Inhibition of Prolyl Hydroxylase Domain-Containing Protein
Suppressed Lipopolysaccharide-Induced TNF-a Expression
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Objective—Prolyl hydroxylase domain-containing proteins (PHDs) play pivotal roles in oxygen-sensing system through
the regulation of «-subunit of hypoxia-inducible factor (HIF), a key transcription factor governing a large set of gene
expression to adapt hypoxia. Although tissue hypoxia plays an essential role in maintaining inflammation, the role of
PHDs in the inflammatory responses has not been clearly determined. Here, we investigated the role of PHDs in
lipopolysaccharide (LPS)-induced tumor necrosis factor e (TNF-¢) induction in macrophages.

Methods and Results—Northern blot analysis and ELISA revealed that LPS-induced TNF-a upregulation was strongly
suppressed by PHD inhibitors, dimethyloxallyl glycine (DMOG), and TM6008 in RAW264.7 macrophages. DMOG
suppressed LPS-induced TNF-a upregulation in HIF-1a—depleted cells and HIF-1« overexpression failed to suppress
the induction of TNF-«. DMOG rather suppressed LPS-induced NF-xB transcriptional activity. Downregulation of
Phdl or Phd2 mRNA by RNA interference partially attenuated LPS-induced TNF-« induction. DMOG also inhibited
LPS-induced TNF-« production in peritoneal macrophages as well as human macrophages.

Conclusions—PHD inhibition by DMOG or RNA interference inhibited LPS-induced TNF-a upregulation in macrophages
possibly through NF-kB inhibition, which is independent of HIF-1a accumulation. This study suggests that PHDs are
positive regulators of LPS-induced inflammatory process, and therefore inhibition of PHD may be a novel strategy for
the treatment of inflammatory diseases. (Arterioscler Thromb Vasc Biol. 2009;29:2132-2137.)
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Inﬂammation is a fundamental process for the protection of
our body against outside pathogen, Tissues with inflammation
are characterized by several features including the accumulation
of inflammatory cells such as macrophages, lymphocytes, and
neutrophils, limited blood supply attributable to impaired local
microcirculation, and abnormal angiogenesis.! Inflammatory
cells are metabolically active and consume a large amount of
oxygen and nutrient. These cells are, therefore, eventually
exposed to hypoxic and nutrient-deprived condition.? Thus, the
inflammatory cells need to adapt these hypoxic conditions to
perpetuate inflammatory reaction.?

The reduced oxygen concentration is directly sensed by an
innate oxygen-sensing system.*-¢ The hypoxia-inducible fac-
tor (HIF) is a key transcription factor that mediates cellular
adaptive responses to hypoxia.? HIF is a heterodimer consist-
ing of an oxygen-labile a-subunit and a stable B-subunit. The
stability of the a-subunit of HIF-1 and HIF-2 (HIF-1a and
HIF-2e) is regulated through the hydroxylation at the
4-position of specific proline residues in HIF-1« and HIF-2«
by prolyl hydroxylase domain-containing proteins (PHDs).82

Because PHD activity depends on the availability of molec-
ular oxygen, PHDs are able to serve as a sensor for oxygen
concentration. Under normal oxygen concentration, HIF-« is
well hydroxylated by PHDs and tagged by von Hipple-
Lindau (VHL) E3 ubiquitin ligase complex to be targeted for
proteosomal degradation.®® When oxygen concentration is
reduced, the activity of PHDs is decreased. This results in the
accumulation of HIF in the nucleus, followed by upregulation
of a series of genes suited for hypoxic condition.

Because hypoxia is closely associated with an inflamma-
tory reaction, it is reasonable that HIF is essential to maintain
inflammatory processes. By switching energy production
from oxidative phosphorylation to an anaerobic metabolism,
macrophages generate ATP and thereby preserve its bacteri-
cidal ability in the hypoxic tissues.!0:!! HIF-1e-deficient
myeloid cells showed impaired inflammatory responses at-
tributable to inefficient energy production.!®!2 In contrast to
HIF, the role of PHD in the inflammation is somewhat
controversial. A specific knockdown of Phd gene led to the
activation of NF-«B and hence upregulation of proinflamma-
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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.!4-16 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 a (TNF-a),!” a pivotal
proinflammatory cytokine. However, interestingly the suppres-
sion was mediated not by a HIF-a accumulation but by suppres-
sion of NF-«B 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-a and other inflammatory cytokines were exam-
ined by quantitative reverse-transcription PCR (QPCR) 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, RAW?264.7 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 qPCR and Northern blot
analysis revealed that DMOG time- and dose-dependently in-
hibited LPS-induced Tnf~a mRNA upregulation (Figure 1A and
1B and supplemental Figure IA and IB). TNF-« 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-a promoter activity and DMOG
significantly suppressed the upregulation (Figure 1D). In con-
trast, DMOG did not affect Tnf-a mRNA stability (data not
shown). We tested another novel PHD inhibitor, TM6008.'®
Pretreatment with TM6008 (100 pmol/L) for 1 hour signifi-
cantly suppressed TNF-a secretion in the supernatant after 24
hours of LPS treatment (supplemental Figure II). In addition to
TNF-a, 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-a 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 mBNA. C, TNF-«
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-« 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 meastured 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 (PHD1, PHD2, and PHD3) in
mice,'® we determined the expression of Phd isoforms in
RAW264.7 macrophages. Real-time gPCR 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 67x2%, 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-o
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-o 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-1e 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
qPCR. C, Real-time gPCR analysis for Tnf-a 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 ().
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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 control20 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-2« after DMOG treatment (1 mmol/L, 6 hours) in
RAW264.7 cells (A) or in Phd1 or Phd2 shRNA expressing
RAW264.7 cells (C). The same results were obtained in 2 other
independent experiments. Murine placenta total lysate was used
as a positive control for HIF-2e. 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-1a expression vector or empty vector was mea-
sured. n=3. F, The Tnf-a gene promoter-luciferase activity after
24 hours of CA-HIF-1a 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-« upregulation in
HIF-1a~depleted macrophages. A, Hif-1a mRNA expression
was determined by real-time gPCR. B, Western blot analysis for
HIF-1a 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 qPCR. 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-« in Phdl- or
Phd2-depleted cells. Introduction of Phd2 shRNA, but not
Phdl shRNA, induced HIF-la accumulation, whereas
HIF-2« 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-1e Overexpression Failed to Suppress the
LPS-Induced Tnf-a 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-1«.22 The
expression of CA-HIF-1a« 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-o
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-1a.
shRNA specific for Hif-la gene strongly decreased the
Hif-1a mRNA level and the DMOG-induced HIF-1a accu-
mulation (Figure 4A and 4B). Then, Hif-1a~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-«xB
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,
RAW?264.7 macrophages were stimulated with 100 ng/mL of
LPS for 4 hours with DMOG or DMSO pretreatment for 1 hour.
The expressions of /16 (B), li-1p (C), iNos (D), and II-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-lIa—depleted cells (Figure 4C). However,
DMOG further suppressed the LPS-induced Tnf-a upregula-
tion in Hif-la—depleted cells (Figure 4C and supplemental
Figure V).

