCAM [54, 55, 57]. These
findings suggest that NOS inhibition would lead to an increase
in inflammation of injured tissues because leukocyte rolling
and adhesion that are mediated by selectins and CAM mol-
ecules are required for diapedesis that leads to injured tissue
invasion by inflammatory cells. Furthermore, NOS inhibition
by L-NAME increases vascular permeability during tissue
injury [58], which would also be predicted to promote inflamma-
tory cell invasion of the injured tissue. However, the findings of
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this investigation show that increased leukocyte adhesion
resulting from NOS inhibition is not associated with increased
muscle inflammation during muscle reloading.

The ability of NOS inhibition to reduce muscle inflammation
in this investigation does not exclude the possibility that NOS
inhibition could also produce other proinflammatory effects in
this system. For example, the observation that administration of
NO to peritoneal macrophages or RAW 264.7 macrophages
induced apoptosis in vitro [27, 59] suggests that NOS inhibition
would reduce the proportion of the inflammatory cell population
experiencing apoptosis. The finding that the ratio of apoptotic
inflammatory cells to ED1* macrophages and neutrophils did
not differ significantly in the reloaded muscles of animals
treated with L-NAME, b-NAME, or water indicates that NOS
inhibition did not affect the frequency of occurrence of
apoptosis in these inflammatory cell populations, and thereby
supports the conclusion that NO is not an important negative
regulator of inflammatory cell populations in muscle via
apoptosis in the model used here.

The anti-inflammatory effects of NOS inhibition that were
identified in this investigation suggest that a portion of the
anti-inflammatory effects of some drugs, such as nonsteroidal
anti-inflammatory drugs (NSAIDs), may be mediated through
NOS inhibition. Although the anti-inflammatory role of NSAIDs
is largely attributable to inhibition of cyclooxygenases and
thereby reducing synthesis of proinflammatory prostaglandins,
recent findings show that aspirin, ibuprofen, sodium salicylate,
and indomethacin also inhibit the expression of iNOS [60].
Thus administration of these NSAIDs would be predicted to
diminish muscle inflammation in the model used here through
the reduced expression of NOS, as well as by cyclooxygenase
inhibition.

Although NO present in muscle during reloading can be
generated by eNOS in endothelial cells, iNOS in inflammatory
cells, and nNOSy in skeletal muscle, both eNOS and nNOSy
can be logically excluded from being the primary sites of NO
production that normally lead to muscle necrosis and inflamma-
tion during increased muscle use. NO synthesized by muscle is
not expected to serve the proinflammatory role identified in the
present investigation because recent findings [61] show that
there is nearly a 50% decrease in rat soleus nNOSp concentra-
tion after 10 days of hindlimb muscle unloading. Thus,
non-inflamed ambulatory muscle would be capable of twice as
much NO generation by nNOSy as inflamed muscle experienc-
ing reloading after 10 days of unloading. Similarly, eNOS
expression in blood vessels in muscle is positively regulated by
blood flow [60, 62], so that decreased blood flow to the hindlimb
muscles during suspension would decrease the concentration of
eNOS and thereby decrease the NO-generating capability of
blood vessels in muscle upon reloading. Thus, inhibition of
iNOS in animals at the time of increased muscle use is
predicted to reduce muscle inflammation and necrosis, as
shown in this investigation.
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