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Acute insulin resistance is common after injury, infection, and critical illness. To investigate the
role of reactive oxygen species (ROS) in critical illness diabetes, we measured hepatic ROS, which
rapidly increased in mouse liver. Overexpression of superoxide dismutase 2, which decreased mito-
chondrial ROS levels, protected mice from the development of acute hepaticinsulin resistance. Insulin-
induced intracellular signaling was dramatically decreased, and cellular stress signaling was rapidly
increased after injury, resulting in the hyperglycemia of critical iliness diabetes. Insulin-induced intra-
cellular signaling, activation of stress (c-Jun N-terminal kinase) signaling, and glucose metabolism
were all normalized by superoxide dismutase 2 overexpression or by pretreatment with antioxidants.
Thus, ROS play an important role in the development of acute hepatic insulin resistance and activation
of stress signaling after injury. (Molecular Endocrinology 25: 492-502, 2011)

ncreased levels of reactive oxygen species (ROS) are
Icorrelated with chronic insulin-resistant states, such as
type 2 diabetes, obesity, hypertension, cardiovascular dis-
ease, and the metabolic syndrome (1-5). However, recent
work indicates that ROS levels may be necessary for nor-
mal insulin sensitivity, possibly due to a ROS-mediated
decrease in protein tyrosine phosphatase activity (6, 7).
Little is known about the role of ROS in the acute devel-
opment of hyperglycemia and insulin resistance in the
critical illness diabetes that rapidly develops after surgery,
injury, or critical illness.

The Leuven study reported that control of hyperglyce-
mia, by intensive insulin therapy in critically ill patients,
results in a 34-50% reduction in mortality and other
morbidities (8). Since then, achieving euglycemia has be-
come a major therapeutic target in the intensive care unit
(ICU) after injury or critical illness (9-11). In addition,
intensive insulin therapy can also decrease the incidence
of wound infection and increase survival after cardiac
surgery (12). Unfortunately, intensive insulin therapy is
often associated with an increased frequency of hypogly-
cemic incidents, which can result in deleterious events in
the ICU (13, 14). Thus, it is important to understand the
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mechanisms resulting in the development of the acute
insulin resistance that occurs in critical illness diabetes
and to develop additional or alternative therapeutic ap-
proaches to control the associated hyperglycemia.

The liver is a main source of glucose production, and
insulin is a primary inhibitor of hepatic glucose output.
Binding of insulin to its receptor [insulin receptor (IR)]
leads to activation of its tyrosine kinase activity, which
promotes association and phosphorylation of intracellu-
lar IR substrate (IRS) proteins and activation of the phos-
phatidylinositol 3-kinase/Akt pathway (15, 16). De-
creased signaling through this pathway results in insulin
resistance and increased hepatic glucose output, contrib-
uting to systemic hyperglycemia (17, 18).

A major cellular source of ROS, some of which are
damaging free radicals, is from the mitochondria, gener-
ated by complex I and complex III of the electron trans-
port chain (19, 20). ROS can also be produced from re-
duced nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase or xanthine oxidase (21-23). Cellular
ROS levels are the result of the balance between ROS
production and elimination, and superoxide dismutases
(SOD) are important antioxidant enzymes that decrease

Abbreviations: AUC, Area under the curve; DHE, dihydroethidium; ICU, intensive care
unit; IR, insulin receptor; IRS, IR substrate; JNK, c-Jun N-terminal kinase; MAP, mean
arterial pressure; NADPH, nicotinamide adenine dinucleotide phosphate; P-, phospho-;
ROS, reactive oxygen species; SOD, superoxide dismutase; WT, wild type.
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ROS levels. There are three distinct isoforms of SOD:
SOD1 (Cu-Zn-SOD) located in the cytoplasm; SOD2
(Mn-SOD), the predominant antioxidant enzyme in mi-
tochondria; and SOD3 (Ec-SOD) located in the extracel-
lular space (24). A major role of SOD2 is to dismutate
superoxide to generate H,O,.

The present study was designed to investigate the role
of ROS in the acute development of hepatic insulin resis-
tance after injury, in particular the effect of damaging free
radicals, a subset of ROS. We found that in this mouse
model of critical illness diabetes, there was a rapid devel-
opment of hyperglycemia and hyperinsulinemia, and that
hepatic insulin resistance occurred as early as 30 min,
becoming more severe by 60-90 min after the initiation of
hemorrhage, with a concomitant increase in ROS levels.
In mice overexpressing SOD2, there was a decrease of the
elevated ROS levels, improved hepatic insulin sensitivity,
normalization of blood glucose and insulin levels, and less
activation of cellular stress signaling pathways. Similarly,
pretreatment with the antioxidants, N-acetyl-L-cysteine
(NAC) or Manganese (III) tetrakis (4-benzoic acid) por-
phyrin (MnTBAP), decreased the acute development of
insulin resistance after injury. These data suggest that
mitochondrial ROS play an important role in the rapid
development of insulin resistance after injury and in the
dysregulation of glucose metabolism.

