


the vagal nerve could ameliorate cardiac dysfunction in a
distant period after ischemia-reperfusion injury.

Ischemia-reperfusion injury model was created in
Sprague-Dawley rats by ligating the left coronary artery for
30 min followed by reperfusion. We stimulated the right
vagal nerve (the stimulation condition is proprietary) from the
onset of ischemia for 3 hrs. We measured hemodynamics
before ischemia, 4 days after ischemia with and without
bionic autonomic neuromodulation. We estimated left
ventricular function using echocardiography. We estimated
infarction size histologically 4 days after ischemia.

III. RESULTS

As shown in the upper panels of figure, in comparison with
sham stimulation (SS, n=6), vagal nerve stimulation (VNS,
n=6) significantly decreased left ventricular end-diastolic
pressure, and increased left ventricular (dp/dt)max suggesting
improved left ventricular function. CNT represents the
control condition (n=4). The improvement of left ventricular
function was paralleled with decreased end-diastolic
dimension (EDD), and increased shortening fraction (EF) as
shown in the lower panels in the figure. Histological
examination further supported the notion that wvagal
stimulation decreased the infarction size (33£5% vs. 24+3%,
p<.01). Biochemical analysis indicated that vagal stimulation
downregulated mRNA of procollagens, such as Collal,
Col3al, and Ctgf, in infarcted myocardium. Therefore, the
positive impact of vagal nerve stimulation might have, at least
in part, resulted from inhibition of collagen production in
ischemia-reperfusion injury.
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IV. DISCUSSION

*
NT 55 VNS

C

We have shown that vagal stimulation early after the
creation of ischemia resulted in marked reduction in
infarction size and improvement of left ventricular function
with attenuated cardiac remodeling. Although the effect of
vagal nerve stimulation on long term survival remains to be

investigated, it is conceivable that the vagal nerve stimulation
early after ischemia-reperfusion injury may have a positive
impact on such a hard endpoint.

The mechanism by which the bionic neuromodulation
improves ischemia-reperfusion injury remains unknown. The
bradycardiac effect of wvagal stimulation might be a
contributing factor. However, our pilot study indicated that a
comparable heart rate reduction induced by beta-blocker
failed to show the positive impacts on ischemia-reperfusion
injury as much as the vagal stimulation did. Theretofore,
mechanisms other than the bradycardiac effect such as energy
sparing effect, anti-inflammatory effect and anti-oxidant
effect need to be considered [7-10].

V. CONCLUSION

Vagal nerve stimulation reduces infarct size, improves left
ventricular function and attenuates left ventricular
remodeling after ischemia-reperfusion injury. Bionic
autonomic neuromodulation should inspire even more
intricate applications in cardiology in the 21st century.
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tory molecules in HeLa cells.!* On the other hand, chemical
PHD inhibitors attenuated inflammatory responses in several
models including colitis and myocardial inflammation after
an ischemic insult.'#~16 Thus, in the present study, we focused
on the question whether PHD inhibition suppresses or acti-
vates inflammatory responses in macrophages. We demon-
strated that the PHD inhibition by pharmacological inhibitors or
RNA interference suppressed lipopolysaccharide (LPS)-elicited
induction of tumor necrosis factor « (TNF-w),'7 a pivotal
proinflammatory cytokine. However, interestingly the suppres-
sion was mediated not by a HIF-« accumulation but by suppres-
sion of NF-kB transcriptional activity. Our data suggest that
suppression of PHD may be a novel antiinflammatory
mechanism.

Methods

To clarify the role of PHD inhibition on inflammatory response,
murine macrophage cell line, RAW264.7 cells were stimulated with
LPS in the presence or absence of PHD inhibitor. The effect of LPS
on mouse peritoneal macrophage, and human monoctye cell line,
THP-1 was also examined. PHD isoforms were selectively knocked
down by stable transfection of small hairpin RNA expression vector.
Expression of TNF-« and other inflammatory cytokines were exam-
ined by quantitative reverse-transcription PCR (gPCR) or Northern
blot analysis. Promoter activity was examined by luciferase assay.
Nuclear translocation of NF-«kB was examined by electrophoretic
mobility shift assay and ELISA-based TransAM NF-«B p65 Tran-
scription Factor Assay Kits. Cell viability was measured by flow
cytometry after propidium iodide statining.

