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phospho-PERK (980Thr), anti-phopsho-elF2a (51Ser), and (B) MING cells were treated with either control 0.5% BSA or 400 puM palmitate+0.5% BSA at a
concentration of 5, 10, 25 mM glucose for 18 hours and blotted with anti-ATF3 and anti-CHOP antibodies. B-Actin was detected for loading control.
Tunicamycin treatment was control for ER stress. (C) Cells were treated with either 500 pg/ml Nacl (ionic control) or 500 pg/ml TUDCA 15-h prior to
beginning of palmitate treatment and then were co-treated with either 0.5% BSA or 400 UM palmitate+0.5% BSA with either 5 mM or 25 mM glucose
and NaCl or TUDCA for 24 h. Total cell lysates were subjected to Western blot analysis with antibodies to the indicated proteins. Densitometry of total
CHOP and cleaved Caspase3 and Pdx1 were measured and normalized over o-Tubulin, respectively. Densitometry of phospho-cJun was measured
and normalized over total JNK. The representative results of three individual experiments are shown. The effects on CHOP, cleaved Caspase3 and
phospho-cJun and Pdx1 protein are graphically illustrated. *p<<0.05. (D) Cells were treated with either 500 ug/ml NaCl (ionic control) or 500 ug/ml
TUDCA 15-h prior to beginning of palmitate treatment and then were co-treated with either 0.5% BSA or 400 UM palmitate+0.5% BSA with either
5 mM, 10 mM or 25 mM glucose and NaCl or TUDCA for 24-h. Total cell lysates were subjected to Western blot analysis with antibodies to the
indicated proteins. Densitometry of total IRS2 was measured and normalized over o-Tubulin and densitometry of phospho-Akt was measured and
normalized over total Akt. The representative results of three individual experiments are shown. The effects on IRS2 protein are graphically illustrated,

*p<<0.05, *p<0.01.
doi:10.1371/journal.pone.0018146.g003

shRNA adenovirus constructs described previously [14] were
incubated with the cells at an MOI of 30 for 4 hours in normal
culture media. Palmitate and cytokine treatments were initiated
24 hours following removal of virus.

Inhibition of Gsk3p expression with a kinase dead
adenovirus

Adenovirus expressing a catalytic inactive mutant of the human
Gsk3B (Adv-Gsk3BKM) was prepared as previously described
[21]. Control adenovirus-green fluorescent protein (AdV-GFP)
was a gift from D. Kelly (Washington University, St. Louis, MO).
Infection of the MING cells was carried out at the indicated
multiplicity of infection (MOI) for one hour in serum-free media.
The MING were then washed in PBS, maintained in the DMEM/
15% FBS media, and then experiments were carried out 24 hours
after infection.

Statistical analysis

The presented data were analyzed from at least 3 independent
experiments and are shown as means =S.E.M. The significance of
the variations was analyzed using either a one- or two-way
ANOVA with Bonferroni corrections with a significance level of
0.05 (95% confidence intervals).

Results

Glucose and palmitate synergize to induce apoptosis

Our previous study had shown a dose-dependent effect of FFA,
both palmitate (50-400 uM) and oleate (50-400 uM), on ER stress
and apoptosis in glucose-responsive insulinoma (MING6) cells [16].
In the current study the dose-dependent effect of glucose (5—
25 mM) was examined at 400 pM palmitate. As shown in
Figure 1A, increasing glucose concentration had a clear synergistic
effect on cell death characterized by propidium iodide incorpo-
ration normalized to DAPI staining. While 400 uM palmitate
resulted in about 3% propidium iodide incorporation at 5 mM
glucose, this was increased more than threefold when the glucose
concentration was raised to 15 mM and 25 mM. While there was
no effect of palmitate on cleaved Caspase3 at 5 mM glucose,
consistent with the synergism observed on propidium iodide
staining, glucose and palmitate also synergized on activation of
the pro-apoptotic marker cleaved Caspase3 comparing that at
5 mM glucose/palmitate vs. 25 mM glucose/palmitate, p<<0.05
(Figure 1B).

We next explored the underlying mechanisms for the glucose
potentiation. FFA treatment has been shown to induce JNK
activation that can contribute to FFA-induced apoptosis; we
determined the effects of altering glucose concentrations on JNK
activation. Interestingly, JNK activation by FFA was maximal at
the lowest glucose concentration and did not increase further as
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glucose was increased (Figure 1B). Maximal FFA activation of
JNK at 5 mM glucose with apparent increasing activation of
cleaved Caspase3 with increasing glucose concentration suggested
that further enhancement of JNK by glucose could not explain the
synergistic effects on cell death.

Glucose and palmitate synergize to reduce insulin
signaling associated with a decrease in IRS2 protein

Previous studies have shown that glucose treatment of
insulinoma cells results in activation of the insulin receptor
substrate-PI3-kinase-Akt pathway that serves to protect against B-
cell death. In contrast, FFA treatment of insulinoma cells inhibits
this pathway [8,16]. We examined whether the synergistic effect of
glucose on I'FA-induced apoptosis could be related to inhibition of
this signaling pathway. Glucose alone (5-25 mM), as shown in the
first four lanes of Figure 2, increased phospho-Akt (S473) and
phospho-Gsk3 as expected, with no apparent change in IRS1 or
IRS2 proteins, confirming previous observations [8,22]. However
as glucose was raised in the presence of palmitate (Figure 2, lanes
5-8) a dose-dependent decrease in phospho-Akt and phospho-
Gsk3B were observed and accompanied by a parallel decrease in
IRS2, while IRS1 levels did not appear to change. This synergistic
effect of increasing glucose in the presence of FFA on inhibition of
IRS2 and PI-3 kinase-Akt signaling is a novel finding that might
explain the synergistic effect on B-cell survival [23].

The effect of glucose and FFA is accompanied by a
synergistic effect on ER stress that is reduced by addition
of a chemical chaperone

FFA impair insulin signaling in B-cells in part via activation of
ER stress [16,24]. Bachar et. al. [13] recently showed in
insulinoma cells that palmitate at 22.2 mM glucose vs. 3.3 mM
glucose increased activation of JNK, CHOP and the ER stress
enzyme phospho-PERK. We examined the effects of increasing
glucose from 5 mM to 25 mM at 8 and 18 hours of treatment to
observe the different time course of development of ER stress
markers. An enhancement of the ER stress markers phospho-
PERK, phospho-¢ll'20, CHOP, and ATF3 (Figure 3A and 3B)
was observed, confirming and extending the results of Bachar
et. al. [13]. The observation that glucose appeared to synergize
with palmitate to increase ATF3 protein expression, although this
was not statistically significant, was consistent with the previous
finding by Hartman et. al. demonstrating that high glucose and
FFA together increased ATF3 mRNA expression, and that this
was associated with increased apoptosis of insulinoma cells [25].
These glucose-induced changes in the presence of palmitate on ER
stress markers were again noted in the absence of phospho-c-Jun
(Figure 3C).