Results

Characterization of hepatic insulin resistance after
trauma and hemorrhage in mice

We previously reported that hyperglycemia, hyperin-
sulinemia, and hepatic insulin resistance are all rapidly
induced in our rat model of critical illness diabetes (25—
29). However, we do not know whether hepatic insulin
resistance occurs in mice after injury/hemorrhage. Thus,
we first examined blood glucose and insulin levels in wild-
type (WT) mice (C57BL/6). Compared with trauma alone
immediately after surgery (T0’; 153 mg/dl), blood glucose
levels increased significantly 30 or 90 min after trauma
alone (T30, 250 mg/dl; T90', 261 mg/dl; Fig. 1A). This
suggests that the stress of anesthesia, laporatomy, and
catheterization can cause hyperglycemia. Moreover, sur-
gical trauma followed by the further stress of hemorrhage
for 30 or 90 min (TH30' or TH90') resulted in even
greater increases in blood glucose levels (to 298 or 349
mg/dl, respectively; Fig. 1A). Although there was a trend
of increased insulin levels by trauma alone (T30’ and
T90'), these never reached statistical significance. How-
ever, trauma and hemorrhage for 90 min dramatically
increased insulin levels compared with the earliest time
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point of trauma alone (T0’) and the time-matched con-
trol, trauma alone for 90 min (T90’; Fig. 1B).

It was then asked in this mouse model of critical illness
diabetes whether trauma and hemorrhage could inhibit
hepatic insulin signaling. Insulin-induced signaling, such
as phosphorylation of tyrosine 972 of IR [phospho- (P-)
IR(Y972)], tyrosine 612 of IRS1 [P-IRS1(Y612)], and
serine 473 of Akt [P-Akt(S473)], were all significantly
reduced after the combination of trauma and hemorrhage
for 30 min compared with trauma alone (T0" or T30'; Fig.
1, C-F). The time course of the decrease in hepatic insulin
sensitivity, the inability of insulin to respond to exoge-
nous insulin, after trauma and hemorrhage was also stud-
ied, with only a modest decrease of insulin-induced sig-
naling 15 min after trauma and hemorrhage, which was
not quite statistically significant (Fig. 1G). There was a
further decrease of insulin sensitivity as the blood pres-
sure was maintained at 30-35 mm Hg, with little or no
insulin-induced signaling by 90 min after hemorrhage
(Fig. 1G). Total levels of Akt or ERK1/2 did not change at
any of the time points (Fig. 1C). These data suggest that
the decrease of insulin sensitivity after trauma and hem-
orrhage is not due to the change of total levels of insulin
signaling molecules and that hepatic insulin resistance
occurred as early as 30 min after hemorrhage and became
most severe by 90 min.

Correlation between levels of ROS and insulin
sensitivity after trauma and hemorrhage

Damage due to a subset of ROS have been reported to
cause insulin resistance in multiple diseases associated
with chronic insulin resistance (2—4). Thus, we wondered
whether a rapid increase in ROS levels was associated
with the acute development of hepatic insulin resistance
after trauma and hemorrhage. First, we determined the
relative changes in hepatic ROS levels by an indirect mea-
surement, aconitase enzyme activity. Superoxide and per-
oxynitrite (but not H,0O,) (30, 31) directly decrease ac-
onitase enzyme activity by causing release of ferrous iron
from the holoenzyme (4Fe/4S). There is therefore an in-
verse correlation, with low aconitase enzyme activity in-
dicating high levels of superoxide and/or peroxynitrite.
Aconitase enzyme activity decreased as the time of hem-
orrhage increased compared with trauma-alone mice
(TO'; Fig. 2A). A strong linear correlation was found be-
tween decreasing hepatic insulin sensitivity and decreas-
ing aconitase enzyme activity (indicating increasing dam-
aging ROS levels) after trauma and hemorrhage (Fig. 2B).
Although not determinant of a cause and effect, the data
clearly indicate a strong correlation between increasing
damaging ROS levels, such as superoxide, and the rapid
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FIG. 1. Characterization of hepatic insulin resistance after trauma and hemorrhage in mice.
Mice were subjected to trauma alone (T) or trauma and hemorrhage (TH) as described in the
Materials and Methods. A and B, At 0, 30, and 90 min, fasting glucose (A) and insulin (B)
levels were measured from femoral arterial blood. Data are presented as mean =+ sem of
samples from nine to 10 mice in each group. In this and all the other figures, a single symbol
(# or $) represents P < 0.05; a double symbol (**, #4#, or $$) represents P < 0.01; a triple
symbol (### or $$$) represents P < 0.001, and no symbol or ns represents not significant. #,

Statistics vs. TO'; $, statistics vs. time-matched trauma alone. C, At 0 and 30 min, either saline

