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Sepsis-Induced Cardiac Mitochondrial Dysfunction
Involves Altered Mitochondrial-Localization of Tyrosine
Kinase Src and Tyrosine Phosphatase SHP2
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Abstract

Our previous research demonstrated that sepsis produces mitochondrial dysfunction with increased mitochondrial
oxidative stress in the heart. The present study investigated the role of mitochondria-localized signaling molecules, tyrosine
kinase Src and tyrosine phosphatase SHP2, in sepsis-induced cardiac mitochondrial dysfunction using a rat pneumonia-
related sepsis model. SD rats were given an intratracheal injection of Streptococcus pneumoniae, 4x10° CFU per rat, (or
vehicle for shams); heart tissues were then harvested and subcellular fractions were prepared. By Western blot, we detected
a gradual and significant decrease in Src and an increase in SHP2 in cardiac mitochondria within 24 hours post-inoculation.
Furthermore, at 24 hours post-inoculation, sepsis caused a near 70% reduction in tyrosine phosphorylation of all cardiac
mitochondrial proteins. Decreased tyrosine phosphorylation of certain mitochondrial structural proteins (porin, cyclophilin
D and cytochrome C) and functional proteins (complex Il subunit 30kD and complex | subunit NDUFB8) were evident in the
hearts of septic rats. In vitro, pre-treatment of mitochondrial fractions with recombinant active Src kinase elevated OXPHOS
complex | and -1l activity, whereas the effect of SHP2 phosphatase was opposite. Neither Src nor SHP2 affected complex IV
and V activity under the same conditions. By immunoprecipitation, we showed that Src and SHP2 consistently interacted
with complex | and Ill in the heart, suggesting that complex | and Ill contain putative substrates of Src and SHP2. In addition,
in vitro treatment of mitochondrial fractions with active Src suppressed sepsis-associated mtROS production and protected
aconitase activity, an indirect marker of mitochondrial oxidative stress. On the contrary, active SHP2 phosphatase
overproduced mtROS and deactivated aconitase under the same in vitro conditions. In conclusion, our data suggest that
changes in mitochondria-localized signaling molecules Src and SHP2 constitute a potential signaling pathway to affect
mitochondrial dysfunction in the heart during sepsis.
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Introduction [9,10]. Imbalanced mtROS production due to altered mitochon-
drial metabolism directly cause mitochondrial structural and
functional damage [11,12] and also contribute to overall in-
tracellular oxidative stress to produce cellular injuries [13-15].
Furthermore, recent discoveries implicated mitochondria in sepsis-

Severe sepsis, associated with staggering inflammatory responses
and multi-organ failure, is a leading cause of death in intensive
care units [1,2]. Despite improvements in antibiotic therapies and

critical care techniques [3], there are still approximately 215,000 induced inflammation. Innate immunity utilizes mtROS as
Americans die from sepsis each year [4]. The understanding of a trigger to activate inflammasome NLRP3 in macrophages
sepsis pathophysiology and our therapeutic options are stll — [16], Mitochondrial matrix protein MAVS is part of the
limited. mitoxosome to activate NF-kB during antiviral responses [17].
Among many intracellular players that contribute to the In the plasma from trauma patients, circulating mtDNA fragments
pathogenesis of sepsis, mitochondrial functional deficiency and released from damaged mitochondria were identified as mito-
mitochondrial reactive oxygen species (mtROS) overproduction chondria-derived danger-associated molecular patterns (DAMPs)
are commonly recognized as major promoters [5,6]. In patients to trigger peripheral inflammation [18]. To date, intracellular
with severe sepsis, the degree of mitochondrial dysfunction in molecular pathways that lead to mitochondrial dysfunction during
skeletal muscle and liver biopsies has been found to associate with sepsis have not been understood, and research in this area is
clinical outcomes [7,8]. The underlying mechanism of mitochon- expected to reveal the mechanism of the disease and to identify
drial function in sepsis pathogenesis probably involves multiple potential therapeutic targets.
pathways. Impaired mitochondria respiration has been proposed A growing body of evidence suggests that reversible
to cause tissue level defect of oxygen utilization, termed phosphorylation of mitochondrial proteins plays an essential
“cytopathic hypoxia”, during sepsis-mediated organ failure part in control of mitochondrial function and structure [19-22].
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Figure 1. Sepsis alters subcellular distribution and total expression levels of tyrosine kinase Src and tyrosine phosphatase SHP2 in
the heart. Sprague-Dawley rats were infected by S. pneumoniae or given PBS sham control. Rats were killed at indicated time points and subcellular
fractions were prepared from the heart tissues. A. Changes in subcellular distribution of Src and SHP2 in myocardium 24 hours post-inoculation.
Protein samples of mitochondria, cytosol and total heart tissue lysates were analyzed by Western blot using antibodies against Src, SHP2,
mitochondrial marker protein adenine nucleotide translocase (ANT), and cytosolic marker glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Results were quantified by densitometry analysis and expressed as fold changes relative to shams. B. Changes in total mRNA levels of Src and SHP2 in
myocardium 24 hours post inoculation. Real-time PCR using commercially available primer-probe sets for Src and SHP2 was performed in triplicate in
all samples, and results were normalized to the housekeeping gene GAPDH. C. Time course changes of mitochondria-localized Src and SHP2 in the
heart after sepsis. Protein samples of cardiac mitochondria from sham and sepsis rats killed at indicated post-inoculation time points were analyzed
by Western blot using antibodies against Src, SHP2 and mitochondrial matrix protein cyclophilin D. Results were quantified by densitometry analysis
and expressed as fold changes relative to shams. In A-C, all values are means =*SE. Statistical significances between sham and sepsis subjects are
labeled with * (p<<0.05, n =6 per group). D. Confirmation of Src and SHP2 intra-mitochondria localization by proteinase K sensitivity. Freshly isolated
mitochondria fractions were treated with 100 ng/ml proteinase K (PK) in the absence or presence of 0.5% Triton X-100 (T) at room temperature for
30 min followed by Western blot analysis using antibodies against Src, SHP2 or ANT. E. Confirmation of mitochondria isolation. Mitochondrial (M),
cytosolic (C) fractions or total heart tissue lysates (L) were analyzed by Western blot using antibodies against marker proteins ANT, GAPDH, plasma
membrane-type Ca?"-ATPase (PMCA), and nucleolin. Mitochondrial respiratory complexes (I-V) and mitochondrial membrane integrity markers were
examined in the mitochondrial fractions (M) using cocktail antibodies. Data shown in both D and E are representative of at least 4-6 animals per
group.