We next examined whether reducing ER stress using TUDCA,
a chemical chaperone that enhances ER functional capacity [26],
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Figure 4. The synergistic effects of glucose and palmitate on ER stress results in concomitant effects on activation of SREBP1. (A)
MING cells were treated with either control 0.5% BSA or 400 uM palmitate+0.5% BSA at a concentration of 5, 10, 15, 25 mM glucose for 18-h. Nuclear
fractions were extracted from the cells and were subjected to Western blot analyses using anti-SREBP1 and anti-Lamin antibodies. 25 ug of nuclear
protein was loaded in each lane. The upper band normalized over Lamin was used to do the quantification (the lower band is nonspecific). The
relative ratio of nuclear SREBP1 over Lamin calculated by densitometries was summarized as means = S.EM. in the graph respectively. The
representative results of three experiments are shown, and graphically illustrated, * p<<0.05. (B) MING6 cells were treated with either control 0.5% BSA
or 400 uM palmitate+0.5% BSA at a concentration of either 5 or 25 mM glucose for 24-h. Total cell lysates were subjected to Western blot analysis
using anti-acetyl CoA carboxylase (ACC) and anti-a-Tubulin antibodies. The representative results of two individual experiments are shown. (C) Cells
were treated with either 500 pg/ml NaCl or 500 pg/ml TUDCA 15-h prior to beginning of palmitate treatment. Cells were co-treated with either 0.5%
BSA or 400 uM palmitate+0.5% BSA with 25 mM glucose and NaCl or TUDCA for 18-h. Nuclear fractions were extracted from the cells and were
subjected to Western blot analyses using anti-SREBP1 and anti-Lamin antibodies. The upper band normalized over Lamin was used to do the
quantification (the lower band is nonspecific). 25 pg of nuclear extracts were loaded in each lane. The representative results of three individual
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experiments are shown. The relative ratio of nuclear SREBP1 over Lamin calculated by densitometries was summarized as means =+ S.E.M. in the

graph respectively **p<0.01.
doi:10.1371/journal.pone.0018146.g004

can reverse the synergistic effects of glucose and FFA on insulin
receptor substrate signaling. As shown in Figure 3C, the effects of
24 hour treatment with 5 mM or 25 mM glucose in the presence
and absence of palmitate (400 pM) on activation of JNK and other
markers of ER stress are shown in the control condition with NaCl
(first 4 lanes). The results of protein expression under the same
conditions but in the presence of TUDCA are shown in the last 4
lanes of Figure 3C. JNK activation, which again was not
augmented by the combination of high glucose and palmitate,
was little affected by TUDCA treatment. In contrast the other ER
stress markers phospho-elF20, CHOP and cleaved Caspase 3
were attenuated by co-treatment with TUDCA. Addition of
TUDCA also increased Pdxl (Figure 3C). The increase in
phospho-Akt protein levels, an inhibitor of Gsk3 activity, and
IRS2 protein levels were also observed with TUDCA treatment
(Figure 3D). Together the results suggest that glucose potentiation
of FFA induced apoptosis involves activation of ER stress with
resultant inhibition of insulin signaling in a manner independent of
further JNK activation.

Glucose and palmitate synergistically activate SREBP1

Sterol regulatory element-binding protein-1 (SREBP1) is a
transcription factor that stimulates expression of lipid-regulatory
genes [27]. SREBPI is an ER membrane resident protein that in
response to sterol depletion is cleaved to generate a transcription-
ally active N-terminal fragment that translocates to the nucleus
[28]. SREBP! is increased in liver and islets of diabetic animals
[29]. In vivo SREBP1 overexpression increased lipid accumulation
in islets, reduced B-cell mass, and impaired insulin secretion [30].
Overexpression of the SREBP1 gene in insulinoma and islet -
cells also reduced IRS2 protein [31]. Furthermore, incubation of
insulinoma cells and islets with high glucose (25 mM) was shown
to activate SREBP1. The latter study examined only high glucose,
and did not include FFA. As shown in Figure 4A, like the study of
Wang ct. al [31] we observed an apparent slight effect of
increasing glucose on SREBP1 activation, when nuclear SREBP1
was corrected for nuclear Lamin. A synergistic effect was observed
of glucose and FFA on activation of SREBP1 with a concomitant
reduction of SREBP1 precursor and appearance of mature or
nuclear SREBP1. SREBP1 activation was further confirmed by
increased expression of its target acetyl-CoA carboxylase (ACC)
(Figure 4B). SREBP! activation was reduced by attenuation of ER
stress with TUDCA pretreatment (Figure 4C) that suggested that
the synergistic effects of glucose and palmitate on activation of
SREBP1 were mediated by exacerbation of ER stress.

Glucose/palmitate activate ER stress and reduce insulin
signaling in primary islets

To validate the relevance of synergistic effects of glucose and
palmitate on pancreatic B-cells we treated isolated primary mouse
islets with 11 mM or 30 mM glucose in either the absence or
presence of 400 uM palmitate for 72 hours. This incubation time
and different glucose concentrations were utilized as it was
determined that primary islets are more resistant to FFA induced
apoptosis than are insulinoma cells (data not shown). Treatment
with high glucose (30 mM) and palmitate resulted in an apparent
but not significant (p=0.14) enhanced induction of cleaved
Caspase3 (Figure 5A), and an apparent but not significant
(p=0.07) reduced IRS2 expression (Figure 5B). In addition, high

@ PLoS ONE | www.plosone.org

glucose and palmitate synergistically enhanced the ER stress
marker GRP78 (p<<0.05) beyond JNK activation (Figure 5C), and
caused an apparent increase in ATF3 (p=0.06) (Figure 5D).
Consistent parallel increases in nuclear SREBP1 and total ACC
protein also appeared to be potentiated by high glucose and
palmitate although the effects were not significant (Figure 5E).
Treatment with high glucose and palmitate did however result in
significant reduction of phospho-Akt, Pdxl, and phospho-Gsk3b
with no change in phospho-¢Jun (Figure 5F). These data together
support the relevance of findings in insulinoma cells to primary
islet B-cells.

Loss-of-function of ATF3 and gain-of function of IRS2
reduce the effects of glucose and palmitate on apoptosis

To assess the effects of ER stress-induced ATF3 expression and
subsequent suppression of IRS2 on glucolipotoxicity mediated
apoptosis, loss- and gain-of-function studies were conducted. INS-
r3 cells were utilized as the reagents for small hairpin RNA
(shATF3) were controlled for rat ATF3 and not mouse. A similar
role for ATF3 in MIN6 and INSI insulinoma cell stress response
has been observed (Zmuda and Hai, unpublished observations).
INS-r3 cells were incubated with 400 pM palmitate/25 mM
glucose for the indicated times in the presence of adenoviruses
expressing either control or shATF3 to reduce ATF3 expression
[14]. Note that phospho-Akt appeared to be elevated in cells
expressing shATF3 at all times consistent with the known
inhibitory effect of ATF3 on IRS2 transcription and subsequent
insulin signaling. The IRS2 levels in the ATF3 knockdown cells
appeared to be elevated relative to that in control cells at both 8
and 16 hours of glucose/palmitate treatment. Further cleaved
Caspase3, following glucose/palmitate treatment, was suppressed
in ATF3 knockdown cells (p<<0.002). The conclusion that ER
stress activates ATF3 that contributes to impaired insulin signaling
and apoptosis is thus supported by these ATF3 knockdown
experiments.

In another experiment using primary islets treated with glucose/
palmitate for 72 hours, the effects of transfection with an
adenovirus expressing IRS2 was compared to that of islets with
control adenovirus. As shown in Figure 6B, where Immunodetec-
tion was set to assess high levels of IRS2 in IRS2 transfected cells,
there was a marked increase in IRS2 protein with IRS2
overexpression. Glucose/palmitate treatment resulted in increased
ATF3 and cleaved Caspase3 with control adenovirus, while
overexpression of IRS2 appeared to reduce the degree of apoptosis
as measured by reduction of cleaved Caspase3 (Figure 6B). These
results are consistent with the previously demonstrated role of
ATTF3 on ER stress induced apoptosis in islets [14,25].