DMOG Treatment Suppressed LPS-Induced
NF-xB Transcriptional Activation

Because both activation of NF-xB and mitogen-activated
protein kinases (MAP kinases) is responsible for the LPS-
induced TNF-a induction,2® 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 SA). NF-kB nuclear trans-
location and binding capacity to NF-xB 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-xB 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-1B) and antiinflammatory cytokine (eg, IL-10), of which
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Figure 6. DMOG suppressed LPS-induced TNF-a 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
gPCR and normalized with Gapdh mRNA levels. G, 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 5E). Because all cytokines studied were sup-
pressed by DMOG, we excluded the possible cytotoxic effect
of DMOG. Flow cytometry to detect PI-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 VII). 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 TNFa
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-a secretion in peritoneal mac-
rophages (Figure 6A). DMOG also time- and dose-dependently
suppressed LPS-induced Thf-e 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-a but
IL-6, IL-1B, iNOS, and antiinflammatory gene IL-10 in
macrophages. Although DMOG treatment apparently raised
HIF-1« level, the increased HIF-1a was not responsible for
the suppression. And PHD! 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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How does PHD inhibition suppress LPS-induced TNF-«
upregulation? Because PHD is a negative regulator for
HIF-1« or HIF-2a expression, one would expect that in-
creased HIF-a might be responsible for the suppression.
HIF-2a was undetectable in RAW264.7 macrophages, ex-
cluding the possible involvement of HIF-2«. In contrast,
DMOG strongly induced HIF-1a accumulation and activated
HRE-dependent transcription. However, DMOG suppressed
LPS-induced Tnf-a upregulation even in Hif-l1e—depleted
cells. Moreover, Phdl knockdown significantly inhibited
LPS-elicited TNF-« upregulation but did not increase HIF-1a
levels. In addition, forced expression of stable form of
HIF-la (CA-HIF-1a) failed to inhibit TNF-« promoter ac-
tivity. These evidences consistently indicate that DMOG-
mediated suppression of the LPS effect does not depend on
HIF-1a as well as HIF-2a.

The mechanism by which PHD inhibition attenuated LPS-
induced TNF-a production is not clear at this point, but
several possibilities may be considered. First of all, because
NF-«B activation is an essential step for the induction of
cytokines such as TNF-g, IL-6, IL-1, iNOS, and antiinflam-
matory IL.-10,2425 DMOG-induced NF-«B suppression may
be a potential mechanism. We observed that DMOG did not
suppress nuclear translocation or binding capacity to NF-«kB
consensus site but reduced NF-xB-dependent transcriptional
activity. The mechanism by which DMOG suppressed NF-«B
activation remains elusive. However, recent studies suggest
that phosphorylation of NF-kB on Ser536 phosphorylation is
essential for the NF-«xB transcriptional activation.?s Thus,
DMOG may affect the phosphorylation of NF-«B to suppress
LPS-induced transcriptional activation.

In contrast to our data, a previous report suggest that
DMOG may enhance inflammatory reaction. Cummins et al
described that PHD-induced hydroxylation of IkB kinase-
(IKKB), an activator of NF-«B pathway, attenuated its kinase
activity.'> DMOG activates NF-kB pathway and induces
proinflammatory cyclooxygenase 2 expression in Hel.a cells.t?
The reason for the discrepancy between their study and ours is
not immediately clear, but it may be possible that PHD
inhibition causes different effects on different cell type,
which is most likely reflecting differential expression pattern
of PHD isoforms.!%27 Alternatively, DMOG may increase the
basal expression of proinflammatory genes!? while decreas-
ing the induction of these genes on inflammatory stimuli.
Therefore, further study is needed to clarify the effect of PHD
inhibition in several different experimental conditions of
inflammation.

Other possible mechanisms for DMOG-elicited suppres-
sion of LPS-induced TNF-a upregulation may be the sup-
pression of oxidative phosphorylation and global energy
consumption. DMOG treatment significantly inhibits electron
transport chain activity during mitochondrial respiration,
leading to the reduced ATP production in cardiomyocytes.2
DMOG also inhibits intracellular ATP consumption, an
example of which is the reduction of contraction in cardio-
myocytes.28 Therefore, DMOG may suppress energy metab-
olism, leading to attenuation of inflammatory responses in
macrophages.
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Our isoform-specific knockdown experiments indicated
that PHD1 was mainly responsible for LPS-induced TNF-«
upregulation. In IKKB hydroxylation, PHD1 is also mainly
responsible.’* PHD1 knockout mice caused reduced ATP
production and consumption in skeletal muscle.2® These
data indicate that although PHD2 is generally important
for HIF regulation,3® PHD1 might have a distinct pathway
rather than HIF to regulate various biological activities.
Thus, further study is needed to identify a target molecule
of hydroxylation by PHD1 to clarify the role of PHDI in
LPS-induced inflammation. In this study, we did not analyze
the role of PHD3, because PHD3 was not expressed in
RAW264.7 cells. However, PHD?3 has a potential to compen-
sate the role of PHDI in other cells that express PHD3.3t
Thus, we cannot exclude the possible involvement of PHD3
in other inflammatory models in which PHD3 is present
substantially.

In general, hypoxia is considered to induce or augment
inflammatory responses. For instance, hypoxia augments
LPS-induced TNF-a and iNOS expression in several cell
lines including RAW264.7 macrophages and murine den-
dritic cells.32-34 Thus, it may be counterintuitive that PHD
inhibition suppresses LPS-induced TNF-a expression, be-
cause both hypoxia and PHD inhibition induce HIF-a accu-
mulation and upregulation of HIF target gene expression.
However, the biological effects caused by hypoxia or PHD
inhibition are not necessarily the same or even opposite,?®
One example is a production of reactive oxygen species
(ROS); hypoxia increases ROS production, whereas PHD
inhibition decreases ROS.?® If hypoxia-induced ROS produc-
tion potentiates inflammation, reduced ROS production by
PHD inhibition may attenuate inflammation. Thus, it is
possible that hypoxia and PHD inhibition induce opposite
biological responses in some cases. Our study indicates that
PHD inhibition suppresses LPS-induced TNF-« upregulation,
which is usually augmented by hypoxic exposure.32:33

Taken together, we provided the first-line evidence that
PHD inhibition suppressed LPS-induced proinflammatory
TNF-a production independently of HIF-le in macro-
phages. TNF-« is involved in various pathological condi-
tions, including sepsis, autoimmune disorders, atheroscle-
rosis, and obesity-associated insulin resistance,!2.35.36
Antagonizing TNF-a has been shown to be protective for
several inflammatory diseases.?? Therefore, PHD inhibition
might be a novel strategy for the treatment of inflammatory
diseases.
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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 neurohumoral 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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Conclusion: Atorvastatin might benefit patients with heart failure and diabetes mel-
litus by improving ventricular electrical stability and decelerating deterioration of
renal function.
© 2009 Japanese College of Cardiology. Published by Elsevier Ireland Ltd. All rights
reserved.