doi:10.1371/journal.pone.0043424.9001
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Proteomic analysis captured phosphorylation sites on critical
enzymes of mitochondria metabolism, membrane components
and biosynthesis molecules in healthy mitochondria isolated
from rat brains [23] and from mouse hearts [24]. Recent
investigations implicated certain well-known intracellular signal-
ing molecules, such Src-family tyrosine kinases [25], tyrosine
phosphatases PTP-1B and SHP2 [20], and serine/threonine
kinases, protein kinase C (PKC) [26,27] and extracellular-signal-
regulated kinases (ERK) [22,28], in the regulation of protein
phosphorylation and dephosphorylation inside mitochondria.
These molecules do not possess mitochondria-sorting peptide
and the mechanism of their mitochondria translocation is not
understood yet. However, their intra-mitochondria localization
was verified using immune electron microscopy [25,28,29] and
western blot analysis [20,25]. Currently, the functional signifi-
cance of mitochondria-localized kinases and phosphotases in
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sepsis-mediated mitochondrial damage in different organs is not
known.

Cardiac dysfunction is an important component of multi-organ
failure induced by severe sepsis [30-32]. Septic patients with
cardiac dysfunction have significantly higher mortality compared
with patients without this condition (70 vs. 20%) [33,34]. In the
heart, mitochondria comprise about 30% of myocardial volume
[35]. Mitochondrial dysfunction, such as impaired metabolism,
altered energy generation and elevated production of ROS, has
been implicated in promoting sepsis-associated myocardial injury
[36-38]. Previously, our laboratory developed a pneumonia-
related sepsis model in rats [39]. In this model, rats were infected
with S. pneumoniae and sepsis symptoms were confirmed by positive
blood cultures, pulmonary inflammation, lactic acidosis, and a fall
in mean arterial blood pressure 24 hours post-infection [40-43].
Using this model, we demonstrated that sepsis impaired cardiac
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mitochondria, causing compromised membrane integrity, in-
creased oxidative stress, and decreased antioxidant defense [44].
Our recent application of a mitochondria-targeted antioxidant
provided direct evidence to support that mtROS-mediated
mitochondria impairment plays a causative role in myocardial
inflammation and cardiac dysfunction during sepsis [45]. In this
report, we investigated the function of intracellular signaling
molecules, tyrosine kinase Src and tyrosine phosphatase SHP2, in
mitochondrial impairment in the heart using the rat pneumonia-
related sepsis model.

Results

Sepsis Alters Mitochondrial Translocation of Tyrosine
Kinase Src and Phosphatase SHP2 in the Heart

To determine whether sepsis changes the expression and
subcellular distribution of tyrosine kinase Src and phosphatase
SHP?2 in the heart, we examined their levels in mitochondria,
cytosol and total tissue lysates by Western blot in the heart tissue
harvested 24 hours post bacterial inoculation. As shown in
Figure 1A, sepsis caused a dramatic ~80% reduction of Src and
a more than one fold increase of SHP2 in mitochondria. As
a control, mitochondrial marker adenine nucleotide translocase
(ANT) showed no difference between sham and sepsis samples. In
parallel, sepsis increased both Src and SHP2 levels in the cytosol
while had no effect on cytosolic marker glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). When whole tissue lysates
were examined, a significant ~35% decrease in Src and a ~40%
increase in SHP2 expression were found to be associated with
sepsis. An additional real-time PCR analysis revealed similar
differences of Src and SHP2 mRNA expression between sham and
sepsis rats, indicating that sepsis-mediated changes of Src and
SHP2 expression in the heart were regulated at the transcription
level (Figure 1B).