Loss-of-function of Gsk3p on glucose and palmitate

induced B-cell apoptosis

The progressive decline in insulin receptor substrate signaling
observed with decreasing IRS2 expression and phospho-Akt was
associated with decreased phosphorylation of Gsk3f (Figure 2) and
thus activation of the pro-apoptotic form of Gsk3B [32]. To
examine the contribution of activation of Gsk3p, the effects of
palmitate treatment with increasing amounts of an adenovirus
expressing a catalytic inactive mutant of the human Gsk3B (Adv-
Gsk-3KM) were analyzed by Western blot (Figure 7A). A control
sample was placed on either end of the blot to facilitate
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Figure 5. Synergistic effects of glucose and palmitate on ER stress and suppression of IRS2 expression levels in primary mouse
islets. Islets from 14 weeks of age C57BL/6 male mice were isolated as described in Methods and were treated with either control 0.5% BSA or
400 uM palmitate+0.5% BSA in RPMI medium containing either 11 mM or 30 mM glucose, 10% FBS for 72-h. Total cell lysates were extracted from
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the islets and subjected to Western blot analysis using (A) anti-cleaved Caspase3 and anti-B-Actin, (B) anti-IRS2 antibodies, (C) anti-phospho-JNK,
anti-total JNK, anti-GRP78, anti-CHOP, anti-o-Tubulin antibodies, (D) anti-ATF3 antibodies, (E) anti-Acetyl CoA Carboxylase (ACC), anti-SREBP1, anti-o-
Tubulin antibodies, (F) anti-Pdx1, anti-phospho-Gsk3, anti-total Gsk3, anti-phospho-Akt (5473), anti-phospho-clun, anti-o-Tubulin antibodies. The
blots shown are representative of 3 individual islet experiments. The relative ratio of indicated protein over B-Actin or o-Tubulin as a loading control
calculated by densitometries was summarized as means = S.E.M. in the graph respectively *p<<0.05, **p<0.01.

doi:10.1371/journal.pone.0018146.9g005

comparisons. For instance, observe the increase in cleaved
Caspase3 and phopho-JNK between the two controls on either
end of the blot. Increasing doses of the virus correlated with
increased levels of total Gsk-3f, and reduced levels of the Gsk-3p
substrate phospho-GS. Increased kinase dead Gsk-3f virus also
resulted in increased expression of Pdxl, reduced apoptosis as
suggested by cleaved Caspase 3 levels, and cell death measured by
propidium iodide incorporation (Figure 7B). Interestingly the
protective effects of the Adv-Gsk-3KM occurred in spite of
apparent comparable activation of phospho-JNK with palmitate
treatment.

Discussion

The combination of hyperglycemia and hyperlipidemia that is
associated with insulin resistance may contribute to reducing p-cell
mass and promoting the transition to full blown Type 2 diabetes,
but the underlying mechanisms are only partially understood. This
study examined the sequence of molecular events that may be
involved in this process, and resulted in several novel observations:
1) While early induction of JNK plays a role in FFA-induced
apoptosis [13,16], it does not appear involved in the high glucose
potentiation of FFA effects; 2) the potentiating effects of glucose
and IFFA on ER stress result in activation of ER-associated
SREBP! and ATF3 leading to reduced IRS2 expression further
impairing insulin-receptor substrate-PI-3K-Akt signaling, and 3)
treatment with an adenovirus expressing a kinase dead Gsk3f
significantly restored Pdxl levels, and reduced the apoptosis
induced by high glucose and FFA. Together these findings provide
a molecular model for the synergistic effects of glucose and FFA on
islet cell death and identify potentially useful therapeutic targets.

The role of JNK activation in FFA-induction of apoptosis in §-
cells has been documented [13,16,33]. In the current study, JNK
activation by palmitate was significant as expected, but was
maximal at low glucose, and glucose potentiation of FFA-induced
apoptosis was JNK independent (Figure 1B). How FFA treatment
of B-cells leads to JNK activation is not completely known, but
FFA induce ER stress, which activates JNK activation, and JNK
activation itself can induce ER stress [13,34]. Interestingly,
TUDCA appeared to reduce cleaved Caspase3 and CHOP
induction, while not appearing to reduce JNK activation (Figure 3)
suggesting that in this case JNK activation is upstream of ER
stress. On the other hand the results of inhibition of ATF3 by
shRNA in Figure 6A suggest that JNK activation is upstream of
ER stress. Our results do not therefore settle this issue of the
relative position of JNK activation and ER stress. Regardless of
whether JNK activation is upstream or downstream of ER stress,
the findings in the current study show that the combination of high
glucose and FFA does not associate with further activation of JNK
as compared to FFA in low glucose. This result is to some extent in
conflict with that of Bachar et. al. [13] who showed that incubating
islet cells in low vs. high glucose resulted in both increased ER
stress and JNK activation. A difference in the two experiments is
that Bachar etal. evaluated islet cells in 3.3 mM vs. 22 mM
glucose, and our experiments assessed cells in 5.5 mM vs. 25 mM
glucose. Our results do not rule out the contributory effect of JNK
on P-cell apoptosis as previously shown [13,16,33] but they
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emphasize the importance of additional mechanisms contributed
by high glucose. Additionally, since glucose and palmitate have
been shown to evoke oxidative stress, impairing nuclear translo-
cation of Pdxl and triggering B-cell failure [35], it is conceivable
that oxidative stress interacts with JNK, ATF3 and ER stress to
contribute to glucose/palmitate induced apoptosis, although this
hypothesis remains to be tested.

The role of SREBP1 in high glucose induced apoptosis in islet
B-cells has been reported [31]. In the absence of FFA, high glucose
alone for 48 hours was shown to activate SREBP1 and to repress
IRS2 and Pdx1 levels. Expression of a dominant negative SREBP1
reversed these transcriptional effects. In the current study, glucose
alone at high concentration slightly activated SREBP1 as shown in
Figure 4, an event that did not correlate with ER stress or
apoptosis. A much more significant activation of SREBP1 was
observed with glucose and palmitate together and this was shown
to be a function of induced ER stress since it was attenuated by
TUDCA (Figure 4C). These results only show an association of
SREBP! nuclear translocation, and do not document its causal
role. It is likely however that SREBPI nuclear translocation
participates in glucose/palmitate induced apoptosis, as previous
studies documented the causal role of SREBPI in ER stress
induced apoptosis in insulinoma cells [31]. SREBPI resides in the
ER membrane, where it is anchored by the labile protein INSIG1
[36]. The link between ER stress and SREBP1 activation has been
little studied. Lee et. al. using CHO cells [36] showed that
thapsigargin, a chemical that induces ER stress, activates SREBP1
due to rapid degradation of INSIGI [36]. We observed that
glucose and palmitate together appeared to reduce INSIGI
protein (data not shown), which likely contributed to augmentation
of nuclear SREBP1 under these conditions.