Detailed information of materials and methods used in this
article is available in the online Data Supplement (please see
http://atvb.ahajournals.org).

Results

DMOG Suppressed LPS-Induced TNF-«
Upregulation in Macrophages

To assess the effect of the PHD inhibition on inflammatory
response, RAW264.7 macrophages were pretreated with a ve-
hicle DMSO or DMOG (1 mmol/L) for 1 hour before 100
ng/mL of LPS stimulation. Real-time gPCR and Northern blot
analysis revealed that DMOG time- and dose-dependently in-
hibited LPS-induced Tnf-c mRNA upregulation (Figure 1A and
1B and supplemental Figure IA and IB). TNF-a secretion in the
supernatant during 24 hours of LPS treatment was also sup-
pressed by DMOG (Figure 1C).

A luciferase gene regulated by murine Tnf-a gene promoter
was introduced into the RAW264.7 cells, and luciferase activity
was measured. A LPS treatment (100 ng/mL for 6 hours)
significantly increased Tnf-ac promoter activity and DMOG
significantly suppressed the upregulation (Figure 1D). In con-
trast, DMOG did not affect Tnf-« mRNA stability (data not
shown). We tested another novel PHD inhibitor, TM6008.18
Pretreatment with TM6008 (100 wmol/L) for 1 hour signifi-
cantly suppressed TNF-« secretion in the supernatant after 24
hours of LPS treatment (supplemental Figure II). In addition to
TNF-o, DMOG suppressed LPS-induced TNF-a¢ converting
enzyme (Tace) expression (supplemental Figure III).

Phd Knockdown Strongly Attenuated the
LPS-Induced Cytokine Production

To examine whether the suppressive effect of DMOG is
indeed mediated by the PHD inhibition, Phd gene expression
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Figure 1. DMOG suppressed LPS-induced TNF-a upregulation
in RAW264.7 macrophages. A, After pretreatment with 1 mmol/L
of DMOG (open bar) or a vehicle DMSO (filled bar) for 1 hour,
RAW264.7 cells were stimulated with LPS (100 ng/mL) for vary-
ing periods indicated in the figure. Tnf-« mRNA was determined
by real-time qPCR. B, The effect of varying concentrations of
DMOG pretreatment for 1 hour on LPS (100 ng/mL, 4 hours)-
induced Tnf-a mRNA expression was examined. Tnf-a mRNA
level was normalized with the level of Hprt mRNA. C, TNF-a
concentration in the supernatant of RAW264.7 cells during 24
hours of LPS (100 ng/mL) treatment with the pretreatment of

1 mmol/L of DMOG (open bar) or a vehicle DMSO (filled bar) for
1 hour was determined by ELISA. D, LPS-induced Tnf-a gene
promoter activity after 100 ng/mL of LPS treatment for 6 hours
with pretreatment of 1 mmol/L of DMOG or DMSO for 1 hour
was measured as luciferase activity. n=3 to 4. **P<0.01 vs con-
trol, #P<0.05, ##P<0.01 vs LPS (alone).

was knocked down by shRNA introduction. Because there are
at least three PHD isoforms (PHDI1, PHD2, and PHD3) in
mice,' we determined the expression of Phd isoforms in
RAW264.7 macrophages. Real-time qPCR analyses revealed
that Phd3 gene was expressed at very low level in RAW264.7
cells (Figure 2A). We, therefore, downregulated Phdl and
Phd2 expression by shRNA. Phdl and Phd2 shRNA effi-
ciently decreased Phdl and Phd2 mRNA expression by
91+1% and 67+2%, respectively (Figure 2B). Although
Phd2 shRNA did not affect Phdl mRNA expression, Phdl
shRNA increased Phd2 mRNA expression by 1.4-fold (Fig-
ure 2B). Then, these Phdl- or Phd2-depleted cells were
stimulated with 100 ng/mL of LPS. LPS-induced Tnf-a
mRNA upregulation and TNF-« secretion were significantly
inhibited in both Phdl- and Phd2-depleted cells (Figure 2C
and 2D and Figure IV). However, Phdl depletion showed
stronger suppression of Tnf-a expression than Phd2
depletion.