The sepsis-induced variations in mitochondria-localized Src and
SHP?2 were further analyzed in a time course study (Figure 1C). In
the mitochondrial fractions isolated from the hearts harvested at 4,
8, 12 and 24 hours post-inoculation, a significant decrease in Src
and an increase in SHP2 were detected as early as 4 hours
following the septic challenge. These changes were further
progressed and reached to the maximal levels at 24 hours post
inoculation. As controls, no significant variation was shown for
mitochondrial matrix protein cyclophilin D and cytosolic GAPDH
was not detectable in these mitochondrial protein samples (data
not shown).

The intra-mitochondria localization of Src and SHP2 was
further verified by the insensitivity of these molecules to proteinase
K treatment. As shown in Figure 1D, isolated heart mitochondria
were treated with proteinase K in the presence or absence of
detergent Triton X-100 (TX-100) and subsequently analyzed by
Western blot. In all these samples, presence of cytosol marker
GAPDH was negative (data not shown), confirming the complete
separation of mitochondria from cytosol. Similar to mitochondrial
marker ANT that resides in the inner mitochondrial membrane
[46,47], majority of Src and SHP2 was resistant to proteinase K
digestion. Our previous publications revealed that basal level
membrane damage of mitochondria isolated from healthy heart
tissue was about 10%—15%, presumably caused by the isolation
procedure itself [44,45,48,49]. Therefore, since this amount of
non-intact mitochondria was digested by proteinase K, slight
decrease of Src, SHP2 and ANT after proteinase K treatment was
expected. In the presence of detergent TX-100, Src, SHP2 and
ANT were completely degraded and no longer detectable. Taken
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all, the result presented here indicates that Src and SHP2 are
present inside mitochondria in the heart tissue.

In these experiments, the quality of mitochondrial preparations
was verified by Western blot using antibodies against multiple
markers of subcellular fractions. As shown in Figure 1E, mito-
chondrial marker ANT and cytosol marker GAPDH were
exclusively present in the mitochondrial and cytosol fractions
respectively. Consistently, cell membrane protein, plasma mem-
brane-type Ca*-ATPase (PMCA), or nuclear protein, nucleolin,
was merely detectable in these fractions. All these markers
appeared in the total tissue lysates. In addition, the presence of
mitochondrial respiratory complexes (I-V) and markers of
mitochondrial membrane integrity was confirmed in the mito-
chondrial fractions.

Sepsis Reduces Tyrosine Phosphorylation of
Mitochondrial Functional and Structural Proteins in the
Heart

We next examined whether sepsis alters tyrosine phosphoryla-
tion of mitochondrial proteins in the heart. Mitochondrial
fractions were isolated from the hearts of sham and sepsis rats
24 hours post-inoculation. Tyrosine phosphorylated proteins were
extracted by immunoprecipitation and analyzed by Western blot
using anti-phosphotyrosine (Figure 2A). Compared with sham
controls, sepsis rats showed a near 70% decrease of tyrosine
phosphorylation level in total cardiac mitochondrial proteins.
Furthermore, using an antibody cocktail against marker proteins
of mitochondrial oxidative phosphorylation (OXPHOS) complex
I-V (Fig. 2B), we found that sepsis reduced ~80% tyrosine
phosphorylation of NDUF88 in complex I, succinate dehydroge-
nase complex, subunit B (SDHB) in complex II, and ubiquinol-
cytochrome c reductase core protein II (UQCRC?2) in complex III.
Phosphorylation of mitochondria-encoded cytochrome c oxidase I
MTCOI, also known as COXI1) in complex IV and ATP5A in
complex V (ATP synthase) was not affected by sepsis. Using an
antibody cocktail against marker proteins of mitochondrial
membrane (Fig. 2C), we detected a similar degree of reduction
in tyrosine phosphorylation of porin, cyclophilin D and cyto-
chrome C. On the contrary, tyrosine phosphorylation of complex
V (C-V) alpha subunit and complex III (C-III) core 1 did not
respond to sepsis. Taken all together, our study showed that, in the
heart, sepsis significantly decreases tyrosine phosphorylation of
mitochondrial functional and structural proteins.