Similarly a synergistic effect of glucose and FFA was observed on
expression of the ER-associated stress marker ATF3. ATF3
expression paralleled suppression of IRS2 protein levels, and
induction of apoptosis measured by CHOP (Figure 3A-B), and
Caspase3 activation (Figure 3A). The association of ATF3 with ER
stress and cell death has been well documented [37] but there is
relatively little known related to ATF3 targets [14]. Recently, ATF3
was shown to suppress the IRS2 protein by binding to the IRS2
promoter [14] and implicated this mechanism in apoptosis induced
by agents such as y-interferon, TNF-0,, or thapsigargin. Our
findings are consistent with the involvement of ATF3 in the
apoptotic effects of nutrient induced ER stress in islet cells. In this
context, we note that Cunha et. al. [33] did not find a pro-apoptotic
role of ATF3 in the context of palmitate treatment. Potential
explanations for this apparent difference include the difference in
glucose concentration (25 mM glucose in our study and 11 mM
glucose in theirs), the cells used (INS-r3 in our study and INS-1E in
theirs), and assays (activated Caspase3 in our study and propidium
iodide plus Hoechst stain). An interesting question is whether ATF3
is a direct repressor of Pdxl expression. Insulin signaling alters
Gsk3p and FoxO activity [16,32,38,39] and these proteins are
known regulators of Pdx] expression. As ATF3 represses IRS2 and
insulin signaling, at least part of ER stress and ATF3 induced Pdx1
suppression is due to decreased insulin signaling, and perhaps also
due to direct suppression of Pdx1 expression, but this latter question
remains to be determined by future experiments. Interestingly
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Figure 6. Loss-of-function of ATF3 and gain-of function of IRS2 reduce the effects of glucose and palmitate on apoptosis. (A) INS-r3
cells were infected with either control or ATF3 shRNA adenovirus 24-h prior to treatment with 400 pM palmitate+0.5% BSA and 25 mM glucose for
the indicated times. Total cell lysates were obtained and subjected to Western blot analysis with antibodies to the indicated proteins. The relative
ratio of IRS2 and cleaved Caspase3 expression over B-Actin was quantified by densitometry. The data obtained from three individual experiments are
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indicated proteins.
doi:10.1371/journal.pone.0018146.g006

ATF3 induction is dependent on the P38 kinase pathway [15] which
is part of signaling transduced by the membrane fatty acid
translocase CD36 and a role of CD36, which is induced by glucose,
has been proposed in mediating palmitate induced apoptosis of
kidney tubular epithelial cell [40]. The role of this pathway in islet
cells will need to be explored in future studies.
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In the current studies we have shown a correlation among
suppression of IRS2 protein levels (Figure 2), ATF3 expression
(Figure 3), and resultant induction of apoptosis. The causal
relationships among these events were demonstrated by Li. et. al.
[14] when insulinoma cells and/or mouse islets were transfected with
adenoviruses expressing inducible gain- or loss-of-function of ATF3
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Figure 7. Inhibition of Gsk3p protects against glucose and palmitate-induced apoptosis in MIN6 cells. MIN6 cells were infected with
100, 200, or 400 MOI of adenovirus expressing a catalytically inactive mutant of the human Gsk3p (Adv-Gsk3PKM) or adenovirus expressing GFP (Adv-
GFP) 24 hours prior to palmitate treatment. Cells were treated with 25 mM glucose and with either 0.5% BSA or 400 uM PA+0.5% BSA for 24 hours. A
GFP control was placed on either end of the blot to facilitate comparison of control and Adv-Gsk3BKM. (A) Western blots using the indicated
antibodies, with relative expression of Pdx1 normalized over o-Tubulin, and expression levels of cleaved Caspase3 normalized over a-tubulin. (B)
Percentage of Propidium lodide incorporation (n=3, means * S.EM.,, *p<0.05, *** p<0.001).

doi:10.1371/journal.pone.0018146.g007
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Glucose

Figure 8. Working diagram illustrating some of the key steps
involved in “glucolipotoxicity’”’ of B-cells. High glucose and FFA
together result in a vicious negative cycle that ultimately promotes -
cell death. As suggested by our findings, high glucose addition to FFA
treated B-cells results in much more activation of SREBP1 than glucose
alone. SREBP1 enhances ACC expression with generation of malonyl-
CoA which impairs FFA oxidation. This in turn leads to augmented ER
stress with further activation of ER-localized SREBP1 as a result of
degradation of the anchoring protein Insigl. The excess non-
metabolized FFA due to more impairment of FFA oxidation would
partition in ER membranes compounding ER stress. In addition to
SREBP1, ER stress activates ATF3. Both nuclear SREBP1 and ATF3 result
in inhibition of IRS2, with concomitant impairment of insulin signaling,
activation of Gsk3f and reduction of Pdx1 leading to apoptosis.
doi:10.1371/journal.pone.0018146.9008

and IRS2. Treatments that induced ATF3 activation and IRS2
suppression included induction of apoptosis by combined treatment
of insulinoma cells with y-interferon, TNF-a,, or the ER stress
activator thapsigargin. These studies demonstrated that ATF3, like
the transcription factor CREB, alters IRS2 expression by binding to
the IRS2 promoter. In the current study, we have examined the role
of combined glucose and palmitate on this pathway (Figure 6).
Transduction with an adenovirus expressing shATF3 significantly
reduced this effect, while transduction with AdV-IRS2 ameliorated
the apoptotic effect, thus mechanistically linking this pathway.

In this study co-incubation of insulinoma cells with an adenovirus
expressing a kinase dead Gsk3f (Adv-Gsk3BKM, Figure 7) along
with high glucose and palmitate for 24 hours significantly reduced
cleaved Caspase3 and cell death. A previous study in IRS2 null mice
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The unfolded protein response (UPR), which plays an
important role in maintaining homeostasis of the endo-
plasmic reticulum (ER), is known to be activated in various
solid tumors [1]. The role of the UPR in different forms of
cancer or metastasis remains poorly characterized, and it is
unclear whether UPR activation in cancer is due solely to
microenvironmental stress, or to other mechanisms. The
influence of the UPR on leukemogenesis remains largely
uninvestigated. We previously reported that the UPR is
activated in Philadelphia (Ph)-positive leukemia cells using
cell lines and primary cells from Ph-positive acute lym-
phoid leukemia (ALL) patients [2]. In the present study, we
investigated whether the UPR is activated in another type
of acute leukemia, primary acute myeloid leukemia
(AML).

We performed real-time reverse transcription-polymer-
ase chain reaction (RT-PCR) focusing on four UPR-related
genes to validate the upregulation of the UPR in AML
cells: the spliced form of X-box-binding protein 1
(XBP1s), which is a key transcription factor of the UPR;
ER-degradation enhancing «-mannosidase-like protein 1
(EDEM1), which is involved in ER-associated degradation;
glucose-regulated protein 78 (GRP78), which is an ER
chaperone; and C/EBP-homologous protein-10 (CHOP),
which is also a transcription factor. We analyzed samples
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from AML patients [26 bone marrow (BM) and four
peripheral blood (PB) samples] and healthy controls (16
BM and 18 PB samples). The collection of mononuclear
cells and total RNA extraction was described previously
[2]. Total RNA was subjected to reverse transcription with
a high-capacity RNA-to-cDNA kit (Applied Biosystems)
according to the manufacturer’s instructions. Quantitative
RT-PCR of the indicated genes was performed using a
Power SYBR® PCR Master Mix (Applied Biosystems)
with a StepOnePlus™ Real Time PCR System (Applied
Biosystems). The primer sequences for each of the human
UPR-related genes are as follows: XBP1s, 5'-ggagttaaga-
cagegettggg-3' and 5'-acctgetgeggactcage-3'; GRP78/BiP,
5'-gagttcttcaatggcaagg-3' and 5'- ggggacatacatcaagcag-3';
EDEMI1, 5'-cagctccaactgeaategtgta-3’ and 5'-atctggtcaatct
gtcgeatgta-3'; CHOP/GADD153, 5'-gagagagtgttcaagaagga
agtgtatc-3’ and 5'-ccgaaggagaaaggcaatga-3’; f-actin, 5'-tgg
caccacaccttctacaatg-3’ and 5'-tctcaaacatgatctgggtcatc-3'.
Calculated concentrations were normalized to the expres-
sion level of f-actin mRNA. Statistical analyses were
performed using Mann—Whitney’s U test.