Introduction criteria [17], and diabetes mellitus diagnosed by

Previous randomized clinical trials have shown that
statins reduce cardiovascular events in patients
with and/or without coronary artery disease.
Statins have been shown to improve endothelial
function [1], decrease plasma levels of proinflam-
matory cytokines [2], and exert antihypertrophic
[3,4], antioxidant [5], and antifibrotic [6] effects on
myocardium. Furthermore, other reports suggested
that statins have beneficial effects on immune
function, macrophage metabolism, and cell pro-
liferation irrespective of changes in low-density
lipoprotein (LDL) cholesterol concentrations [7].

Recent clinical trials suggested that statins
might benefit patients with heart failure [8—13].
Short-term statin therapy improved cardiac func-
tion, neurohumoral imbalance, and symptoms in
patients with idiopathic dilated cardiomyopathy
[8]. Long-term atorvastatin therapy suppressed
neurohumoral activation and improved cardiac
function in mild to moderate heart failure [9]. Com-
pared with a lower dose, high-dose treatment with
atorvastatin in patients with stable coronary dis-
ease significantly reduced hospitalization for heart
failure [10]. However, it remains unknown how
statins impact pathophysiology of heart failure with
diabetes mellitus, which is known to have delete-
rious effects on heart failure [14,15] and coronary
artery disease [16].

The aim of this study was to investigate the
effects of atorvastatin on pathophysiology of heart
failure with diabetes mellitus. The results indicated
that atorvastatin might benefit heart failure with
diabetes mellitus by improving ventricular elec-
trostability and decelerating the deterioration of
renal function.

Subjects and methods

Patient populations

We retrospectively studied patients with symp-
tomatic acute heart failure and diabetes mellitus
who were admitted to Aso lizuka Hospital from
January 2003 to December 2005. The criteria for
enrollment in the study were the clinical evidence
of acute heart failure diagnosed by Framingham

the guideline of diabetes mellitus of the Japan
Diabetes Society. In those patients, the New York
Heart Association (NYHA) functional classification
on admission ranged between Il and IV. We excluded
chronic obstructive pulmonary disease, right heart
failure, and patients who had already taken ator-
vastatin or other statins. All patients were treated
for acute heart failure, and were discharged after
the improvement of heart failure. We enrolled 128
patients with heart failure and diabetes mellitus.
Among them, 80 patients started to receive ator-
vastatin (10 mg) and the remaining 48 patients did
not receive any statins (non-statin group). We fol-
lowed up both groups for two years. As biochemical
biomarkers, we measured plasma brain natriuretic
peptide (BNP) and hemoglobin A1c (HbA1c). We
calculated estimate of glomerular filtration rate
(eGFR) from serum creatinine value and age using
Japanese-coefficient-modified MDRD study [18]. As
physiological biomarkers, we conducted echocar-
diography and 24-h Holter monitoring, and the
severity of ventricular arrhythmias was evaluated
in terms of Lown grade [grade 0: no premature
ventricular contraction (PVC); grade I: <30 PVC/h,
grade Il: >30 PVC/h; grade Ill: multiform PVC;
grade IVa: couplets; grade IVb; ventricular tachy-
cardia runs] [19]. We acquired those biomarkers
just before the statin therapy in the statin group
and before discharge in the non-statin group, and
one and two years after the discharge in both
group. Hospitalizations due to worsening heart fail-
ure were diagnosed by the Framingham criteria, as
described above.

Statistical analysis

Normally distributed variables were expressed as
mean +S.D. Unpaired t test or Mann—Whitney U
test was used to compare the differences in nor-
mally distributed variables, respectively, between
the statin and non-statin groups. The rate of
re-hospitalization due to worsening heart failure
between the statin and non-statin groups was com-
pared by Kaplan—Meier analysis. All statistical tests
were carried out against the baseline characteris-
tics. Differences were considered significant at a p
value of <0.05.
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Table 1 Patient characteristics.
Statin Non-statin P-value
n 80 48 NS
Male/female 54/26 34/14 NS
Age 65+7 61+5 NS
BMI 2244 23+3 NS
Current smoker 18 (23%) 10 (20%) <0.05
Causes of heart failure
Coronary artery disease 22 (27%) 9 (18%) NS
Dilated cardiomyopathy 25 (32%) 13 (28%) NS
Hypertensive heart disease 14 (18%) 10 (21%) NS
Valvular heart disease 15 (19%) 11 (23%) NS
Systolic blood pressure (mmHg) 130+17 128+ 14 NS
Diastolic blood pressure (mmHg) 72+ 14 68+9 NS
Heart rate (bpm) 82+9 79+5 NS
Medications
Diuretics 74 (92%) 44 (92%) NS
B-Blockers 53 (66%) 34 (71%) NS
ACE inhibitors 75 (94%) 46 (96%) NS
Angiotensin receptor blocker 3 (4%) 2 (4%) NS
Sulfonylurea 12 (15%) 8 (17%) NS
Data are presented as number (%) or mean=£S.D. BMI, body mass index; bpm, beats per minute; ACE, angiotensin-converting
enzyme.
Results there were no significant differences in age, gen-

Patient characteristics at baseline

The patient profiles at enrollment are summarized
in Tables 1 and 2. As can be seen in Table 1,

Table 2 Patient characteristics (2).

der, or the prevalence of dilated cardiomyopathy,
hypertensive heart disease, or valvular heart dis-
ease between the non-statin group and statin group
just before statin therapy. Medications did not
differ either. The frequency of patients taking