(=Ins) or 1 U insulin (+Ins) was injected into the inferior vena cava of C57BL/6 mice. After 4
min, the liver was removed and frozen in liquid nitrogen. Liver tissue lysates were later
prepared and subjected to Western blotting. D—F, Multiple autoradiographs were quantified

by scanning densitometry. Data are presented as mean =+ sem of samples from three to seven

mice in each group. #, Statistics vs. TO' +Ins; $, statistics vs. T30’ +Ins. G, Time-dependent
decrease in insulin sensitivity in the liver after trauma and hemorrhage as measured by
insulin’s ability to induce Akt phosphorylation. Data are presented as mean + sem of samples
from three to seven mice in each group. $, Statistics vs. time-matched trauma-only group

T30, T60’, or T9O'. # or $, P < 0.05; **, ##, or $$, P < 0.01; ### or $$%, P < 0.001; ns, not

significant.
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development of hepatic insulin resis-
tance after trauma and hemorrhage.

Effects of SOD2 overexpression on
ROS, glucose, and insulin levels
after trauma and hemorrhage

To determine whether damaging
ROS play a role in trauma- and hemor-
rhage-induced hepatic insulin resis-
tance, transgenic mice globally overex-
pressing human SOD2 were used (32).
Because SOD2 is a major antioxidant
enzyme in mitochondria, which are a
primary source of cellular ROS produc-
tion, any increase in damaging ROS
after the combination of trauma and
hemorrhage should be inhibited in
SOD2-overexpressing mice. Genotyp-
ing and Western blot analysis con-
firmed that transgenic mice overex-
press the human SOD?2 gene (Fig. 3, A
and B). The increase in total SOD2,
human and mouse, equaled 2.5-fold,
compared with endogenous mouse
SOD2 in the WT mice (Fig. 3B). In ad-
dition, SOD2 activity increased ap-
proximately 2.7-fold (from 0.063 =
0.009 in WT mice to 0.171 = 0.005
U/mg protein in SOD2-overexpressing
mice), whereas the sum of SOD1 and
SOD3 activity (non-SOD2) did not
change significantly (from 0.487 =
0.095 in WT mice to 0.589 = 0.011
U/mg protein in SOD2-overexpressing
mice). This lack of a change in non-
SOD?2 activity was similar to what oc-
curred in lung and other tissues in these
SOD2-overexpressing mice (32).

Next, it was determined whether
overexpressing SOD2 could decrease
ROS after trauma and hemorrhage us-
ing a dye, dihydroethidium (DHE),
which fluoresces strongly in the pres-
ence of superoxide iz situ. After trauma
and hemorrhage in WT mice, there is
an increase in DHE staining in liver
(Fig. 3C). Hepatic overexpression of
SOD2 decreased liver ROS levels after
trauma and hemorrhage as measured
by decreased DHE staining (Fig. 3C;
lower right panel). In addition, overex-
pression of SOD2 also blocked the de-
crease of aconitase enzyme activity af-
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vated in the WT mice after trauma and
hemorrhage for 90 min, but this was
not evident in the SOD2-overexpressing
mice (see 0 min, Fig. 4A). After injection
of glucose into the femoral vein, blood
glucose levels were increased to 450-550
mg/dl 15, 30, 60, and 90 min after ad-
" ministration of glucose in the WT trauma
and hemorrhage animals. However,
these highly elevated blood glucose levels

FIG. 2. Correlation between aconitase activity and insulin sensitivity after trauma and
hemorrhage. A, As described in the legend to Fig. 1, mice were subjected to trauma alone (T)
or trauma and hemorrhage (TH), and at the TO, TH15, TH30, TH60, and TH90 time points,
the liver was removed and frozen in liquid nitrogen. Tissue lysates were prepared, and
aconitase activity was assayed (n = 6). #, Statistics vs. TO'. ##, P < 0.01; ###, P < 0.001. B,
The regression line comparing insulin-induced phosphorylation of Akt after trauma and
hemorrhage and aconitase activity (and also on the x-axis is an indication of the increasing

time of hemorrhage) .

ter trauma and hemorrhage. As described previously, this
higher aconitase activity correlates with lower levels of
superoxide and/or peroxynitrite in the SOD2-overex-
pressing mouse after trauma and hemorrhage (Fig. 3D).
These results indicate that increased hepatic ROS levels
after trauma and hemorrhage are decreased in SOD2-
overexpressing mice.

Overexpression of SOD2 had only a small effect on
blood glucose levels after trauma alone (T90’) compared
with WT animals (Fig. 3E, white bars). However, the
increased expression of SOD2 significantly inhibited the
development of hyperglycemia after trauma and hemor-
rhage, with blood glucose decreased from 349 mg/dl
(WT-TH90’) to 248 mg/dl (SOD2-TH90'; Fig. 3E). Over-
expression of SOD2 significantly decreased blood insulin
levels after trauma alone (T90') compared with WT ani-
mals (Fig. 3F). This suggests an increase in insulin sensi-
tivity in the trauma-only animals with overexpression of
SOD2. Furthermore, there was no significant rise in insu-
lin levels after trauma and hemorrhage in SOD2-overex-
pressing mice, in contrast to the hyperinsulinemia that
occurred after trauma and hemorrhage in WT animals
(Fig. 3F).