The UPR involves the cleavage of XBP1 mRNA to
generate the spliced form XBP1s, which has been shown to
be a sensitive marker for the activation of the UPR [3]. We
found that the expression of XBP1s mRNA was signifi-
cantly higher in the AML patients than in the healthy
controls in both the BM and PB samples (P < 0.05). Fur-
thermore, the expression of GRP78, EDEM1, and CHOP
mRNAs was significantly higher in the AML patients than
in the healthy controls (P < 0.05) (Fig. 1a). The patients’
data classified according to the French-American-British
classification are shown in Fig. 1b. In the acute promye-
locytic leukemia (APL) patients, the expression of GRP78
mRNA was especially higher than in the other AML
samples.
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Fig. 1 UPR-related genes are
upregulated in bone marrow
(BM) and peripheral blood (PB)
from acute myeloid leukemia
(AML) patients. a The
expression of XBPls, EDEMI,
GRP78, and CHOP mRNA is
significantly upregulated in
primary PB (upper) and BM
(lower) AML samples
compared to healthy control
samples. b The expression of
the 4 types of mRNA from
primary BM samples
individually with their diagnosis
and the transcript levels after
normalization against f8-actin
(ACTB) in healthy individuals
and leukemia patients are
shown. ¢ Comparison of the
expression of the 4 types of
mRNA from BM AML samples
at the initial visit between the
patients with sustained complete
response (CR) and those who
experienced relapse (Relapse)
(NS not significant,

P values > 0.1)
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The UPR is initially a self-protective response aimed at
restoring normal ER function and maintaining cell sur-
vival; however, when ER stress is severe or prolonged, it
overrides the salvage mechanisms of the initial UPR,
leading to apoptosis [4]. Schardt et al. [5] reported UPR
activation in AML patients using the expression of XBP1s
by gel electrophoresis analysis; AML patients with an
activated UPR presented a favorable course of the disease.
This was unexpected, as increasing evidence suggests that
the UPR is closely associated with cancer cell survival and
resistance to anti-cancer treatments. Bagratuni et al. [0]
reported that myeloma patients with high XBP1s levels
have a poor clinical outcome. Ph-positive ALL patients, a
representative leukemia with a poor prognosis, showed
especially high expression levels of XBPls and EDEM1
mRNA compared to Ph-negative ALL patients and control
samples in our study (data not shown). In our previous
study, we found that the Ber-Abl fusion protein activated
the UPR, which plays an anti-apoptotic role in Ph-positive
leukemia cells [2]. We evaluated the treatment response
and the expression of the four mRNAs in AML patients at
the initial visit, but did not find any correlation (P > 0.1)
(Fig. 1¢). UPR activation did not seem to be a prognostic
factor in the present study. Kahn et al. reported that the
promyelocytic leukemia (PML)-retinoic acid receptor
(RAR) o fusion protein activated the UPR in APL cells.
They suggested that PML-RAR« induces the accumulation
of the nuclear hormone receptor corepressor in the ER,
leading to the induction of ER stress and ATF6 processing
[7]. We found a relatively higher expression of UPR-rela-
ted genes in APL patients, indicating that UPR activation is
not only a common characteristic in primary AML cells,
but a specific translocation product or genetic alteration

@ Springer

might also activate the UPR in leukemic cells. AML cells
with prognostically favorable or unfavorable karyotypes
and gene mutations might show significant alterations on
UPR activation. Larger and more intensive studies are
required to determine the influence of the UPR on clinical
characteristics and leukemogenesis. It would also be
interesting to investigate this mechanism for targeting the
UPR in leukemic cells from a therapeutic perspective.
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Blockade of the Nuclear Factor-«B Pathway in the
Endothelium Prevents Insulin Resistance and Prolongs
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Background—Nuclear factor-kB (NF-«B) signaling plays critical roles in physiological and pathological processes such
as responses to inflammation and oxidative stress.

Methods and Results—To examine the role of endothelial NF-xB signaling in vivo, we generated transgenic mice
expressing dominant-negative IxB under the Tie2 promoter/enhancer (E-DNI«B mice). These mice exhibited functional
inhibition of NF-«B signaling specifically in endothelial cells. Although E-DNI«B mice displayed no overt phenotypic
changes when young and lean, they were protected from the development of insulin resistance associated with obesity,
whether diet- or genetics-induced. Obesity-induced macrophage infiltration into adipose tissue and plasma oxidative
stress markers were decreased and blood flow and mitochondrial content in muscle and active-phase locomotor
activity were increased in E-DNI«B mice. In addition to inhibition of obesity-related metabolic deteriorations,
blockade of endothelial NF-kB signaling prevented age-related insulin resistance and vascular senescence and,
notably, prolonged life span. These antiaging phenotypes were also associated with decreased oxidative stress
markers, increased muscle blood flow, enhanced active-phase locomotor activity, and aortic upregulation of
mitochondrial sirtuin-related proteins.

Conclusions—The endothelium plays important roles in obesity- and age-related disorders through intracellular NF-«B
signaling, thereby ultimately affecting life span. Endothelial NF-«kB signaling is a potential target for treating the
metabolic syndrome and for antiaging strategies. (Circulation. 2012;125:1122-1133.)
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Nuclear factor-kappa B (NF-kB) is a transcription factor
regulating the gene expression of numerous cytokines,
growth factors, adhesion molecules, and enzymes involved in
a variety of pivotal cellular processes, including responses to
inflammation and oxidative stress.! Without inflammatory
stimuli, NF-«B is maintained in the cytoplasm in a nonacti-
vated form by association with an inhibitor subunit, I«B. In
response to activating stimuli, including tumor necrosis
factor-a (TNF-c), lipopolysaccharide, and other inflamma-
tory cytokines, IkB is phosphorylated by IxB kinase f,
resulting in proteolysis of IkB. Consequently, a nuclear
recognition site of NF-kB is exposed, and NF-«kB is stimu-
lated to move into the nucleus, resulting in mRNA expression

of target genes, including inflammatory cytokines and adhe-
sion molecules.?
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Obesity is characterized by a state of chronic low-grade
inflammation.? Oxidative stress is also widely recognized as
being associated with various obesity-related disorders.# In-
sulin resistance is an important mechanism underlying
obesity-related disorders, eg, diabetes mellitus, hyperlipid-
emia, and hypertension, collectively called the metabolic
syndrome.>® In these metabolic states, NF-kB has been
implicated in the processes of both inflammatory responses
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and oxidative stress.” Indeed, blockade of the NF-«B signal-
ing pathway by systemic administration of high-dose salicy-
late or global disruption of IkB kinase B reportedly sup-
presses inflammatory processes associated with insulin
resistance in obesity and type 2 diabetes mellitus.8-° However,
the sites at which the NF-«B signaling pathway plays critical
roles in these pathological processes remain to be elucidated.