Activation of HIF Pathway by DMOG or Phd2
Knockdown but not by Phdl Knockdown

To confirm whether the DMOG inhibition of PHD activates
the HIF pathway in RAW264.7 macrophages, the levels of 2
main HIF-« isoforms (HIF-1« and HIF-2«) were determined
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Figure 2. Phd knockdown suppressed LPS-induced TNF-a
upregulation in RAW264.7 macrophages. A, The expression of
Phd1-3 mRNA was analyzed by real-time qPCR. B, The expres-
sion of Phd1 or Phd2 mRNA in control or Phd1- or Phd2-
specific shRNA expressing cells was analyzed by real-time
gPCR. C, Real-time qPCR analysis for Tnf-« mRNA in Phd1- or
Phd2-depleted cells with or without LPS stimulation (100 ng/mL,
4 hours). D, ELISA for TNF-a concentration in the supernatant
was performed in Phd1- or Phd2-depleted cells with or without
LPS stimulation (100 ng/mL, 24 hours). n=3 to 4. #P<0.05,
##P<0.01 vs LPS (alone), **P<0.01 vs control or LPS (-).

by Western blot analyses. Whereas HIF-1a was dramatically
accumulated by DMOG treatment, HIF-2« protein remained
undetectable (Figure 3A). Western blot for HIF-2a was
validated by clear detection of HIF-2« expression in placenta
lysate as a positive control.2® A HRE-driven luciferase
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Figure 3. Expression of CA-HIF-1« failed to suppress LPS-
induced Tnf-« upregulation. A and C, Western blot analysis for
HIF-1a and HIF-2a after DMOG treatment (1 mmol/L, 6 hours) in
RAW264.7 cells (A) or in Phd1 or Phd2 shRNA expressing
RAW?264.7 cells (C). The same results were obtained in 2 other
independent experiments. Murine placenta total lysate was used
as a positive control for HIF-2«. B and D, HRE-luciferase activi-
ties were measured in RAW264.7 cells with 1 mmol/L of DMOG
or a vehicle DMSO for 24 hours (B) and in control, Phd1, or
Phd2 shRNA expressing RAW264.7 cells (D). E, The luciferase
activity of HRE-luciferase vector after 24 hours of cotransfection
with CA-HIF-1« expression vector or empty vector was mea-
sured. n=3. F, The Thf-a gene promoter-luciferase activity after
24 hours of CA-HIF-1« vector or empty vector introduction fol-
lowed by 6 or 24 hours of 100 ng/mL of LPS stimulation was
measured. n=3 to 4. NS indicates not statistically significant,
*P<0.05, **P<0.01 vs LPS (—) or control, ##P<0.01.
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Figure 4. DMOG suppressed LPS-induced Tnf-a upregulation in
HIF-1a—depleted macrophages. A, Hif-1Ta mRNA expression
was determined by real-time gPCR. B, Western blot analysis for
HIF-1e in control or Hif-1a shRNA expressing RAW264.7 cells
after 1 mmol/L of DMOG treatment for varying periods indicated
in the figure. The same results were obtained in other 2 inde-
pendent experiments. C, LPS (100 ng/mL, 4 hours)-stimulated
Tnf-a expression in control or Hif-1a shRNA expressing cells
with pretreatment of 1 mmol/L of DMOG or a vehicle DMSO for
1 hour was determined by real-time gPCR. n=3 to 4. *P<0.01
vs control, ##P<0.01.

expression vector?! was transiently introduced and a lucif-
erase activity was measured. DMOG treatment for 24 hours
strongly increased the HRE-dependent transcriptional activity
(Figure 3B).

We also determined the levels of HIF-a in Phdl- or
Phd2-depleted cells. Introduction of Phd2 shRNA, but not
Phdl shRNA, induced HIF-la accumulation, whereas
HIF-2a was not induced by either Phdl or Phd2 shRNA
(Figure 3C). HRE-dependent transcriptional activity was only
increased in Phd2-depleted cells (Figure 3D).