Effects of SOD2 overexpression on whole-body
glucose tolerance and insulin sensitivity after
trauma and hemorrhage

To further confirm that overexpression of SOD2 al-
tered systemic glucose metabolism, we performed glucose
and insulin tolerance tests on C57BL/6 (WT) and SOD2-
overexpressing mice. After surgery in trauma-alone
(T90’) or trauma and hemorrhage (TH90') mice, glucose
levels were measured. Before the injection of glucose, as
expected, basal levels of glucose were significantly ele-

8 7 6 5 4
Aconitase activity (mU/mg)
Increasing time of hemorrhage —

e
?  were not evident in mice overexpressing
SOD2 after trauma and hemorrhage, re-
sulting in significantly improved glucose
tolerance (Fig. 4A). The area under the
curve (AUC) was then calculated and the
AUC_gomin  Of SOD2-overexpressing
mice was significantly lower than in
C57BL/6 (WT) mice after trauma and
hemorrhage (Fig. 4B).

In parallel with the effects of SOD2 overexpression
in the glucose tolerance tests, insulin sensitivity was
measured by insulin tolerance tests. Due to the lack of
fasting necessary for the insulin tolerance test, there
was greater variability of basal blood glucose levels
between animals. However, after injection of insulin,
blood glucose levels were decreased by 15 min in all
groups. In WT, trauma and hemorrhage mice, there
was somewhat less of a decrease in blood glucose levels
soon after insulin injection, and the effects of the insu-
lin injection were short-lived with significantly in-
creased blood glucose levels at 60 and 90 min after
insulin injection compared with the two trauma-only
groups (Fig. 4C). However, blood glucose levels were
greatly decreased in trauma and hemorrhage animals
overexpressing SOD2 after insulin injection and were
identical to animals that were not hemorrhaged. This
indicates that overexpressing SOD2 improved whole-
body insulin sensitivity to a level equal to animals that
were not hemorrhaged (Fig. 4C). The AUC;_somins
which was highly elevated by trauma and hemorrhage
in C57BL/6 (WT) mice, was normalized in the SOD2-
overexpressing mice (Fig. 4D).

SOD2 overexpression reduced trauma- and
hemorrhage-induced hepatic insulin resistance

To determine whether the decreased ROS levels after
trauma and hemorrhage in SOD2-overexpressing mice
(Fig. 3) can prevent the acute development of hepatic
insulin resistance, insulin-induced signaling was mea-
sured. In trauma-alone animals (T90'), there was no
difference in insulin-induced P-Akt(S473) comparing
WT and SOD2 mice. However, the large decrease of
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used to decrease ROS levels and im-
prove insulin sensitivity in chronic
insulin-resistant states (2, 3, 33). To
further explore whether decreased
ROS levels could prevent the develop-
ment of hepatic insulin signaling after
trauma and hemorrhage, the two anti-
oxidants were separately administered
to mice at doses similar to those previ-
ously used, specifically NAC (300 mg/
kg) and MnTBAP (10 mg/kg) (34, 35)
before hemorrhage. The liver was then
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FIG. 3. The effect of overexpression of SOD2 on ROS, aconitase activity, and blood
glucose and insulin levels after trauma and hemorrhage. A and B, Genotyping (A) and
Western blot analysis (B, top panel) were performed as described to confirm the
overexpression SOD2 in transgenic mice as compared with WT mice. Positive and
negative controls are presented for the PCR in A. Also in B is a bar graph of the total level
of SOD2, using a mouse antibody that cross-reacts with both endogenous mouse SOD2
and expressed human SOD2. As described in Fig. 1, either trauma alone (T90’) or trauma
and hemorrhage (TH90') was performed in C57BL/6 (WT) or mice overexpressing SOD2.
C and D, ROS levels were assessed by direct DHE staining in situ (C) (n =3) and by
indirect measurement of aconitase activity (D) (n =6). E and F, Fasting blood glucose
levels (E) (n = 8-11) and insulin levels (F) (n =5-7) were also measured in these mice. #,
Statistics vs. WT-T90’; *, statistics vs. WT-T90’; $, vs. WT-TH90’; ns, not significant vs.
SOD2-T90". # or §, P < 0.05; **, ## or $$, P < 0.01; ### or $$%, P < 0.001.

insulin-induced P-Akt(S473) after trauma and hemor-
rhage (TH90'), did not occur in SOD2-overexpressing
mice (Fig. 5, A and C). We also examined other insulin
signaling molecules and found that the insulin-induced
tyrosine phosphorylation of the IR, P-IR(Y972), and
IRS-1, P-IRS1(Y612), was almost completely normal-
ized in SOD2-overexpressing mice after trauma and
hemorrhage (Fig. 5, B, D and E). Also, there were no
differences in the total levels of the Akt and IR proteins
between WT and SOD2 mice (Fig. 5, A and B). Thus,
the loss of insulin’s ability to activate insulin signaling
in the liver after trauma and hemorrhage was prevented
by overexpression of SOD2.