The endothelium lines the entire vascular system in a
single cell layer, forming an interface between vascular
structures and blood. In human adults, ~10 trillion (103
cells form an almost 1-kg organ. Endothelial cells produce
and react to a wide variety of inflammation-related mediators
such as cytokines, growth factors, and adhesion molecules.!©
Endothelial injury and dysfunction are involved in the devel-
opment of many diseases, including vascular diseases and
inflammatory disorders.’’-'2 In this context, we hypothesized
that NF-«B signaling in endothelial cells contributes to
obesity-related disorders. Furthermore, insulin resistance and
increased oxidative stress also are commonly observed in
aged states. Therefore, we also hypothesized that endothelial
proinflammatory responses play important roles in age-
related disorders, ultimately affecting life span. Here, using
the transgenic technique, we show that blockade of the
intracellular NF-«B pathway in the endothelium prevents
obesity- and age-related insulin resistance and enhances
longevity.

Methods

Animals
Animal studies were conducted in accordance with the institutional
guidelines for animal experiments at Tohoku University. The mutant
cDNA for human I«Be, with alanine substitutions of 2 serine
residues (32 and 36), was cloned into a transgenic vector,
pSPTg.T2FpAXK, provided by Thomas N. Sato. This vector con-
tains the Tie2 promoter, SV40 polyA signal, and Tie2 minimum
enhancer fragment (Figure 1A). E-DNI«B;A*/+ mice were obtained
by mating male KK AY (A%/+) mice (Nippon CLEA, Shizuoka,
Japan), a genetic model for obesity-diabetes syndrome, and female
E-DNI«B mice. E-DNI«B mice were also crossed with endothelial
nitric oxide (NO) synthase (eNOS)-deficient (Nos3™/™) mice with
the C57BL/6] background'? to generate E-DNIxB;Nos3 ™/~ mice.
Blood analysis, glucose tolerance tests, insulin tolerance tests,
histological analysis, oxygen consumption, and locomotor activity
were performed as described' in the online-only Data Supplement.

Isolation and Culture of Endothelial Cells

Endothelial cells were isolated from murine lung with a MACS
separation unit (Miltenyi Biotec, Surry, UK) as previously de-
scribed.!s To quantify vascular cell adhesion molecule-1 (VCAM-1)
expression, purified endothelial cells were preincubated for 1 hour
and then stimulated with or without TNF-« (10 ng/mL) for 4 hours,
followed by quantitative reverse-transcriptase polymerase chain
reaction analysis.

Hyperinsulinemic-Euglycemic Clamp
Hyperinsulinemic-euglycemic clamp studies were performed as
described previously.'® Details of the method are given in the
online-only Data Supplement.

Blood Pressure Measurement

Systolic blood pressure in the conscious state was measured by the
indirect tail cuff method with a model MK-2000 BP monitor
(Muromachi Kikai, Tokyo, Japan) according to the manufacturer’s
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instructions.!” At least 6 readings were obtained for each experiment,
and a mean value was assigned to each individual mouse.

Muscle Blood Flow Measurement

Muscle blood flow was measured with the fluorescent microsphere
method as previously described.’® Details of the method are given in
the online-only Data Supplement.

Histological Analysis

Tissues sections were prepared and analyzed as described in the
online-only Data Supplement. Total adipocyte areas were traced
manually and analyzed. White adipocyte areas were measured in
=100 cells per mouse in each group as described previously.!?

Detection of Cellular Senescence :
Cellular senescence was evaluated by senescence-associated
B-galactosidase staining. Senescence-associated 3-galactosidase was
detected with a senescence detection kit (BioVision, Milpitas, CA) as
previously described.?® Senescence-associated B-galactosidase—pos-
itive areas were quantified by Easy Access (AD Science Co, Chiba,
Japan).

Statistical Analysis
All data are expressed as mean+SEM. Images shown are represen-
tative of data from >3 independent experiments. All statistical
analyses were performed with Ekuseru-Tokei 2010 statistical soft-
ware (Social Survey Research Information Co, Ltd, Tokyo, Japan).
Normality was tested with the Kolmogorov-Smirnov test. When data
were normally distributed, the statistical significance of differences
was assessed by 1-way ANOVA. Multiple experimental groups were
compared by use of a Bonferroni test. Data were analyzed with
nonparametric ANOVA (Kruskal-Wallis) when conformity to a
normal distribution was not confirmed. Repeated-measures ANOVA
was used to compare data obtained by serial measurements over time
between the 2 experimental groups. Survival rates were compared
between E-DNI«B mice and control littermates by the Kaplan-Meier
method with log-rank tests. In all analyses, values of P<<0.05 were
accepted as statistically significant.

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as written.

Results

Construction of the Transgene and Generation of
the E-DNIkB Mice
To block the NF-«B signaling in endothelial cells, we
generated transgenic mice (E-DNI«kB mice) in which the
dominant-negative form of human IkBa (DNIxkBa), with
alanine substitutions of 2 serine residues (32 and 36), was
expressed under the control of the Tie2 enhancer/promoter
(Figure 1A). Immunoblotting of lung lysates confirmed the
expression of transgene-derived human IkBe, ie, DNIkBa,
with a slightly higher molecular weight than the murine, ie,
endogenous, IkBa protein (Figure 1B). Transgene expression
was apparent in the lung, in which the endothelium is
abundant, but was only faintly detectable in other tissues such
as the liver, pancreas, muscle, and adipose tissue (Figure 1B).
In addition, endogenous IxkBa proteins were degraded
whereas DNI«Ba remained essentially intact without degra-
dation after TNF-« stimulation (Figure 1C). Immunostaining
of lung tissue revealed that movement of NF-«B to the
nucleus in response to TNF-o stimulation was markedly
inhibited by DNI«Ba expression (Figure 1D).

To further confirm the functional inhibition of endothelial
NF-«B signaling, we isolated endothelial cells from murine
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Figure 1. Generation of endothelial dominant-negative IkBa transgenic (E-DNIxB) mice. A, The construct of the transgene for generat-
ing E-DNIxB mice. B, Extracts of various tissues, as indicated, obtained from control and E-DNI«B mice were immunoblotted with anti-
IkBa antibody. Exogenous (human) IkBa has a slightly higher molecular weight than endogenous (murine) IkBa. WT indicates wild type.
C, Lung extracts of nontransgenic (control) and E-DNIxB mice were obtained 30 minutes after injection of tumor necrosis factor-«
(TNF-o; 25 pgrkg), followed by immunoblotting with anti-lkBa antibody. D, Sections of thoracic aortas obtained from control and
E-DNIxB mice were immunostained with anti-p65 (nuclear factor-«B [NF-«B] subunit) antibody. L indicates lumen; A, adventitia. Arrows
indicate endothelial nuclei. E, Endothelial cells were isolated from lungs of control (white bars) and E-DNIxB (black bars) mice (n=6 per
group) by use of a MACS separation unit. Purified endothelial cells were stimulated with or without TNF-« (10 ng/mL) for 4 hours, fol-
lowed by analysis of vascular cell adhesion molecule-1 (VCAM-1) expression by quantitative reverse-transcriptase polymerase chain
reaction (RT-PCR). F, Circulating blood cells from control (white bars) and E-DNIxB (black bars) mice (n=5 per group) were stimulated
with or without lipopolysaccharide (100 ng/mL) for 3 hours, followed by analysis of TNF-« expression by quantitative RT-PCR analysis.
In E and F, the relative amounts of mRNA were calculated with B-actin mRNA as the invariant control. Data are presented as
mean=SEM. *P<0.05, **P<0.01 by 1-way ANOVA and Kruskal-Wallis tests.
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lung and analyzed the expression of VCAM-1, a target gene
of NF-«B.?! In isolated endothelial cells from wild-type mice,
TNF-« upregulated VCAM-1 expression, whereas basal and
TNF-a—induced VCAM-1 expression was markedly inhibited
in isolated endothelial cells from E-DNI«B mice (Figure 1E).
In contrast, in circulating cells from E-DNI«B mice, neither
basal nor lipopolysaccharide-induced TNF-« expression
was suppressed (Figure 1F). These findings demonstrate
that NF-«B signaling is functionally blocked specifically
in endothelial cells of the E-DNI«B mice used in this
study.