Statin Non-statin P-value

Total cholesterol (mg/dl) 227 +£17 200+10 0.042
LDL cholesterol (mg/dl) 156 + 11 122 +13 0.008
HDL cholesterol (mg/dl) 44+8 47 +7 NS
Triglycerides (mg/dl) 129+7 132+ 11 NS
FBS (mg/dl) 112+7 11945 NS
HbA1c (%) 6.6+0.7 6.3+0.4 NS
BNP (pg/ml) 128 +27 142+36 NS
eGFR (ml/min/1.73 m?) 62.4+7.9 66.8+4.4 NS
LVEF (%) 35+7 33+5 NS
LVEDD (mm) 56+5 57+7 NS
LVESD (mm) 40+4 4247 NS
PVC per 24h 1288 + 362 1194 £ 443 NS
Lown grade

| 28 (35%) 15 (31%) NS

Il 43 (54%) 26 (54%) NS

] 8 (10%) 6 (13%) NS

IVa/IVb 1 (1%)/0 (0%) 1 (2%)/0 (0%) NS/NS

Data are presented as mean & S.D. LDL, low-density lipoprotein; HDL, high-density lipoprotein; FBS, fasting blood glucose; HbA1c,
hemoglobin A1c; BNP, brain natriuretic peptide; eGFR, creatinine-based estimate of glomerular filtration rate; LVEF, left ventricular
ejection fraction; LYDDD, left ventricular end-diastolic dimension; LVESD, left ventricular end-systolic dimension; PVC, premature

ventricular contraction.
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angiotensin receptor blockers or oral hypoglycemic
agents also did not differ between the non-statin
and statin groups. All patients with hypoglycemic
agents took sulfonylurea. There is no patient with
insulin-therapy for diabetes mellitus in the present
study. As anticipated, the statin group had a higher
prevalence of coronary artery disease than the non-
statin group.

As shown in Table 2, fasting blood glucose (FBG),
HbA1c, BNP, or eGFR did not differ between the two
groups. As anticipated, however, total cholesterol
and LDL cholesterol were higher in the statin group
than in the non-statin group. Left ventricular ejec-
tion fraction (LVEF), left ventricular end-diastolic
dimension (LVEDD), left ventricular end-systolic
dimension (LVESD), the frequency of PVC and the
frequency of patients who had Lown grade I, I, IlI,
or IV did not differ between the two groups. There
is no patient with Lown grade 0 in the present study.

Effects of atorvastatin on biochemical and
physiological biomarkers

Effects of atorvastatin on biochemical biomarkers
are summarized in Table 3. Atorvastatin markedly
decreased total cholesterol and LDL cholesterol.
As a result, LDL cholesterol values at the follow-
up period of one year were comparable between

(mV/min/1,73m?)
10 —

5 -

(year)

Deterioration of eGFR
&
1

-20 —

=25 -

Figure 1 Changes in eGFR at entry, one and two
years. Open circle and solid line indicate statin group.
Closed circle and dotted line indicate non-statin group.
*p<0.05. eGFR, creatinine-based estimate of glomerular
filtration rate.

the two groups and got lower at two years in the
statin group than the non-statin group. BNP was
lower at one year and got lower at two years in
the statin group than the non-statin group. Sys-
tolic blood pressure, LVEF, LVEDD, LVESD, and HbA1c
remained not different between the two groups.
As shown in Fig. 1, eGFR decreased more in the
non-statin group than in the statin-group (—10.6 +
2.8ml/min/1.73m? vs. —6.1+3.3ml/min/1.73

Table 3 Changes in LDL-C, BNP, LVEF, LV dimension, systolic blood pressure, and HbA1c at one and two years.

Statin Non-statin P-value

LDL-C (mg/dl)

1 year 98+ 16 116+ 13 NS

2 years 94+9 112+ 11 <0.05
BNP (pg/ml)

1 year 101 +12 136 £13 <0.05

2 years 76 £11 132+13 <0.05
LVEF (%)

1 year 38+6 35+6 NS

2 years 40+7 38+7 NS
LVEDD/LVESD (mm)

1 year 57+6/41+4 59+4/44+5 NS/NS

2 years 58+4/4244 60+£7/46+7 NS/NS
Systolic blood pressure (mmHg)

1 year 118+ 13 122 +15 NS

2 years 116 £ 11 120+ 13 NS
HbA1c (%)

1 year 6.4+0.3 6.51+0.4 NS

2 years 6.1+0.4 6.5+0.3 NS

Data are presented as mean £ S.D. LDL-C, low-density lipoprotein cholesterol; BNP, brain natriuretic peptide; LVEF, left ventric-
ular ejection fraction; LVEDD, left ventricular end-diastolic dimension; LVESD, left ventricular end-systolic dimension; HbA1c,

hemoglobin A1c.
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Figure 2 Changes in PVCs at entry, one, and two years.
Open circle and solid line indicate statin group. Closed
circle and dotted line indicate non-statin group. *p < 0.05.
PVC, premature ventricular contraction.

mZ, p<0.05) at one year. The difference increased
at two years (—16.8+4.1ml/min/1.73m2 vs.
—8.3+5.4ml/min/1.73m%, p<0.05). Atorvas-
tatin might have decelerated deterioration of
renal function, and thereby might have a potent
protective effect on renal function.

Shown in Fig. 2 is the effect of atorvastatin
on the frequency of PVCs. Atorvastatin markedly
decreased PVCs at one year and two years. There
were no changes in PVCs in the non-statin group.
Furthermore, the frequency of patients who had
Lown grade >Il was significantly lower in the statin
group than in the non-statin group at one year and
two years (Fig. 3).

Lown grade I
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100 —
a2
_E 80 —
8,
w 60—
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*E 40 —
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Table 4 Cardiovascular events, hospitalization, and
mortality at one and two years.

Statin Non-statin P-value

Cardiovascular events

1 year 5 (6%) 4 (8%) NS

2 years 8 (10%) 6 (13%) NS
CHF with hospitalization

1 year 7 (9%) 8 (17%) 0.003

2 years 16 (20%) 15 (31%) 0.005
All-cause mortality

1 year 0 0 NS

2 years 0 1 NS

Data are presented as number (%) or mean=S.D. CHF, con-
gestive heart failure.

Cardiovascular events and hospitalization

No patient died in the statin group, whereas one
patient suddenly died in the non-statin group.
Treatment with atorvastatin did not significantly
reduce cardiovascular events, which was defined as
nonfatal myocardial infarction, nonfatal ischemic
stroke, coronary revascularization, or cardiovas-
cular death (Table 4). However, the frequency of
re-hospitalization due to worsening heart failure
was significantly reduced in the statin group than in
the non-statin group, determined by Kaplan—Meier
analysis (Fig. 4). For the patients with atorvastatin,
the hazard ratio for re-hospitalization due to wors-
ening heart failure was 0.68 (95% CI, 0.51—0.84)
(Fig. 4).

101 v

E

0 1-year 2-year 0

1-year 2-year
Statin Non-statin
Lown gradex1I 65% 33%* 18%* 69% 50% 39%

Figure 3 Kaplan—Meier analysis estimates for re-hospitalization due to heart failure. Solid line indicates non-statin

group, and dotted line indicates statin-group. *p <0.05.
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Figure 4 Lown grades at entry, one year, and two years after (grade 0: no PVC; grade I: <30 PVC/h, grade Il: >30
PVC/h; grade Ill: multiform PVC; grade IV: couplets and/or ventricular tachycardia runs). *p < 0.05.