6E). There was a significant reversal
of the decrease in insulin-induced
P-Akt(S473) in liver after trauma and
hemorrhage upon pretreatment with
either MnTBAP (Fig. 6, A and C) or
NAC (Fig. 6, B and D), resulting in al-
most complete recovery of insulin sig-
naling compared with no treatment.
These data further confirm that the
acute development of hepatic insulin
resistance after trauma and hemor-
rhage can be almost completely abol-
ished by blocking the increase of damaging ROS levels.

The hemorrhage-induced increase of c-Jun
N-terminal kinase (JNK) activation/phosphorylation
was blocked by reducing hepatic ROS levels
Activation of the JNK signaling pathway is one of
many potential pathways involved in the development of
insulin resistance in chronic diseases, such as type 2 dia-
betes, obesity, and the metabolic syndrome (36-38). It is
also known that the JNK signaling pathway can be acti-
vated by ROS (3, 39). To investigate whether JNK was
activated by trauma and hemorrhage, the time course of
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FIG. 4. Overexpression of SOD2 increased glucose tolerance and insulin sensitivity after
trauma and hemorrhage. WT mice or mice overexpressing SOD2 were subjected to trauma
alone (T90’) or trauma and hemorrhage (TH90') as previously described. However, in these
mice, glucose tolerance tests (GTT) and insulin tolerance tests (ITT) were performed. A and B,
In the glucose tolerance tests, after a 6-h fast, blood glucose was measured (the 0-min time
point) after T90” or TH90', and then glucose (0.6 g/kg) was injected into the femoral vein,
blood glucose levels were measured every 15 min (A), and the AUC were calculated as
described (B). C and D, In the insulin tolerance tests, there was no fasting period, blood
glucose was measured (the O min time point) after T90" or TH90’, and then insulin (0.5 U/kg)
was injected into the femoral vein, and blood glucose levels were measured (C) and analyzed
(D). Data are presented as mean = sem of three samples in each group. $, Statistics between
WT-TH90’ and SOD2-THI0’; #, vs. WT-T90'. # or $, P < 0.05; ## or $$, P < 0.01; ### or

$$$, P < 0.001.

JNK1/2 activation/phosphorylation was determined. Af-
ter trauma and hemorrhage, JNK1/2 phosphorylation
was significantly increased by 30 min (TH30’), reaching a
maximum by 90 min (TH90') compared with trauma-
only mice (Fig. 7, A and B, and Supplemental Fig. 1,
published on The Endocrine Society’s Journals Online
web site at http://mend.endojournals.org). This indicates
that the JNK signaling pathway is activated by trauma
and hemorrhage, and the pattern of activation is similar
to the development of the defect of hepatic insulin signal-
ing and the accumulation of the ROS. To determine the
involvement of increased damaging ROS levels, JNK
phosphorylation was measured after trauma and hemor-
rhage in SOD2-overexpressing mice. By comparison with
WT mice, phosphorylation of JNK1/2 was dramatically
diminished in mice overexpressing SOD2 90 min after the
combination of trauma and hemorrhage (TH90'; Fig. 7,
C-E). Taken together, these data suggest that increased
levels of damaging ROS play a role in activating JNK and

insulin therapy is the increased fre-
quency of hypoglycemic incidents (11,
14). These patient-based data have
been performed in the absence of a
basic understanding of the mecha-
nisms of development of critical ill-
ness diabetes. Thus, a greater under-
standing of the mechanisms leading
to critical illness diabetes and the as-
sociated insulin resistance are neces-
sary to develop additional/alternative
therapeutic approaches to control in-
jury/critical illness-induced hyperglycemia.

A mouse model of critical illness diabetes, using surgical
trauma and hemorrhage, was used for the first time to de-
termine changes of blood glucose and insulin levels after
injury and to examine whether this resulted in defects of
insulin signaling in the liver. Trauma alone caused a rise in
blood glucose levels, but the combination of trauma and
hemorrhage induced even higher blood glucose levels. Se-
rum insulin levels were not significantly increased by trauma
alone or at early times after the combination of trauma and
hemorrhage, but became significant at later times, coinci-
dent with worsening hyperglycemia and an increasingly se-
vere defect in hepatic insulin signaling. The defects of hepatic
insulin signaling, the hyperglycemia and the hyperinsulin-
emia, all indicate an acute development of insulin resistance
in mice. Supporting this was the decreased capacity of the
mice to handle glucose and respond to insulin, as measured
in the glucose and insulin tolerance tests, respectively.
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staining, and hepatic insulin resistance.