Young E-DNIkB Mice Showed No Apparent
Phenotypic Differences Compared With

Control Mice

First, we analyzed glucose metabolism in these mice on a
normal chow diet at 8 weeks of age. Food intakes (Figure 2A)
and body weights (Figure 2B) were similar in E-DNI«B mice
and their wild-type littermate controls. Glucose tolerance
tests revealed no significant differences in blood glucose

levels before and after glucose loading between these 2
groups (Figure 2C). In addition, blood glucose levels on
insulin tolerance tests did not differ significantly between
these 2 groups (Figure 2D). In contrast, a hyperinsulinemic-
euglycemic clamp study, a more sensitive procedure for
estimating insulin sensitivity, showed increased glucose in-
fusion rates in E-DNI«B mice (Figure 2E). Because hyper-
insulinemia during the clamp procedure suppresses hepatic
glucose production, these findings indicate slight improve-
ment of insulin sensitivity in insulin-responsive tissues,
mainly muscle. Furthermore, systolic blood pressure was also
similar in these 2 groups (Figure 2F). Thus, although young
and on a normal chow diet, E-DNIxkB mice showed no
apparent phenotypic differences from control mice, except for
slightly improved insulin sensitivity.

E-DNIxB Mice Were Protected From
Obesity-Induced Insulin Resistance

We next analyzed the effects of endothelial NF-«B signaling
blockade on glucose metabolism and insulin sensitivity in
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Figure 3. Endothelial dominant-negative [«kBa
transgenic (E-DNI«B) mice are protected from
high-fat diet-induced obesity and insulin resis-
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states of obesity. First, E-DNI«B mice with the C57BL/6J
background were placed on a high-fat diet starting from 8
weeks of age. Body weights were similarly increased in
E-DNI«B mice and their wild-type littermate controls (Figure
3A). However, after 20 weeks of high-fat loading, differences
in glucose tolerance and insulin sensitivity became evident.
Glucose and insulin tolerance tests revealed that blockade of
endothelial NF-«B signaling significantly protected these
mice from the development of glucose intolerance (Figure
3B) and insulin resistance (Figure 3C). Furthermore, systolic
blood pressure was significantly lower in E-DNIxB mice
(Figure 3D). These findings indicate that inhibition of endo-
thelial NF-«B signaling prevents obesity-induced disorders
such as insulin resistance, glucose intolerance, and
hypertension.

The prevention of insulin resistance and hypertension
achieved by inhibiting endothelial NF-«B signaling was
observed in genetically obese (A¥/+) mice in earlier periods.
Body weights were slightly lower in E-DNI«B;AY/+ than in
control littermate A¥/+ mice at 16 weeks of age (Figure I in
the online-only Data Supplement). Glucose (Figure 4A) and
insulin (Figure 4B) tolerance tests revealed markedly better
glucose tolerance and insulin sensitivity with blockade of
endothelial NF-«B signaling. In contrast, hepatic expression
of gluconeogenic genes, phosphoenolpyruvate carboxyki-
nase, and glucose-6-phosphatase did not differ significantly
between the 2 groups (Figure II in the online-only Data
Supplement), suggesting that muscle is the major tissue
responsible for improvement of insulin sensitivity achieved
by blockade of endothelial NF-«B signaling. Systolic blood
pressure was also significantly lower in E-DNIkB;AY/+ mice
than in AY/+ littermates (Figure 4C). In addition, aortic
expression of adhesion molecules such as VCAM-1 and

120 - g

neal glucose load (0.5 g/kg body weight) after a
10-hour fast in mice maintained on a high-fat diet
at 28 weeks of age. C, Insulin tolerance tests were
performed in an ad libitum—fed state. Data are
expressed as percentages of blood glucose levels
immediately before intraperitoneal insulin loading
(0.8 U/kg body weight) in mice maintained on a
high-fat diet at 28 weeks of age. D, Systolic blood
pressures of control (white bars) and E-DNIxB
(black bars) mice maintained on a high-fat diet at
24 to 28 weeks of age. Data are presented as
mean+SEM. n=6 in control and n=7 in E-DNI«xB
mice. *P<0.05 by 1-way and repeated-measures
ANOVAs.

E-selectin was decreased in E-DNIxB;AY/+ mice (Figure
4D). Simultaneously, eNOS expression was significantly
increased (Figure 4D), which may have contributed to the
lower blood pressures.

Obesity-Associated Macrophage Infiltration Into
Adipose Tissue Was Markedly Inhibited in
E-DNIkB Mice

Obesity is a chronic state of low-grade inflammation leading
to insulin resistance and oxidative stress. Macrophage infil-
tration into white adipose tissue reportedly contributes to the
underlying mechanism.?>?* Therefore, we histologically an-
alyzed white adipose tissue, an important site of obesity-
related inflammation. The adipocyte sizes and weights of
epididymal fat tissue were smaller in E-DNI«B;AY/+ mice
than in control AY/+ littermates, whereas liver weights did
not differ significantly (Figure 4E and Figure I in the
online-only Data Supplement). These findings suggest that
less adiposity contributes to the better glucose tolerance in
E-DNIkB;AY/+ mice. Although immunohistochemical stain-
ing with antibodies against MOMA-2, a macrophage marker,
revealed massive infiltration of macrophages into adipose
tissue in AY/+ littermates, macrophage infiltration was mark-
edly inhibited by endothelial blockade of NF-«B signaling
(Figure 4E). The inhibition of macrophage infiltration was
quantitatively confirmed by reverse-transcriptase polymer-
ase chain reaction. Expression of F4/80 and inducible NO
synthase was significantly lower in adipose tissues of
E-DNIkB;AY/+ mice than in those of control littermate AY/+
mice (Figure 4F). These findings indicate that endothelial
NF-«B signaling is involved in obesity-induced macrophage
infiltration into adipose tissue. In addition, E-selectin expres-
sion was significantly decreased and VCAM-1 and intercel-

Downloaded from http://circ.ahajournals.org/ at TOHOKU UNIVERSITY on April 18,2012