A HIF-1a Overexpression Failed to Suppress the
LPS-Induced Tnf-« Promoter Activation

To test whether accumulated HIF-1a by DMOG is responsi-
ble for the suppression of LPS-induced TNF-« induction, we
determined the effect of overexpression of CA-HIF-1a.?2 The
expression of CA-HIF-1« strongly increased HRE-dependent
transcriptional activity (Figure 3E). However, Tnf-a gene
transcriptional activity was not suppressed in CA-HIF-1a-
expressing cells after 6 hours or 24 hours of LPS stimulation
(Figure 3F).

DMOG Suppressed LPS-Induced Tnf-a
Upregulation in Hif-1a-Depleted Cells

We next examined whether DMOG would be able to suppress
the LPS-induced Tnf-« upregulation in the absence of HIF-1c.
shRNA specific for Hif-Ia gene strongly decreased the
Hif-1ee mRNA level and the DMOG-induced HIF-1a accu-
mulation (Figure 4A and 4B). Then, Hif-la—depleted cells
were pretreated with DMOG for 1 hour and stimulated with
100 ng/mL of LPS for 4 hours. Consistent with a previous
report,!? the induction of Tnf-a mRNA was significantly
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Figure 5. DMOG treatment suppressed LPS-induced NF-«B
transcriptional activation and upregulation of other cytokines. A,
LPS-induced NF-«B transcriptional activity after 8 hours of LPS
treatment with pretreatment of 1 mmol/L of DMOG or DMSO for
1 hour was measured as luciferase activity. n=3. B through E,
RAW264.7 macrophages were stimulated with 100 ng/mL of
LPS for 4 hours with DMOG or DMSO pretreatment for 1 hour.
The expressions of /-6 (B), /I-15 (C), iNos (D), and //-10 (E) were
determined by real-time gPCR and normalized with the expres-
sion level of Hprt gene. n=4, #P<0.05, ##P<0.01.

reduced in Hif-la—depleted cells (Figure 4C). However,
DMOG further suppressed the LPS-induced Tnf-c upregula-
tion in Hif-1a—depleted cells (Figure 4C and supplemental
Figure V).

DMOG Treatment Suppressed LPS-Induced
NF-kB Transcriptional Activation

Because both activation of NF-«kB and mitogen-activated
protein kinases (MAP kinases) is responsible for the LPS-
induced TNF-a induction,?® we examined whether DMOG
would suppress an activation of MAP kinases such as p38,
c-Jun N-terminal kinase (JNK), and extracellular signal-
regulated kinase (ERK). Phosphorylation of these kinases, a
surrogate marker of kinase activation, was strongly induced by
100 ng/mL of LPS but the activation was not reduced by DMOG
pretreatment (supplemental Figure VIA through VIC).

Next, LPS-induced activation of NF-kB transcriptional
activity was determined with NF-«kB—dependent luciferase
activity. LPS treatment for 8 hours strongly increased NF-«B
transcriptional activity and DMOG pretreatment significantly
suppressed the activation (Figure 5A). NF-«B nuclear trans-
location and binding capacity to NF-«B consensus site were
determined by electrophoretic mobility shift assay and
ELISA-based DNA-binding assay by using nuclear protein
extract after LPS stimulation, respectively. However, trans-
location of NF-kB into the nucleus and binding capacity to
NF-kB site was not decreased by DMOG pretreatment
(supplemental Figure VIIA and VIIB).

The Effect of DMOG on Other

Cytokine Productions

We examined the effect of DMOG on LPS-induced expres-
sion of other genes encoding inducible nitric oxide synthase
(iNOS), proinflammatory cytokines (eg, interleukin [IL]-6,
IL-1B3) and antiinflammatory cytokine (eg, IL-10), of which

Suppression of TNF-a by PHD Inhibition 2135

(pgimt) o ({folds) ﬁ%
250 M.