We then investigated whether a
blockade of ROS accumulation after
injury could prevent the rapid develop-
ment of a defect in hepatic insulin sig-
naling. Overexpressing SOD2 greatly
improves the ROS-scavenging capacity
of the mitochondria, decreasing ROS
levels. Another approach is treatment
with  MnTBAP, which can mimic
SOD2 overexpression, whereas NAC is
a less specific ROS scavenging agent.
Overexpression of SOD2 and treat-
ment with the antioxidants all resulted
in the same effects, little development
of hepatic insulin resistance and, when
measured, a sensitization to insulin and
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FIG. 5. Overexpression of SOD2 inhibited trauma- and hemorrhage-induced hepatic insulin
resistance. After T90' or TH90’, either saline (—Ins) or 1 U insulin (+Ins) was injected into the
inferior vena cava, and after 4 min, the liver was removed and frozen in liquid nitrogen. A
and B, Liver tissue lysates from WT or SOD2-overexpressing mice were subjected to Western
blotting with P-Akt(S473), total (T)-Akt, T-ERK, P-IR (Y972), P-IRS1 (Y612), and T-IR
antibodies. C-E, Autoradiographs were quantified by scanning densitometry. Data are
presented as mean * sem of samples from three to seven mice in each group. #, Statistics vs.
WT-T90' +Ins; $, vs. WT-TH90' +Ins; ns, not significant vs. SOD2-T90' +Ins. # or $, P < 0.05;

### or $3$, P < 0.001.

One potential contributing factor for the development
of acute insulin resistance after the combination of
trauma and hemorrhage is increased ROS. Numerous
studies have established a role of increased damaging
ROS in the chronic insulin-resistant state observed in type
2 diabetes, obesity, and the metabolic syndrome (1, 2, 4,
43). However, the development of a chronic insulin-resis-
tant state can take months, years, or decades to develop,
whereas the acute insulin resistance of critical illness dia-
betes can occur much more rapidly, within hours of injury
or critical illness as measured in ICU patients or within
minutes as measured in our animal injury studies (25-29).
The data in the present study demonstrated that damag-
ing ROS levels increased significantly, as early as 15-30
min after trauma and hemorrhage, and there was a strong
correlation between ROS levels, as measured by de-

SOD2 . .
a reduction in the development of hy-

perglycemia. Thus, our data suggest
that damaging ROS plays an important
role in the acute development of he-
patic insulin resistance after injury.
Our previous findings indicate that el-
evated TNF-a results in hepatic insulin
resistance after trauma and hemor-
rhage and resuscitation at a time point
at least 2 h later than the data presented
here (27). Combining the data from our
past and present studies indicates that
defects of hepatic insulin signaling can
be blocked by decreasing ROS at early
time points during the hemorrhage pe-
riod and reversed by reduction of TNF-«
at later time points after resuscitation.

Hyperglycemia may be a risk factor
for numerous complicating conditions
after injury or critical illness (42, 44, 45). Consistent with
our findings of decreased defects of insulin signaling,
there was a normalization of blood glucose levels and a
reduction of insulin levels in SOD2-overexpressing mice.
In addition, overexpression of SOD2 improved whole-
body insulin sensitivity and glucose tolerance after
trauma and hemorrhage. Thus, there are demonstrable
effects on liver (this study), but it is not yet known
whether treatments to reduce damaging ROS can alter
insulin action in other insulin target tissues.

The JNK pathway plays a role in multiple diseases/
syndromes of chronic insulin resistance (36, 37, 46—48),
and increased levels of ROS may, in part, act by activating
the JNK pathway (3, 39). The presented data demonstrate
that trauma and hemorrhage resulted in a rapid activation
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surgery. After 30 min of hemorrhage, either saline (—Ins) or 1 U insulin (+Ins) was injected into
the inferior vena cava. A and B, Liver tissue lysates were subjected to Western blotting with P-
Akt(S473), total (T)-Akt, and T-ERK antibodies. C and D, Autoradiographs were quantified by
scanning densitometry. #, Statistics vs. TH30'+Ins; ns, not significant vs. T30’ +Ins. E, Liver lysates
were prepared, and aconitase activity was assayed; pretreatment with MnTBAP and NAC
protected from the decrease in aconitase activity after trauma and hemorrhage. #, Statistics vs.
TO'; *, statistics vs. TH30'. Data are presented as mean = sem of samples from three to seven

mice in each group. #, P < 0.05; ##, P < 0.01; ### or ***, P < 0.001.

of the JNK signaling pathway in liver, which coincided
with the decrease of insulin-induced signaling. In addi-
tion, decreasing ROS, either by overexpressing SOD2 or
treatment with MnTBAP or NAC, prevented the injury-
induced increase in JNK1/2 phosphorylation/activation.
In chronic insulin-resistant states, such as obesity-associ-
ated insulin resistance, JNK1 may play a more significant
role than JNK2 (36, 46). However, in the present study,
both JNK1 and JNK2 were activated after injury, and
both were normalized when ROS levels were decreased.
Taken together, these finding suggest that ROS may ac-
tivate the JNK signaling pathway, resulting in the devel-
opment of acute insulin resistance in liver and altered
glucose homeostasis after injury.