Sepsis-mediated OXPHOS Deficiency in Cardiac
Mitochondria Involves Src and SHP2

To determine if mitochondria-localized Src kinase and SHP2
phosphatase have any function in the regulation of mitochondrial
metabolism in the heart during sepsis, we examined whether
recombinant active enzyme of Src or SHP?2 affected the activities
of mitochondrial OXPHOS complexes I-V @ vitro. As shown in
Figure 3, enzymatic activities of complex I, II-III, IV and V were
measured in mitochondrial fractions isolated from the heart tissue
of sham and sepsis rats 24 hours post-inoculation. Sepsis caused an
overall ~20-30% decrease of these OXPHOS activities. Pre-
treatment of mitochondrial proteins with active Src inhibited
sepsis-mediated reduction of complex I activity and significantly
elevated complex II-III activity in both sham and sepsis subjects.
On the contrary, treatment of mitochondria with active SHP2
dramatically led to a more than 50% reduction of these activities
in all samples. Under the same condition, Src and SHP2 provided
no effect on the activities of complex IV and V in mitochondrial
preparations from either sham or sepsis rats.
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Figure 2. Sepsis decreases tyrosine phosphorylation of mitochondrial proteins in the heart after sepsis. Rats were infected by S.
pneumoniae or given PBS sham control, killed 24 hours post-inoculation and mitochondrial fractions were isolated from the heart tissues. Pooled
mitochondria preparations (n=3 rats) were solubilized by 1 mM n-dodecyl-B-D-maltopyranoside, subjected to immunoprecipitation with anti-
phosphotyrosine-sepharose 4B, and analyzed by Western blot using anti-phosphotyrosine (A), antibody cocktails against mitochondrial OXPHOS
complexes (B), or antibody cocktails against mitochondrial membrane proteins (C). Data shown are representative of at least 3 independent
experiments. Results were quantified by densitometry analysis and expressed as fold changes relative to shams. All values are means =*SE. Statistical
significances between sham and sepsis subjects are labeled with * (p<<0.05, n=6 per group).

doi:10.1371/journal.pone.0043424.9002

To explore the possibility that components of complex I, II or
IIT are targets of Src and SHP2 in mitochondria, we examined
whether Src and/or SHP2 were physically associated with these
OXPHOS complexes i vivo. Mitochondrial fractions from the
heart tissue of sham and sepsis rats were subjected to immuno-
precipitation using antibodies against complex -V, and the

PLOS ONE | www.plosone.org

presence of Src and SHP2 in the pull-down proteins was examined
by Western blot. As shown in Figure 4, Src and SHP2 interacted
with complex I and III in mitochondria from both sham and sepsis
animals. Sepsis caused a decrease of Src and an increase of SHP2
that associated with these OXPHOS complexes, which differences
correlate with sepsis-induced changes of mitochondria-located Src

August 2012 | Volume 7 | Issue 8 | e43424



120 1

2 OSham
>
= M Sepsis

wn -
&’ £ 100 .
P
3% 80 -
E-"o‘
ST 60 -
o3 1a
¢5s
S a 40 1 *TA
)
Q
(14 20

0 T r
Control Src SHP2
OSham MSepsis

> 120
2
S % 100 - *
< £ * .
> ©
<< 80
£g 601
38

= 40 -
23
(1]
- 20 1
14

0 T T
Control Src SHP2

Function of Mitochondrial Src/SHP2 in Sepsis Heart

140 1 1 OSham

1 B Sepsis

1

(percent of shams)
— —
N e [=2] [+ o ]
o o (=] o o o

Relative Complex II-lll Activity

o

Control Src SHP2

120 - OSham WMSepsis
100 -

80 1

Relative Complex V Activity
(percent of shams)

Control Src SHP2

Figure 3. Cardiac mitochondrial OXPHOS activities regulated by active Src and SHP2 in vitro. Rats were infected by S. pneumoniae or
given PBS sham control and killed 24 hours post-inoculation. Mitochondrial fractions were isolated from the heart tissues, treated with active Src or
SHP2, and subjected to the measurements of OXPHOS complex |-V activities. Mitochondria without treatment were used as control. Results are
expressed as percentage of shams. All values are means =SE. Statistical significances: * difference between sham and sepsis, 9 difference between
control and treatments, A difference between Src and SHP2 (p<<0.05, n=6 per group).

doi:10.1371/journal.pone.0043424.9003

and SHP2 (shown in Figure 1A). Thus, the interaction between
Src/SHP2 and complex I/IIT appears to be persistent. No positive
Src or SHP2 signal was detected when mitochondrial proteins
were immunoprecipitated with antibodies against complex II, IV
or V (data not shown). Our results suggest that complex I and III
contain putative substrates of Src and SHP2.

Effects of Active Src and SHP2 on Cardiac Mitochondrial
Oxidative Stress in vitro

To evaluate the possibility that mitochondrial Src kinase and
SHP2 phosphatase regulate mitochondrial ROS (mtROS)
signaling in the heart during sepsis, we examined the effects
of in wvitro active Src and SHP2 on mtROS productivity and
mitochondrial aconitase activity. To compare mtROS, mito-
chondrial fractions from sham and sepsis rats were supplemen-
ted with superoxide dismutase to convert superoxide to HoOo
and subsequently subjected to a standard Amplex Red assay to
quantify total HoOy levels [45,50]. As shown in Figure 5A,
sepsis triggered HyO9 overproduction in mitochondria; a ~30%
increase in the presence of respiration substrate succinate
(Figure 5A). However, this increase was abolished when
mitochondria were pre-treated with active Src kinase wm witro.
On the contrary to Src kinase, SHP2 phosphatase treatment

PLOS ONE | www.plosone.org

dramatically elevated HyOy production in all mitochondria
samples.