Discussion

In the present study, we demonstrated that
atorvastatin reduced the frequency of re-
hospitalization due to worsening heart failure,
BNP, the frequency of PVCs, Lown grade and
decelerated deterioration of GFR in the patients
with heart failure and diabetes mellitus. These
results suggested that atorvastatin might ben-
efit patients with heart failure and diabetes
mellitus by improving ventricular electrostability
and decelerating deterioration of renal function.
Recent clinical trials and basic studies suggested
that statins might benefit patients with heart
failure [8—13,20—24]. In the present study, atorvas-
tatin reduced the frequency of re-hospitalization
due to worsening heart failure and BNP. These
results are comparable to previous studies, which
showed that statins might benefit patients with
heart failure. Furthermore, the present study sug-
gested that atorvastatin has beneficial effects on
the pathophysiology of heart failure with diabetes
mellitus, which is known to have deleterious effects
on heart failure [14,15]. In the statin group, the LDL
cholesterol level was significantly higher than in the
non-statin group at entry. Atorvastatin markedly
decreased the LDL cholesterol level, and the LDL
cholesterol levels at the follow-up period of one
year were comparable between the two groups. The
LDL cholesterol levels were significantly lower at
two years in the statin group than the non-statin
group. The statin group had a higher prevalence
of coronary atherosclerotic diseases than the non-
statin group. These differences of backgrounds
between the statin and non-statin groups might be
responsible for the results in this study. However,
these results indicate that the risks for atheroscle-

rosis and ischemic heart diseases were higher in
the statin group than in the non-statin group.
Despite those with a background predisposed to
coronary heart disease, atorvastatin significantly
benefits the patients with heart failure. It is con-
ceivable that atorvastatin might be a novel strategy
of treatment for heart failure and diabetes melli-
tus.

The mechanism by which atorvastatin ben-
efits patients with heart failure and diabetes
mellitus remains unknown. We conjecture three
mechanisms: anti-oxidant, anti-inflammatory, and
improvement of the sympatho-vagal balance. In
patients with heart failure, increased oxidative
stress is associated with reduced LV function
and severity of heart failure [25,26]. Previous
studies suggested that statins inhibited vascu-
lar and myocardial oxidative stress by inhibiting
rac-induced nicotinamide adenine dinucleotide
phosphatase oxidase activity [27,28], and reducing
oxidized LDL concentration [9], which is a marker
of oxidative stress and a useful predictor of mortal-
ity in patients with heart failure [29]. Furthermore,
diabetes mellitus increases the risk of heart failure
and oxidative stress may contribute to the devel-
opment of cardiac dysfunction [30]. With regard
to the anti-inflammatory effects of atorvastatin,
previous studies reported that statins suppressed
the inflammatory process in patients with heart
failure [8,21,22]. Heart failure is associated with
increased levels of proinflammatory cytokines that
exert negative inotropic effects and induce apopto-
sis in cardiac myocytes [31]. Yamada et al. reported
that atorvastatin tended to decrease interleukin 6
and high sensitive C-reactive protein in patients
with heart failure [9]. Finally, we consider that
atorvastatin might improve the imbalance between
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the sympathetic and parasympathetic nerve activ-
ity and this improvement resulted in the reduction
of the frequency of PVCs. A previous study reported
that statin therapy restored sympatho-vagal bal-
ance in experimental heart failure [23]. We have
demonstrated that atorvastatin reduced the oxida-
tive stress in the cardiovascular center of the
brainstem [32], in which oxidative stress increased
sympathetic nerve activity in hypertensive animal
models [33]. These reports suggest that atorvas-
tatin might reduce the oxidative stress in the
cardiovascular center, which, in turn, decreases the
sympathetic nerve activity, the frequency of PVCs,
and Lown grade. Further investigations are needed
to clarify the mechanisms.

Renal dysfunction has been known to worsen
heart failure [34]. Campese and Park suggested
that statin-mediated alterations in inflammatory
responses and endothelial function reduced pro-
teinuria and the rate of progression of kidney
disease [35]. In the present study, atorvastatin pro-
tected the progressive worsening in renal function
for two years in the patients with heart failure
and diabetes mellitus. These results suggest that
atorvastatin might prevent the worsening of heart
failure through a renoprotective effect. Additional
prospective and randomized trials in the Japanese
population are needed to determine whether ator-
vastatin is truly renoprotective.

Limitations

There are several limitations to the present study.
First, the study was retrospective, and observa-
tional. The number of patients enrolled is also
limited. Second, we were not able to determine
whether the beneficial effect of atorvastatin on
heart failure with diabetes mellitus is a class
effect or not. The results of the present study
should be validated by large, prospective, well-
controlled, and randomized clinical trials. Third,
we did not measure the activity of sympathetic
nerve activity, parasympathetic nerve activity, and
sympatho-vagal balance using variability of R—R
interval and blood pressure analysis. In the present
study, we are not able to suggest that the data indi-
cate the improvement of the imbalance between
sympathetic and parasympathetic nerve activity by
atorvastatin in heart failure with diabetes mellitus.

Conclusion

Atorvastatin might benefit patients with heart fail-
ure and diabetes by improving ventricular electrical

stability and decelerating deterioration of renal
function. Atorvastatin might be a novel strategy of
treatment for heart failure and diabetes.

Acknowledgment

We are grateful to the staff in the cardiovascular
center of Aso-lizuka hospital.

References

[1] Treasure CB, Klein JL, Weintraub WS, Talley JD, Stillabower
ME, Kosinski AS, Zhang J, Boccuzzi SJ, Cedarholm JC,
Alexander RW. Beneficial effects of cholesterol-lowering
therapy on the coronary endothelium in patients with coro-
nary artery disease. N Engl J Med 1995;332:481—7.

[2] Ferro D, Parrotto S, Basili S, Alessandri C, Violi F. Simvas-
tatin inhibits the monocyte expression of proinflammatory
cytokines in patients with hypercholesterolemia. J Am Coll
Cardiol 2000;36:427—31.

[3] Hayashidani S, Tsutsui H, Shiomi T, Suematsu N, Kinugawa
S, Ide T, Wen J, Takeshita A. Fluvastatin, a 3-hydroxy-3-
methylglutaryl coenzyme a reductase inhibitor, attenuates
left ventricular remodeling and failure after experimental
myocardial infarction. Circulation 2002;105:868—73.

[4] Oi S, Haneda T, Osaki J, Kashiwagi Y, Nakamura Y, Kawabe J,
Kikuchi K. Lovastatin prevents angiotensin-ll-induced car-
diac hypertrophy in cultured neonatal rat heart cells. Eur J
Pharmacol 1999;376:139—48.