TH30' TH30'+MnTBAP TO' T30'
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In summary, our data indicate that
O ROS rapidly increase after trauma and
hemorrhage, and damaging ROS plays
a dominant role in the ensuing develop-
ment of acute hepatic insulin resistance
and dysregulation of glucose metabo-
lism. Blocking the increase of ROS can
prevent the acute development of he-
patic insulin resistance and reduce the
hyperglycemia and hyperinsulinemia
after injury. Due to the potential of an
increased incidence of hypoglycemic
events with intensive insulin therapy in
the ICU, the present study suggests that
antioxidant therapy may be a useful
therapeutic approach to control hyper-
glycemia after injury, infection, or crit-
ical illness.

/S:PO'

ns, ##

TH30" TH30'+NAC

Materials and Methods

Animal model of
trauma hemorrhage

WT C57BL/6 and SOD2-overexpressing
transgenic mice (originally developed by
Dr. Ye-Shih Ho) (32), 12-13 wk old, were
fasted 6 h before experiments but were al-
lowed water ad libitum. Mice were anesthe-
tized with isoflurane (Mallinckrodt Veteri-
nary, Mundelein, IL) inhalation. After mice
were clipped and shaved, they were re-
strained in a supine position and were kept
anesthetized by continuous inhalation of
1.5% isoflurane and 98.5% air throughout
the surgical procedure. A 2-cm ventral mid-
line laparotomy was performed represent-
ing soft tissue trauma. The abdomen was
then closed in layers using 6-0 Ethilon su-
tures (Ethicon, Somerville, NJ), and the
wounds were bathed with 1% lidocaine
(Elkins-Sinn, Cherry Hill, NJ) throughout
the surgical procedure to reduce postoperative pain. Polyethyl-
ene-10 catheters (Clay-Adams, Parsippany, NJ) were placed in
the right and left femoral arteries for bleeding and monitoring of
mean arterial pressure (MAP; Micro-Med, Louisville, KY), re-
spectively. Mice were bled to a MAP of 30-35 mm Hg within 10
min, and once MAP reached 35 mm Hg, the timing of the hem-
orrhage period began. All procedures were carried out in accor-
dance with the guidelines set forth in the Animal Welfare Act
and the Guild for the Care and Use of Laboratory Animals by
the National Institutes of Health.

Study design

Due to the considerable trauma incurred during anesthesia,
catheterizations, and opening of the abdominal cavity to per-
form the insulin injections (see below), it was impossible to have
a completely trauma-free control group. Thus, the baseline an-
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Tissue harvesting procedures
At the 0-, 15-, 30-, 60-, or 90-min time

ot points, the abdominal cavity of the animal
was reopened, the inferior vena cava was
u exposed, and insulin (1 U; 100 ul) or saline

was injected into the inferior vena cava.
Four minutes after the injection, the liver
w was removed, snap frozen, and stored in
liquid nitrogen.

Genotyping

T T T
0 30 60 20 0 30
Time points following trauma & hemorrhage (min)

Time points following trauma & hemorrhage (min)

60 90 The genotype of transgenic mice was de-
termined by PCR analysis of genomic DNA
isolated from mouse ear by the QiaAmp
DNA 250 MiniKit (QIAGEN, Valencia,
CA). The SOD2 transgene PCR primers
were 5'-CTCCGGCTTTGGGGTATCT-3’
(forward) and 5'-GTGTCCCCGTTCCT-
TATTG-3' (reverse). Genomic DNA was
amplified for 35 cycles at 95 C for 15 sec
and at 60 C for 60 sec. PCR products were
visualized on a 2% agarose gel stained with
ethidium bromide.

Measurement of fasting blood
insulin and glucose levels

Blood glucose levels were measured by
ns, 555 glucose meter (Freestyle Freedom, Alam-
eda, CA) from femoral artery sampling, and

C WT SOD2
T90’ TH9O’ T90’ THOO’
P-JNK = i
<+— JNK1
T-JNK K2
<+— JNK1
D &, E
C_1T90° 05| CJTo0"  ##
15| ETHO 3
< € 20
"g 9] %5 15
B s o
0 0LL
WT SOD2 WT

sop2 serum insulin levels were determined using
FIG. 7. Trauma- and hemorrhage-induced activation of the JNK signaling pathway in liver
was inhibited by a decrease of ROS. A and B, As described in the legend to Fig. 1, WT mice
were subjected to trauma alone (T) or trauma and hemorrhage (TH), and at the 0-, 30-, 60-,
and 90-min time points, the liver was removed and frozen in liquid nitrogen. Liver lysates
were subjected to Western blotting with P-JNK1/2 antibodies, and autoradiographs were
quantified by scanning densitometry. Data are presented as mean = sem of samples from

a rat insulin RIA kit (Millipore Corp., St.
Charles, MO). For this, 0.1 ml blood was
collected from the femoral artery, centri-
fuged at 5000 X g for 10 min and stored at
—80 C until analysis.

four to eight mice in each group. C, As described in the legend to Fig. 3, WT and SOD2-

overexpressing mice underwent trauma alone (T90’) or trauma and hemorrhage (TH90’), and
liver lysates were subjected to Western blotting with anti-P-JNK1/2 and T-JNK antibodies. D
and E, Autoradiographs were quantified by scanning densitometry. Data are presented as
mean = sem of samples from four to six mice in each group. #, Statistics vs. time-matched
trauma-only group T30’, T60’, or T90’; $, vs. WT-TH90’; ns, not significant vs. SOD2-T90’.