-176 -



Hasegawa et al

Endothelial NF-«B Blockade Extends Longevity

1127

A B C
< 4007 -§120~ 140, *
B 350 ©100- £ [ l Figure 4. Blockade of endothelial nuclear
E 300 S E factor-«B (NF-«B) signaling prevented
2 250 & 807 01201 E‘ adipose macrophage infiltration in geneti-
8 2001 3 0. 2 B cally obese mice. A, Male KK AY (AY/+)
% 150- .t S 4. @100_ control mice (O) and endothelial
5 100- * * 3 * . * 2 dominant-negative {kBa transgenic mice
- * * _g’ 20 B mated with male KK AY (E-DNI«B;AY/+; m)
B o g 0 ‘.% 80 recet‘ived ?Iulcose to[lergn(ge te;;,&s vgi'frcli a
e T T T = N ' y ' y peritoneal glucose load (0.5 g/kg body
0153 (n??n) % 120 @ 0 15 (n::g,) 45 60 weight) after a 10-hour fast at 16 weeks
D of age. B, Insulin tolerance tests were
g * performed in an ad libitum-fed state at 16
;350- weeks of age. Data are expressed as per-
§ 300 centages of blood glucose levels immedi-
E._ | ately before intraperitoneal insulin loading
"6250 " . % (2.5 U/kg body weight). C, Systolic blood
200 pressures were measured in AY/+ control
3150+ (white bars) and E-DNIxB;AY/+ (black
E 100 —_— —] bars) mice at ‘16 weeks of age. D, Aort:_c
° gene expression of vascular cell adhesion
2 %07 . molecule-1 (VCAM-1), E-selectin, and en-
8 dothelial nitric oxide synthase (eNOS)
& VCAM-1  E-selectin eNOS was analyzed in AY/+ control and
N E-DNIxB;AY/+ mice at 16 weeks of age
by reverse-transcriptase polymerase chain
E AVl E-DNixB;Av/+ - reaction (RT-PCR). E, Epididymal fat from
R : P AY/+ control and E-DNIxB;AY/+ mice
E . were immunostained with anti-MOMA2
T = antibody (left). Cell diameters were mea-
%’ 1001 sured {right). F, Gene expression of mac-
g = rophage markers in epididymal fat was
g 0] analyzed in AY/+ control and
“7 E-DNIxB;AY/+ mice by RT-PCR. In D and
z:- F, the relative amounts of mRNA were
calculated with B-actin mRNA as the
F G * invariant control. G, Plasma concentra-
9 * * * = tions of the oxidative stress markers thio-
<160 40- ?Em 700- barbituric acid-reactive substance
1401 =y £ eo0- U BARS) and 8-isoprostane were mea-
€ 120 ,—_' ES 30 o sured in AY/+ control and E-DNIxkB;AY/+
S100] === @ & 5007 mice. Data are presented as mean+SEM.
- < = & 400+ n=>5 in A¥/+ control and n=7 in
S 801 @ 201 5 E-DNIKB;AY/+ mice. *P<0.05 by 1-way
g 60 «© § repeated-measures ANOVAs and Kruskal-
s 40- £ 101 = 2007 Wallis tests.
2 204 8 @ 100-
2 o E
50 0 g 0
& F4/80 iNOS T

lular adhesion molecule-1 tended to be downregulated in
adipose tissues of E-DNI«B;AY/+ mice, whereas angiogen-
esis markers such as Tie2 and vascular endothelial growth
factor did not differ (Figure IHI in the online-only Data
Supplement). Thus, suppression of endothelial expression of
adhesion molecules might be involved in the decrease in
macrophage infiltration into adipose tissue observed in
E-DNIkB;AY/+ mice.

Plasma leptin, TNF-«, and monocyte chemoattractant
protein-1 tended to be lower whereas adiponectin was signif-
icantly higher in E-DNIkB;AY/+ mice than in A¥/+ litter-
mates (Figure IV in the online-only Data Supplement).
Furthermore, plasma levels of the oxidative stress markers
thiobarbituric acid-reactive substance and 8-isoprostane were
significantly lower in E-DNIkB;A’/+ mice than in AY/+
littermates (Figure 4G). Aortic expression of the antioxidant
enzymes manganese superoxide dismutase and glutathione

peroxidase was significantly suppressed in E-DNI«B;AY/+
mice (Figure V in the online-only Data Supplement), sug-
gesting amelioration of oxidative stress in vascular cells.
Taken together, these observations indicate that endothelial
NF-«B signaling is involved in obesity-associated inflamma-
tion and oxidative stress.

Blood Flow and Mitochondrial Contents Were
Increased in Muscles of E-DNIxB;AY/+ Mice
Endothelial adhesion molecule expression is involved in the
leukocyte-endothelium interaction, which reportedly affects
the microcirculation.?* In addition, endothelium-derived NO
is widely recognized as a major vasodilator?s that modulates
mitochondrial biogenesis.?¢ Because endothelial blockade of
NF-kB signaling decreased and increased aortic expression of
vascular adhesion molecules and eNOS, respectively (Figure
4D), we first measured blood flow in muscle, a major
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Figure 5. Blood flow and mitochondrial contents were increased in muscles of endothelial dominant-negative IkBa transgenic mice
mated with male KK AY (E-DNIxB;AY/+) mice. A, Gastrocnemius muscle blood flows of 16-week-old AY/+ control (white bars, n=4) and
E-DNIkB;AY/+ (black bars, n=4) mice were measured with the fluorescent microsphere method. B, Gene expression of mitochondrial
proteins in muscle was analyzed in A¥/+ control and E-DNI«xB;AY/+ mice by reverse-transcriptase polymerase chain reaction. The rela-
tive amounts of mRNA were calculated with a-actin mRNA as the invariant control. UCP-3 indicates uncoupling protein-3; MCAD,
medium-chain acyl-CoA dehydrogenase. C, Total DNA was extracted from gastrocnemius muscles of A¥/+ control and E-DNI«B;AY/+
mice, and mitochondrial DNA contents were measured with a sequence detection system. In B and C, the relative amounts of mRNA
were calculated with a-actin mRNA as the invariant control. n=5 in A¥/+ control and n=7 in E-DNI«B;AY/+ mice. D, Locomotor activi-
ties at 20 to 24 weeks of age of AY/+ control (O; n=4) and E-DNI«B;AY/+ (®; n=4) mice (left). Estimated activities in 12-hour light and
dark periods (right) were calculated. Data are presented as mean+SEM. *P<0.05 by 1-way ANOVA.

insulin-sensitive tissue, using the fluorescent microsphere
method.'827 Blockade of endothelial NF-«B signaling signif-
icantly increased blood flow in the muscles of AY/+ mice
(Figure 5A), suggesting involvement in the prevention of
obesity-induced insulin resistance. Next, we examined mito-
chondrial protein expression and mitochondrial DNA con-
tents. Mitochondrial proteins such as cytochrome c, uncou-
pling protein-3, and medium-chain acyl-CoA dehydrogenase
were upregulated in muscles of E-DNI«B;AY/+ mice com-
pared with AY/+ littermate controls (Figure 5B). Mitochon-
drial DNA contents were significantly higher in muscles of
E-DNI«B;A’/+ mice (Figure 5C). These findings indicate
that blockade of endothelial NF-«B signaling enhances mi-
tochondrial biogenesis in muscle.

Then, we assessed whether locomotor activity was affected
by blockade of endothelial NF-«B signaling. Interestingly,
E-DNI«B mice exhibited significant increments in locomotor
activity during the 12-hour dark phase, whereas locomotor
activities did not differ during the 12-hour light phase (Figure
5D). Compatible with this, oxygen consumption was also
increased in E-DNIkB mice during the dark phase but

unchanged in the light phase (Figure VI in the online-only
Data Supplement). Because muscle blood flow?® and mito-
chondrial function?®® are reportedly involved in insulin sensi-
tivity, these enhancements associated with increased locomo-
tor activity may underlie the protection from insulin
resistance in response to blockade of endothelial NF-«B
signaling.

E-DNIxB Mice Were Protected From Age-Related
Insulin Resistance and Blood Pressure Elevation

Insulin resistance, elevated blood pressure, and increased
oxidative stress, which were prevented in obese E-DNI«B
mice, are also commonly observed in aged states. Therefore,
we next examined the effects of endothelial NF-«B block-
ade on age-related metabolic deteriorations and vascular
senescence using 50-week-old E-DNI«kB mice on a stan-
dard chow diet. Food intakes were similar (Figure VIIA in
the online-only Data Supplement), but body weights were
slightly lower in aged E-DNIkB mice than in wild-type
littermates (Figure VIIB in the online-only Data Supple-
ment). Blood glucose levels after glucose loading tended to
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