[5] Laufs U, La Fata V, Plutzky J, Liao JK. Upregulation of
endothelial nitric oxide synthase by HMG-CoA reductase
inhibitors. Circulation 1998;97:1129—35.

[6] Dechend R, Fiebeler A, Park JK, Muller DN, Theuer J, Mer-
vaala E, Bieringer M, Gulba D, Dietz R, Luft FC, Haller H.
Amelioration of angiotensin Il-induced cardiac injury by a 3-
hydroxy-3-methylglutaryl coenzyme a reductase inhibitor.
Circulation 2001;104:576—81.

[7]1 Vaughan CJ, Murphy MB, Buckley BM. Statins do more than
just lower cholesterol. Lancet 1996;348:1079—82.

[8] Node K, Fujita M, Kitakaze M, Hori M, Liao JK. Short-term
statin therapy improves cardiac function and symptoms in
patients with idiopathic dilated cardiomyopathy. Circula-
tion 2003;108:839—43.

[9] Yamada T, Node K, Mine T, Morita T, Kioka H, Tsukamoto
Y, Tamaki S, Masuda M, Okuda K, Fukunami M. Long-
term effect of atorvastatin on neurohumoral activation
and cardiac function in patients with chronic heart fail-
ure: a prospective randomized controlled study. Am Heart
J 2007;153, 1055.e1—e8.

[10] Krum H, McMurray JJ. Statins and chronic heart failure:
do we need a large-scale outcome trial? J Am Coll Cardiol
2002;39:1567—-73.

[11] Horwich TB, Hamilton MA, Maclellan WR, Fonarow GC.
Low serum total cholesterol is associated with marked
increase in mortality in advanced heart failure. J Card Fail
2002;8:216—24.

[12] Khush KK, Waters DD, Bittner V, Deedwania PC, Kastelein
JJP, Lewis SJ, Wenger NK. Effect of high-dose ator-
vastatin on hospitalization for heart failure. Circulation
2007;115:576—83.

[13] Kadota S, Matsuda M, lzuhara M, Baba O, Morikawa S,
Shioji K, Takeuchi Y, Uegaito T. Long-term effects of early
statin therapy for patients with acute myocardial infarc-



348

T. Kishi et al.

tion treated with stent implantation. J Cardiol 2008;51:
1718,

[14] Cleland JG, Swedberg K, Follath F, Komajda M, Cohen-Solal
A, Aguilar JC, Dietz R, Gavazzi A, Hobbs R, Korewicki J,
Madeira HC, Moiseyev VS, Preda i, van Gilst WH, Widimsky J,
et al. Study group on diagnosis of the working group on heart
failure of the European society of cardiology: the Eurcheart
Failure survey programme-a survey on the quality of care
among patients with heart failure in Europe. Eur Heart J
2003;24:442—63.

[15] Yusuf S, Teo KK, Pogue J, Dyal L, Copland L, Schumacher H,
Dagenais G, Sleight P, Anderson C. Telmisartan, ramipril, or
both in patients at high risk for vascular events. N Engl J
Med 2008;358:1547—59.

[16] Sassa S, Shimada K, Yoshida K, Tanaka H, Jissho S, Yoshikawa
J. Comparison of 64-slice multi-detector computed tomog-
raphy coronary angiography between asymptomatic, type 2
diabetes mellitus and impaired glucose tolerance patients.
J Cardiol 2008;52:133-9.

[17] Eriksson H, Svardsudd K, Larsson B, Ohlson LO, Tibblin G,
Welin L, Wilhelmsen L. Risk factors for heart failure in the
general population: the study of men born in 1913, Eur
Heart J 1989;10:647—56.

[18] Imai E, Horio M, Nitta K, Yamagata K, iseki K, Hara S, Ura
N, Kiyohara Y, Hirakata H, Watanabe T, Moriyama T, Ando
Y, Inaguma D, Narita I, Iso H, et al. Estimation of glomeru-
lar filtration rate by the MDRD study equation modified for
Japanese patients with chronic kidney disease. Clin Exp
Nephrol 2007;11:41—50.

[19] Lown B, Wolf M. Approaches to sudden death from coronary
heart disease. Circulation 1971;44:130—42.

[20] Trochu JN, Mital S, Zhang X, Xu X, Ochoa M, Liao JK,
Recchia FA, Hintze TH. Preservation of NO production by
statins in the treatment of heart failure. Cardiovasc Res
2003;60:250-8.

[21] Mozaffarian D, Mina mi E, Letterer R, Lawler RL, McDon-
ald GB, Levy WC. The effects of atorvastatin (10 mg)
on systemic inflammation in heart failure. Am J Cardiol
2005;96:1699—704.

[22] Sola S, Mir MQ, Lerakis D, Tandon N, Khan BY. Atorvastatin
improves left ventricular systolic function and serum mark-
ers of inflammation in nonischemic heart failure, J Am Coll
Cardiol 2006;47:332—7.

[23] Pliquett RU, Cornish KG, Zucker [H. Statin therapy restores
sympathovagal balance in experimental heart failure. J
Appl Physiol 2003;95:700—4.

[24] Wojnicz R, Wilczek K, Nowalany-Kozielska E, Szygula-
Jurkiewicz B, Nowak J, Polonski L, Dyrbu$ K, Badzinski A,

Mercik G, Zembala M, Wodniecki J, Rozek MM. Usefulness
of atorvastatin in patients with heart failure due to inflam-
matory dilated cardiomyopathy and elevated cholesterol
levels. Am J Cardiol 2006;97:899—-904.

[25] Mallat Z, Philip L, Lebret M, Chatel D, Maclouf J, Tedgui A.
Elevated levels of 8-iso-prostaglandin F2alpha in pericardial
fluid of patients with heart failure: a potential role for in
vivo oxidant stress in ventricular dilation and progression
to heart failure, Circulation 1998;97:1536—9.

[26] Dhalla AK, Hill MF, Singal PK. Role of oxidative stress in
transition of hypertrophy to heart failure. J Am Coll Cardiol
1996;28:506—14.

[27] Li JM, Gall NP, Grieve DJ, Chen M, Shah AM. Activation of
NADPH oxidase during progression of cardiac hypertrophy
to failure. Hypertension 2002;40:477—84,

[28] Maack C, Kartes T, Kilter H, Schafers HJ, Nickenig G, Bohm
M, Laufs U. Oxygen free radical release in human fail-
ing myocardium is associated with increased activity of
rac1-GTPase and represents a target for statin treatment.
Circulation 2003;108:1567—74.

[29] Tsutsui T, Tsutamoto T, Wada A, Maeda K, Mabuchi N,
Hayashi M, Ohnishi M, Kinoshita M. Plasma oxidized low-
density lipoprotein as a prognostic predictor in patients
with chronic congestive heart failure. J Am Coll Cardiol
2002;39:957—62.