Because aconitase is sensitive to ROS oxidation, loss of
mitochondrial aconitase activity has been interpreted as an
indirect marker of mtROS elevation [48,51]. We measured
aconitase activities in the mitochondrial fractions in the presence
or absence of active Src or SHP2 as an alternative approach to
compare Src/SHP2 effects on mtROS production in the heart. As
expected, sepsis reduced approximately 20% of aconitase activity
in cardiac mitochondria (Fig. 5B). In vitro treatment of Src kinase
resulted in a more than 2-fold increase of aconitase activity in
mitochondria of all subjects, whereas the effect of SHP2
phosphatase was completely opposite. Taken all together, our
data suggest that Src and SHP2 participate in the regulation of
ROS production in cardiac mitochondria during sepsis.

Discussion

In a rat pneumonia-related sepsis model, we investigated
whether sepsis alters mitochondrial translocation of certain
intracellular kinases and phosphatases in the myocardium and
whether these signaling molecules participate in the development
of sepsis-mediated mitochondrial dysfunction in the heart. We
found that sepsis induces a substantial decrease in tyrosine kinase

August 2012 | Volume 7 | Issue 8 | e43424



IP
|

Function of Mitochondrial Src/SHP2 in Sepsis Heart

Complex | Complex il
& )
S & & &
a}\‘b ‘bQ,Q é{b K
Sr¢ — - L. -'- —— -
SHP2 —— | s e —
CI-NDUFS1 —— | e, o
Clll-uQCRC2 — ——
2 OSham M Sepsis
[7/] *
g 1.6 T
_: -
7)) .
2 7]
28
C o
1.2 1
<
23
T4 -
g 0.8
oo
b~} *
€8 04 *
o £
oo
B
9 0
— Src SHP2 Src SHP2
Complex | Complex Il

Figure 4. Association of Src and Shp2 with OXPHOS complexes | and lll in cardiac mitochondria. Rats were infected by S. pneumoniae or
given PBS sham control, killed 24 hours post-inoculation and mitochondrial fractions were isolated from the heart tissues. Pooled mitochondria
preparations (n=3 rats) were immunoprecipitated with immunocapture antibodies against complex | or complex Ill, and analyzed by Western blot
using antibodies against Src, SHP2, complex | marker NDUFS1 and complex Ill marker UQCRC2. Data shown are representative of at least 3
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doi:10.1371/journal.pone.0043424.9g004

Src and an increase in tyrosine phosphatase SHP2 in cardiac
mitochondria (Figure 1). Correspondingly, tyrosine phosphoryla-
tion of mitochondrial proteins, including components of mito-
chondrial OXPHOS complexes and elements of mitochondrial
membrane structure, was significantly reduced by 70-80%
(Figure 2). In vitro effects of active Src and SHP2 on mitochondrial
OXPHOS complex I and III activities (Figure 3) and @ wiwo
interaction between Src/SHP2 and complex I/III (Figure 4)
suggest that certain subunits of these two OXPHOS complexes are
putative substrates of Src and SHP2. In addition, measurements of
mtROS and mitochondrial aconitase activity in the presence of
Src or SHP2 in vitro (Figure 5) indicate that, in mitochondria, Src
and SHP2 are involved in the regulation of mtROS production
and mitochondrial oxidative stress. Together, these results provide

PLOS ONE | www.plosone.org

evidence to support the novel hypothesis that sepsis-induced
mitochondrial damage is mediated through alteration of mito-
chondria-localized Src kinase and SHP2 phosphatase in the heart.

Current publications suggest that tyrosine phosphorylation is an
essential part of regulation of cardiac mitochondrial function
[52,53]. In sepsis, mitochondrial structural damage and functional
deficiency have been widely observed in experimental models and
in clinical settings [18,45,54,55]. However, to date, sepsis-
assoclated changes in tyrosine phosphorylation of mitochondrial
proteins have not yet been well studied. In this report, we observed
a significant decrease in tyrosine phosphorylation of mitochondrial
proteins in the heart in response to sepsis (Figure 2). This change
coincides with sepsis-mediated elevation of tyrosine phosphatase
SHP2 and reduction of kinase Src in mitochondria (Figure 1),

August 2012 | Volume 7 | Issue 8 | e43424
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active Src and Shp2 in vitro. Rats were infected by S. pneumoniae or
given PBS sham control and killed 24 hours post-inoculation.
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with active Src or SHP2. Mitochondria without treatment were used as
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percentage of shams. B. Aconitase activities were measured and
normalized by the amount of mitochondrial proteins per reaction.
Results are expressed as percentage of shams. All values are means
+SE. Statistical significances: * difference between sham and sepsis, 9
difference between control and treatments, A difference between Src
and SHP2 (p<<0.05, n=6 per group).
doi:10.1371/journal.pone.0043424.g005

suggesting that Src and SHP2 might be the main enzymes
regulating tyrosine phosphorylation in cardiac mitochondria
during sepsis. It was previously reported that Src family kinases
are critical in mitochondrial tyrosine phosphorylation in rat brain
[25] and heart [19]. Functional significance of mitochondria-
associated SHP2 was also suggested in rat brain [20] and in
endothelial cells [56]. However, since the mitochondrial substrates
of Src and SHP2 have not been well characterized, we certainly
cannot exclude other tyrosine kinases and phosphotases in the
regulation of tyrosine phosphorylation of mitochondrial proteins in
the heart during sepsis.