#or$, P<0.05; **, #i#, or $3, P < 0.01; ### or $$$, P < 0.001.

imals chosen in these experiments were the trauma-alone mice
(TO’) that were subjected to anesthesia, laparotomy, and cath-
eterization and then killed immediately after saline or insulin
injection. Other trauma-only groups were subjected to the same
procedures but killed at 15 min (T15’), 30 min (T30’), 60 min
(T60'), or 90 min (T90’) after catheterization. The trauma and
hemorrhage groups were subjected to the same procedures as
the trauma groups, followed by hemorrhage and killed at 15
min (TH15'), 30 min (TH30'), 60 min (TH60'), or 90 min
(TH90').

Drug administration

NAC was purchased from Sigma Chemical Co. (St. Louis,
MO) and was dissolved in saline. For NAC pretreatment, mice
received one injection of NAC (300 mg/kg, ip) 30 min before
surgery. In separate groups of mice, pretreatment was with
MnTBAP (Calbiochem, San Diego, CA; dissolved in saline) via
a single injection (10 mg/kg, ip) 60 min before surgery.

Glucose and insulin tolerance test

For the glucose tolerance tests, mice
were fasted for 6 h before the surgery
(trauma alone; T90’) or trauma and hem-
orrhage (TH90’). Basal levels (0') were
measured from femoral arterial blood fol-
lowed by injection of glucose (0.6 g/kg) into
the femoral vein, and blood glucose levels were measured at 15,
30, 60, and 90 min. The insulin tolerance tests were performed
without fasting. After basal blood glucose levels were measured
(0"), insulin (0.5 U/kg) was injected into the femoral vein, and
blood glucose levels were measured at 15-min intervals.

Aconitase activity

ROS levels were assessed by indirect measurement of aconi-
tase activity as previously described (49). Aconitase is specifi-
cally inactivated by superoxide and peroxynitrite, and lower
aconitase activity correlates with increased ROS levels. Aconi-
tase activity was measured in a NADP-isocitrate dehydroge-
nase-coupled enzyme system with citrate and NADP as sub-
strates. The rate of reduced NADP production, followed
spectrophotometrically at 340 nm, correlates with the rate of
citrate utilization by aconitase, and aconitase activity was ex-
pressed as milliunits activity per milligram protein.
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In situ measurement of superoxide

DHE (Sigma), a fluorescent dye, was used to evaluate pro-
duction of superoxide in situ (4). Unfixed frozen livers were
sectioned (5 wm), and DHE (20 wmol) was applied to the surface
of each tissue section. The slides were incubated at 37 C for 20
min and washed with PBS, and images were captured with a
fluorescent microscope (IX70; Olympus, Tokyo, Japan) with a
585-nm long pass filter.

Western immunoblot analysis

Liver tissue from each animal (0.2 g) was homogenized in
extraction buffer, as described previously, and stored at =80 C
until use (25-27, 50). The protein concentration of tissue lysates
was determined by the bicinchoninic acid method (Pierce Bio-
technology, Rockford, IL), and 30 ug of protein per lane was
resolved by 10% SDS-PAGE and transferred to nitrocellulose
paper. The Western transfers were immunoblotted with the
following primary antibodies: anti-P-Y972-IR, anti-P-Y612-
IRS-1, and anti-P-JNK1/2 (Invitrogen Biosource International,
Carlsbad, CA), anti-total IRB and anti-total JNK (Santa Cruz
Biotechnology, Santa Cruz, CA), anti-total human SOD2 and
anti-total mouse SOD2 (Fitzgerald, Concord, MA), and anti-P-
S473-Akt, anti-total Akt, and anti-total ERK (Cell Signaling
Technology, Danvers, MA). Horseradish peroxidase-conju-
gated secondary antibody was then added for detection of
bound antibody by enhanced chemiluminescence (Amersham
Pharmacia Biotech, Piscataway, NJ) or Supersignal Femto Max-
imum Sensitivity Substrate reagent (Pierce). The blots were
stripped using Reblot reagent (Chemicon International, Inc.,
Temecula, CA) for 15 min and then reprobed with a different
antibody.

Densitometric and statistical analysis

Enhanced chemiluminescence images of immunoblots were
scanned and quantified using Zero D-Scan (Scanalytics Corp.,
Fairfax, VA). Data are presented as mean * SEM. Data were
analyzed by ANOVA or Student’s ¢ test using the InStat statis-
tical program by GraphPad Software, Inc. (San Diego, CA).
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