[30] Boudinas, Abel ED. Diabetic cardiomyopathy revisited. Cir-
culation 2007;115:3213-23.

[31] Pinsky DJ, Cai B, Yang X, Rodriguez C, Sciacca RR, Cannon
PJ. The lethal effects of cytokine-induced nitric oxide on
cardiac myocytes are blocked by nitric oxide synthetase
antagonism or transforming growth factor beta. J Clin
Invest 1995;95:677—85.

[32] Kishi T, Hirooka Y, Shimokawa H, Takeshita A, Sunagawa K.
Atorvastatin reduced oxidative stress in the rostral ventro-
lateral medulla of stroke-prone spontaneously hypertensive
rats. Clin Exp Hypertens 2008;30:3—11.

[33] Kishi T, Hirooka Y, Kimura Y, Ito K, Shimokawa H, Takeshita
A. Increased reactive oxygen species in rostral ventro-
lateral medulla to neural mechanisms of hypertension in
stroke-prone spontaneously hypertensive rats. Circulation
2004;109:2357—62.

{34] Go AS, Chertow GM, Fan D, McCulloch CE, Hsu C. Chronic
kidney disease and the risks of death, cardiovascular
events, and hospitalization. N Engl J Med 2004;351:
1296—305.

[35] Campese VM, Park J. HWG-CoA reductase inhibitors and the
kidney. Kidney Int 2007;71:1215-22.

%

Available online at www.sciencedirect.com

ScienceDirect




Clinical and Experimental Hypertension, 31:241-249, 2009 .

Copyright © Informa Healthcare USA, Inc. I nforma
ISSN: 1064-1963 print / 1525-6006 online healthcare

DOI: 10.1080/10641960902822492

Cilnidipine Inhibits the Sympathetic Nerve Activity
and Improves Baroreflex Sensitivity in Patients
with Hypertension

TAKUYA KISHI, YOSHITAKA HIROOKA, SATOMI KONNO,
AND KENJI SUNAGAWA

Department of Cardiovascular Medicine, Kyushu University, Graduate School
of Medical Sciences, Fukuoka, Japan

N-type calcium channel blocker, cilnidipine, is reported not to increase the heart rate
in spite of the strong depressor effect. However, it has not been determined whether
cilnidipine has the sympatho-inhibitory effects or not. Moreover, the effect of cilnid-
ipine on the baroreflex control has not been determined. The aim of this study was to
determine the effect of cilnidipine on sympathetic and parasympathetic nerve activity,
and baroreflex sensitivity. We studied five hypertensive patients treated with 10 mg
cilnidipine (10-mg group) and five hypertensive patients treated with 20 mg cilnidipine
(20-mg group). Before the treatment and 6 months after the treatment, we measured
the blood pressure, spontaneous baroveflex sensitivity (BRS), heart rate variability
(HRV), and blood pressure variability (BPV). After 6 months, systolic blood pressure
(SBP) and the low-frequency component of systolic BPV expressed in normalized units
(LFnuSBP), as the parameter of sympathetic nerve activity, was significantly
decreased in both groups, and the suppressive effects were stronger in the 20-mg
group than in the 10-mg group. The high-frequency component of HRV expressed in
normalized units, as the parameter of parasympathetic nerve activity, and BRS were
significantly increased in 20-mg group, but not significant in 10-mg group. These .
results suggest that 6 months treatment with cilnidipine for hypertension has the
sympatho-inhibtory effect, and that high-dose cilnidipine improves the parasympa~ s
thetic nerve activity and baroreflex control in patients with hypertension. :

Keywords N-type calcium channels blocker, hypertension, sympathetic nerve act1v1ty,
baroreflex sensitivity ;
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reduction of stroke and cardiovascular complications (1). Ca channel blocker is widely
used as the blood pressure-lowering agents. However, it has been reported that Ca chan-
nels blocker increases heart rate with lowering blood pressure. Among the Ca channels
blockers, cilnidipine is known not to increase the heart rate and plasma norepinehrine
concentrations in spite of the strong blood pressure lowering effects (2—4). Cilnidipine
is a long-acting dihydropyridine calcium channel blocker by inhibiting L-type calcium
channels directly associated with vascular tone, and N-type calcium channels related to
sympathetic nervous activity (5-7). Whereas cilnidipine inhibits N-type calcium chan-
nels, it has not been well established whether cilnidipine decreases the sympathetic
nerve activity and increases the parasympathetic nerve activity in the patients with
hypertension.

Analysis of spontaneous heart rate and blood pressure variability offers insights into
different features of autonomic control of circulation (8), including the arterial baroreflex
regulation (9). In this context, heart rate spectral powers in the so-called high-frequency
(HF; 0.15-0.40 Hz) and low-frequency (LF; 0.04-0.15 Hz) regions and blood pressure
spectra powers in the LF regions have been repeatedly reported to provide relevant
information (8, 10-12). The LF power of blood pressure was reported to be increased in
parallel with the sympathetic nerve activation (13). Furthermore, the baroreflex control is
one of the key mechanisms responsible for the short-term control of blood pressure.
Impairment of this reflex has been found in a number of conditions, such as aging (14),
heart failure (15), post-myocardial infarction (16), and the impairment of baroreflex sensi-
tivity (BRS) is known as the predictive factor of mortality in hypertension (17). Baroreflex
sensitivity was originally assessed by intra-arterial measurement of the change in pulse
interval following a pharmacologically induced change in blood pressure. However, for
some time now, noninvasive monitoring of blood pressure using finger plethysmography
has been available (18), and is an accepted method for tracking beat-to-beat changes
in blood pressure (19). Added to this, a further method for measuring BRS has been devel-
oped, which assesses spontaneous changes in blood pressure and pulse interval, and does
not require pharmacological manipulation of blood pressure-spectral analysis (20,21).
However, it has not been determined whether the cilnidipine improves the impaired
BRS or not.

Therefore, the aim of the present study was to evaluate the effect of cilnidipine on the
sympathetic nerve activity, parasympathetic nerve activity, and BRS in the patients with
hypertension. We evaluated the sympathetic and parasympathetic nerve activity using the
analysis of systolic blood pressure and heart rate variability, and BRS was measured by
the spontaneous sequence method.

Materials and Methods

Subjects

The present study was conducted prospectively on 10 outpatients with hypertension
(5 males and 5 females; mean age: 58.6 years; range 44—74 years) whose blood pressure
was over 140/90 mmHg. No patients were currently receiving anti-hypertensive medica-
tion and all of them were newly diagnosed. Patients with the secondary hypertension
were excluded. All studies were performed between 9 and 11 a.m., with each subject
examined at the same time of day on each visit to reduce the possible influence of circa-
dian variation in BRS. This study was performed in a quiet room, and every effort was
made to keep stimuli to a minimum during the study period. Each subject gave informed
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consent to the experimental procedures, which was approved by the ethics committee of
our institution.