Some key components of mitochondrial OXPHOS complexes
have been identified as targets of tyrosine phosphorylation [23,52]
and potential substrates of Src kinase [57]. Our observation of
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active Src and SHP2 effects on OXPHOS activities  vitro and the
interaction between Src/SHP2 and complex I/1III i vivo suggest
that some subunits in complex I and III are putative substrates of
Src and SHP2 (Figure 3 and 4). Previous studies using small
molecule inhibitors in mitochondrial preparations implicated
similar function of Src and SHP2 [20,57]. However, in vitro Src
and SHP2 did not affect complex IV and V activities in our
experiment. This result is in conflict with reported Src inhibitor
effects on complex IV and V activities in rat brain tissue [20,58].
The discrepancy might be caused by organ- or disease-specific
responses. Future proteomic analysis to identify mitochondrial
substrates of Src and SHP2 will allow us to understand how Src
and SHP2 regulate mitochondrial OXPHOS reactions.

Since mtROS are mostly generated from the reactions of
OXPHOS complex I and III [59], and these complexes may
contain substrates of Src and SHP2, it is not surprising to detect
that active Src and SHP2 affect mitochondrial HyO, production
and aconitase activity (Figure 5). It was previously reported that
aconitase can be phosphorylated by Src family kinase Fgr i vitro
[60]. Src-mediated elevation of aconitase activity might be a result
of combined effects of Src inhibition of mtROS and Src
phosphorylation of aconitase itself. However, whether aconitase
is a target substrate of Src and/or SHP2 in vio remains to be
determined.

We have previously shown that sepsis-induced mitochondrial
oxidative stress is a causative factor for myocardial inflammation
and cardiac dysfunction [44,45]. Results presented in this report
suggest that sepsis-mediated mitochondrial damage in the heart is
regulated through a signal transduction pathway involving tyrosine
kinase Src and phosphatase SHP2. As summarized in Figure 6, we
hypothesize that, during sepsis, certain receptors of pathogen-
associated molecular patterns (PAMPs) and/or danger-associated
molecular patterns (DAMPs) alter mitochondrial translocation of
Src and SHP2 in myocardium. The resulted changes in tyrosine
phosphorylation of mitochondrial proteins produce functional
deficiency and mtROS overproduction, and damaged mitochon-
dria further generate more DAMPs to aggravate inflammatory
responses and organ dysfunction [18]. In this model, several
aspects need to be addressed in future studies. As mentioned
above, mitochondrial substrates of Src and SHP2 remain to be
defined. In addition, the upstream receptor(s) that regulates
mitochondrial translocation of Src and SHP2 needs to be
identified. Furthermore, whether alteration of mitochondrial Src
and SHP2 relates to the production of mitochondrial-derived
DAMP:s to stimulate inflammation and how this signaling pathway
affects cardiomyocyte function deserve further elucidation.

In this report, we also found sepsis-associated increase of Src
kinase in myocardial cytoplasm (Figure 1A). Intracellular Src-
mediated signal transduction pathway in the regulation of sepsis-
induced cardiac dysfunction has not been fully understood yet. A
recent proteomics analysis in HOC2 cardiomyocytes suggested that
Src is a main kinase in the induction of tyrosine phosphorylation of
intracellular proteins that are responsible for cell-cell connections,
cell adhesion and morphology, leading to cardiac damage in
response to oxidative mnjury [61]. In addition, previous studies
using cardiomyocytes culture and heart tissue of different injury
models implicated Src in the acute regulation of intracellular PH
[62] and the induction of apoptosis [63,64] in myocardium. Src
was also linked to pathways of G-protein coupled receptors that
regulate cardiac remodeling [65,66]. In septic hearts, increased
Src kinase in cytoplasm may exert similar roles in promoting heart
failure. However, detailed analysis of sepsis-mediated changes in
phosphorylation and activation status of Src and identification of
potential targets of Src in the heart tissue are required in follow-up
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Figure 6. A proposed model of Src- and SHP2-mediated
mitochondrial damage in the heart in response to sepsis.
doi:10.1371/journal.pone.0043424.9006

studies in order to further address the intracellular function of this
kinase.