S0 ey g

2~ ':' 113 -] s

§ 150 | 3 Lo

£ 100 e fe & s "

= I —d 2, ™

£ 50 : | £ s

= =

S ) i IR 5 B 0 — l..
C 3 6 12 24(h C 1 3 6

Figure 6. DMOG suppressed LPS-induced TNF-& upregulation
in murine peritoneal macrophages and human THP-1 macro-
phages. A, Peritoneal macrophages from normal mice were
stimulated with 100 ng/mL of LPS for varying periods indicated
in the figure with pretreatment of 1 mmol/L of DMOG (open bar)
or a vehicle DMSO (filled bar) for 1 hour. TNF-a concentration in
the supernatant was determined by ELISA. n=3 to 4. B, Human
THP-1 macrophages were stimulated with 100 ng/mL of LPS for
1 hour after pretreatment with varying concentrations of DMOG
for 1 hour. Tnf-a MRNA level was determined by real-time
qPCR and normalized with Gapdh mRNA levels. C, THP-1 cells
were stimulated with 100 ng/mL of LPS for varying periods indi-
cated in the figure with pretreatment of 1 mmol/L of DMOG
(open bar) or a vehicle DMSO (filled bar) for 1 hour. #P<0.05,
##P<0.01, *P<0.01 vs control, $P<0.05, $$P<0.01 vs LPS.

expression is dependent on NF-«kB. DMOG significantly
suppressed LPS-induced upregulation of these genes (Figure
5B through 3E). Because all cytokines studied were sup-
pressed by DMOG, we excluded the possible cytotoxic effect
of DMOG. Flow cytometry to detect Pl-positive dead cells
revealed that 1 mmol/L of DMOG treatment for 24 hours did
not affect cell viability in RAW264.7 macrophages (supple-
mental Figure VIII). The cytotoxic effect of DMOG was
further ruled out by the evidence that DMOG upregulated
Vegf gene expression (supplemental Figure IX).

DMOG Suppressed LPS-Induced TNF«
Upregulation in Resident Peritoneal Macrophages
and Human THP-1

Finally, to generalize the effect of DMOG on LPS-induced
TNF-a upregulation, we analyzed the effect of DMOG on 2
different types of macrophages. One is murine peritoneal
macrophages from normal mice, and the other is human
monocyte cell line THP-1. Consistent with the results of
RAW?264.7 macrophages, DMOG pretreatment significantly
suppressed LPS-induced TNF-« secretion in peritoneal mac-
rophages (Figure 6A). DMOG also time- and dose-dependently
suppressed LPS-induced Tnf-o mRNA upregulation in differen-
tiated THP-1 macrophages (Figure 6B and 6C).

Discussion

In this article, we demonstrated that PHD inhibition by
DMOG significantly suppressed LPS-induced expression of
several proinflammatory genes encoding not only TNF-« but
IL-6, IL-1B, iNOS, and antiinflammatory gene IL-10 in
macrophages. Although DMOG treatment apparently raised
HIF-1e level, the increased HIF-1a was not responsible for
the suppression. And PHD1 among three PHD isoforms may
be mainly responsible for the suppressive effect of DMOG on
LPS function. These data indicated that PHD inhibition
decreased cellular sensitivity to inflammatory stimuli and
may have a therapeutic implication.
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KEYWORDS Summary
Atorvastatin; Background and purpose: Previous studies suggested that statins have pleiotropic
Heart failure; effects, such as improvements in endothelial function, as well as anti-inflammatory,

anti-proliferative, and anti-oxidative effects. These effects might benefit patients
with heart failure. In those patients, statins relieved symptoms, decreased the
frequency of hospitalization, suppressed neurchumoral activation, and improved
cardiac function. However, it remains unknown how statins impact pathophysiology
of heart failure with diabetes mellitus. The aim of this study was to investigate
the effects of atorvastatin on pathophysiology of heart failure with diabetes melli-
tus.

Methods and results: We enrolled retrospectively 128 patients with heart failure with
diabetes mellitus who were admitted from January 2003 to December 2005. Among
these patients, 80 received atorvastatin (statin group) and the remaining patients
served as controls (non-statin group). At study entry, there were no significant dif-
ferences in the patient profiles between the two groups except for the low-density
lipoprotein cholesterol level being higher in the statin group. After the follow-up
period of two years, the frequency of re-hospitalization, brain natriuretic peptide,
premature ventricular contractions, Lown grade, and deterioration of glomerular
filtration rate were significantly less in the statin group.

Diabetes mellitus
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