In summary, our current results of mitochondrial Src and SHP2
in the heart tissue of pneumonia-related sepsis rats revealed
a plausible mechanism of how mitochondrial damage occurs in
myocardium during sepsis. Further investigation of this mitochon-
drial Src/SHP2 pathway will promote the understanding of sepsis
pathogenesis and will help to identify new therapeutic targets to
control cardiac dysfunction.

Materials and Methods

Ethics Statement

Related animal protocol (protocol number 2011-0073) and
pathogen safety plan were specifically approved by Institutional
Animal Care and Use Committee JACUC), ethics committee, and
the department of Environmental Health and Safety (EH&S) at
the University of Texas Southwestern Medical Center (UTSW).
All work described was performed according to the current
guidelines for animal care and handling biohazard agents.

Sepsis Protocol

Adult Sprague Dawley (SD) male rats (325-360 g, Harlan
Laboratories, Houston, TX) were allowed 5-10 days to acclimate
to surroundings after arrival. Sepsis was induced by intratracheal
mnjection of Streptococcus pneumoniae type 3 (ATCC 6303, Rockville,
MD), 4x10° colony forming units (CFU) per rat.

To amplify bacteria, S. pnreumoniae were reconstituted and
injected into the lungs of a rat to increase their virulence; lung
lavage liquid was plated and purified, and aliquots were prepared
and stored at —80°C until use. Before each experiment, individual
aliquots were thawed and amplified on trypticase soy blood agar
plates overnight at 37°C. Bacteria were collected with sterile
endotoxin-free phosphate-buffered saline (PBS). The broth was
centrifuged and the resultant pellet was washed twice with PBS to
remove any impurities adherent to the bacteria. The bacteria were
then re-suspended in PBS, agitated, and drawn up into sterile
tuberculin syringes in aliquots. Bacterial CFU numbers were
determined by plating 100 pl of the bacterial suspension onto
blood agar plates in serial dilutions and incubating the plates
overnight at 37°C.
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To induce aspiration pneumonia, rats were anesthetized with
isoflurane and placed in a supine position. The area over the
trachea was prepared with 10% povidine-iodine solution. A
midline cervical incision was made, and the trachea was identified
and isolated via blunt dissection. A 0.4-ml aliquot of either sterile
endotoxin-free PBS or bacterial suspension (4x10° CFU) was
injected directly into the trachea. After the wound was closed with
surgical staples, the animals were placed on a 30° incline to ensure
accumulation of the injected fluid into the lungs. All rats were
given 10 ml of lactated Ringer’s solution intraperitoneally while
anesthetized to ensure hydration. Our previous studies have shown
that the surgical procedure alone (injection of PBS and no
bacteria) produces no ill effects.

Preparation of Tissue Lysates and Cellular Fractions
Animals were sacrificed and heart tissues were harvested,
washed in PBS, snap clamp frozen, and kept at —80°C. Tissue
lysates were prepared using tissue protein extraction reagent
(Thermo Fisher Scientific, Rockford, IL), and mitochondrial and
cytosolic fractions were separated by differential centrifugation
using the mitochondria isolation kit for tissue (Sigma-Aldrich,
Saint Louis, MO) according to manufacturer protocols. All
collected samples were stored as aliquots at —80°C until used.

Proteinase K Digestion of Mitochondrial Fractions
According to published methods [21,67], mitochondrial pre-
parations were treated with proteinase K, 100 ng/ml, in
mitochondrial isolation buffer without EDTA in the absence or
presence of 0.5% Triton X-100. After incubation at room
temperature for 30 min, the reaction was stopped by the addition
of protease inhibitor cocktail (all reagents from Sigma-Aldrich, St.

Louis, MO).

Western Blot

SDS-PAGE gel samples were prepared using 2X sample buffer
(Sigma-Aldrich, St. Louis, MO) and loaded to 4-15% gradient gels
at 20 pg/lane. Proteins were transferred to PVDF membranes
(BioRad, Hercules, CA), blocked with 5% nonfat milk-PBS at
room temperature for 1 hour and subsequently probed with
primary antibodies. The membranes were then rinsed and
incubated with corresponding horseradish peroxidase conjugated
secondary antibodies. Antibody dilutions and incubation time
were chosen according to manufacturer’s instructions. Signals
were detected by using SuperSignal West Pico chemiluminescent
substrate (Thermo Scientific, Asheville, NC). Antibodies used in
this report were purchased from the following vendors: antibody
cocktails against rodent mitochondrial membrane integrity and
total OXPHOX antibody were from Abcam, Cambridge, MA,
anti-GAPDH was from Millipore, Billerica, MA, and the other
antibodies were from Santa Cruz Biotechnology, Santa Cruz, CA.
Secondary antibodies were from Bio-Rad, Hercules, CA.

Real-time PCR (RPCR)

Total RNA from the heart tissue was isolated using RNeasy
Mini kit (Qiagen, Valencia, CA), quantified by a NanoDrop
spectrophotometer (NanoDrop Inc., Wilmington, DE), and cDNA
was subsequently synthesized using a High Capacity cDNA
Reverse Transcription Kit (Life Technologies Corporation,
Carlsbad, CA) according to manufacturers suggested protocols.
Primers and TagMan probes (FAM dye-labeled) for Src, SHP2 or
GAPDH were added to the cDNA to start RPCR amplification,
and products were measured using an ABI HT7900 Real-time
PCR System (Life Technologies Corporation, Carlsbad, CA). The
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threshold cycle (Ct) was obtained from triplicate samples and
averaged. The ACt was calculated as the difference between the
Cits for a target gene and housekeeping gene GAPDH, whereas the
AACt was the difference between the ACts for sham and sepsis
samples. The data were expressed as a relative quantification, in
which sepsis-induced fold change of a target gene expression was
calculated as 2~ A2C",

Immunoprecipitation

Mitochondrial pellets were re-suspended in PBS and solubilized
with I mM n-dodecyl-B-D-maltopyranoside (Abcam, Cambridge,
MA) on ice for 30 min. Each 0.5-mg protein sample was incubated
with 50 pl anti-phosphotyrosine-sepharose 4B (Invitrogen, Carls-
bad, CA) or 25 pl mitochondrial complex (I-V) immunocapture
antibody (Abcam, Cambridge, MA) at 4°C overnight. The
precipitates were washed 3 times with cold PBS and proteins
were solubilized with 30 pl 2X SDS sample buffer. The resulted
samples were loaded on SDS-PAGE gels for Western blot analysis.

In vitro Reaction of Recombinant Active Src and SHP2
with Mitochondria Proteins

Mitochondrial pellets were re-suspended in PBS and solubilized
with 1 mM n-dodecyl-3-D-maltopyranoside on ice for 30 min.
Recombinant human active Src or SHP2 (R&D Systems, Inc.,
Minneapolis, MN) were set to treat mitochondria preparations
according to the conditions recommended by manufacturer
protocols. In a reaction that required active Src, 2 mg/ml
mitochondria fraction and 40 pg/ml Src were added to 25 ul
kinase buffer (5 mM MOPS, pH 7.2, 2.5 mM B-glycerolpho-
sphate, 4 mM MgCly, 2.5 mM MnCly, 1 mM EGTA, 0.4 mM
EDTA, and 50 nM DTT) followed by a 15-minute incubation at
30°C. In the case that active SHP2 was used, 1 mg/ml
mitochondria fraction and 80 pg/ml SHP2 were added to 50 pl
phosphatase buffer (8 mM HEPES, 80 nM EDTA, 80 mM
EGTA, 4 mg/ml BSA and 80 nM DT'T) followed by a 30-minute
incubation at 37°C.

Mitochondrial OXPHOS Activities

Complex I, II-III, IV or V activities were measured using
enzyme assay kits (Abcam, Cambridge, MA) according to
manufacturer’s protocols. 50-100 g mitochondrial fractions were
used in each reaction. Individual enzymatic activity was de-
termined as change of absorbance per minute per [lg mitochon-
drial protein at wavelength 450 nm for complex I, 550 nm for
complex II-IIT and complex IV, and 340 nm for complex V. All
measurements were performed in at least duplicate.
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Measurements of Mitochondrial ROS Production

Mitochondrial HyOy release was determined according to
a previously published protocol [45,50]. Briefly, 40 pg fresh
mitochondrial preparations were set to react with 5 UM Amplex
Red and 0.1 U/ml horseradish peroxidase (HRP) (Invitrogen,
Grand Island, NY) in 200 pl reaction buffer (in mM: 125 KCI,
10 MOPS, 2 MgSO,, 2 KHyPO,, 10 NaCl, 1 EGTA, 0.7 CaCl,,
pH?7.2). Superoxide dismutase (SOD) (Sigma-Aldrich, Saint Louis,
MO) was added at 50 U/ml to convert all superoxide into HyOo.
Mitochondrial respiration substrate succinate (5 mM) was added
to start the reaction. The reaction mixture was then incubated in
the dark at 37°C for 30 minutes. HRP catalyzed HyOy-dependent
oxidation of Amplex Red, the end product Resorufin Red, was
measured by fluorescent reading at Ex/Em=570/620 (PHER-
Astar, BMG LABTECH, Cary, NC). All measurements were
performed in at least duplicate. HyO, concentrations were
calculated according to a standard curve.

Mitochondrial Aconitase Assay

The colometric aconitase assay (BioVision, Mountain View,
CA) was used to determine aconitase activities in the mitochon-
drial fractions. In each reaction, 100 g mitochondrial protein was
applied and aconitase activity was determined via converting
citrate to isocitrate according to the manufacturer’s protocol. The
final product was measured at wavelength 450 nm, and all
measurements were performed in at least duplicate.

Statistical Analysis

All data were expressed as mean * SEM of at least 3
independent experiments using 4-8 animals/group. Student’s t-
tests were used to assess the difference between the sham and
sepsis groups and the groups with or without a treatment.
Probability values less than 0.05 were considered statistically
significant (analyses were performed using SPSS for Windows,
Version 7.5.1).
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