Measurement of Blood Pressure and Heart Rate

Subjects lay supine, and were rested for a minimum of 15 minutes prior to assessment.
Each subject then underwent periods of blood pressure and heart rate monitoring. Blood
pressure monitoring was performed using the TaskForce Monitor 30401 (CNSystems,
Graz, Austria). The cuff was attached to a finger of the left hand and supported at heart
level. Electrocardiogram electrodes were attached to the chest. After a minimum period of
5 minutes, and once a reading of blood pressure and heart rate had stabilized, three con-
secutive, 5-minute recordings were made of the blood pressure and electrocardiogram
tracing. Noninvasive brachial blood pressure readings were taken with an appropriate-
sized cuff.

Spectral Analysis for Systolic Blood Pressure and Heart Rate

Spectral analysis was performed using an adaptive auto-regressive model to provide
power spectra for both systolic blood pressure (SBP) and R-R interval (RRI). Low
Frequency power of SBP was computed by integrating the spectra between 0.04 and 0.15 Hz,
and HF power of RRI was computed by integrating the spectra between 0.15-0.40 Hz.
Parasympathetic nerve activity was represented by the normalized unit of HF component
of RRI (HFnuRRI), and sympathetic nerve activity was represented by the normalized unit
of LF component of SBP (LFnuSBP).

Measurement of Baroreflex Sensitivity by Spontaneous Sequence Method

Sequence analysis detected sequences of three or more beats in which there was either
an increase in SBP and pulse interval (Up sequence) or a decrease in SBP and pulse
interval (Down sequence). Baroreflex sensitivity was estimated as the mean slope of the
up sequences (UP BRS), the down sequences (Down BRS), and also the mean slope
of all sequences (Sequence BRS) (20,21). Previous reports showed that this protocol
measures BRS accurately in animals compared to standard pharmacological techniques
(20,21).

Administration of Cilnidipine

Cilnidipine was administered at a dosage of 10-20 mg (10-mg group and 20-mg group)
once daily after breakfast according to the guidelines of the treatment with hypertension of
the Japanese Society of Hypertension (JSH2004). All the patients were placed on mono-
therapy with cilnidipine.

Statistical Analysis

All values were expressed as the mean + SEM. The student’s paired #-test was used to
analyze the changes of variables between pre- and post-treatment with cilnidipine.
Differences in variables between the groups were analyzed by one-way ANOVA. A value
of p < 0.05 was considered statistically significant.



[Kyushu University Central Library] At: 08:23 26 April 2009

Downloaded By:

244 T. Kishi et al.
Results

Patients Characteristics

Table 1 shows the baseline characteristics of the two groups. There were no significant
differences in age, blood pressure, serum creatinine, and hemoglobin between 10-mg and
20-mg group of cilnidipine. None of the patients had the clinical side effects of cilnidipine.

Effects of Cilnidipine on Blood Pressure and Heart Rate

After the treatment with cilnidipine for 6 months, blood pressure was significantly
reduced in all patients, and the effect of blood pressure lowering was significantly greater
in 20-mg group than in 10-mg group (Tables 2, 3, and 4). Heart rate was not significantly
decreased in both groups after the treatment with cilnidipine (Tables 2, 3, 4).

Effects of Cilnidipine on Sympathetic and Parasympathetic Nerve Activity

After the treatment with cilnidipine for 6 months, LFnuSBP were significantly decreased
in both groups (Tables 2 and 3), and the suppressive effects were stronger in the 20-mg
group than in the 10-mg group (Table 4). While HFnuRRI was not significantly changed
in the 10-mg group (Table 2), it was significantly increased in the 20-mg group (Table 3).

Effects of Cilnidipine on Baroreflex Sensitivity

In the 10-mg group, BRS was not significantly changed between before and after the treat-
ment with cilnidipine (Table 2). However, in the 20-mg group, BRS was significantly
improved after the treatment with cilnidipine for 6 months (Table 3).

Table 1
Clinical profile of the patients in 10-mg and 20-mg group
10-mg Group 20-mg Group
(n=5) (n=5)
Age (year) 56+7 590+8 NS
Systolic blood pressure (mmHg) 161+13 157 £12 NS
Diastolic blood pressure (mmHg) 100+5 98 +8 NS
Heart rate (bpm) 805 76 6 NS
AST/ALT (IU/L) 26+ 11/27+13 26+9/28%+6 NS
Cr (mg/dL) 0.7+0.2 0.8+0.2 NS
Total cholesterol (mg/dL) 182 £19 178 £22 NS
Triglyceride (mg/dL) 92 £33 8836 NS
LDL cholesterol (mg/dL) 110+ 14 108+ 12 NS
HDL cholesterol (mg/dL) 46 £7 48+ 6 NS
Glucose (mg/dL) 89+ 11 93+10 NS
HbAlc (%) 56104 55+0.6 NS
BNP (pg/ml) 38+ 14 32x11 NS
Left ventricular ejection fraction (%) 709 72+8 NS

Cardio-thoracic ratio(%) 54+8 51+8 NS




Table 2

Changes in blood pressure, heart rate, and autonomic function
in the patients with 10-mg group

Pretreatment Cilnidipine 10 mg
(n=15) (n=15) P
Systolic blood pressure (mmHg) 161 +13 137+ 13 <0.05
Diastolic blood pressure (mmHg) 100 £5 87+4 <0.05
Heart rate (bpm) 805 76 +7 NS
HF-RR (ms2) 102 £ 63 106 + 58 NS
HFnuRR (%) 39+6 42+6 NS
LF-SBP (mmHg2) 0703 05+0.5 NS
LFnuSBP (%) 56+5 49+4 <0.05
Baroreflex sensitivity (ms/mmHg) 142+2.6 16.2+4.8 NS
Table 3
Changes in blood pressure, heart rate, and autonomic function
in the patients with 20-mg group
Pretreatment Cilnidipine 20 mg
(n=5) n=5) P
Systolic blood pressure (mmHg) 157+12 120+ 13 <0.05
Diastolic blood pressure (mmHg) 98 £ 8 81+5 <0.05
Heart rate (bpm) 76t 6 736 NS
HF-RR (ms2) 92 +44 102 + 66 NS
HFnuRR (%) 39+3 44 £2 <0.05
LF-SBP (mmHg2) 0604 0403 NS
LFnuSBP (%) 63x6 50t4 <0.05
Baroreflex sensitivity (ms/mmHg) 13.6+29 20.2+2.1 <0.05
Table 4
Degree of changes in blood pressure, heart rate and autonomic function
in the patients with 10-mg and 20-mg group
Cilnidipine 10 mg Cilnidipine 20 mg
n=15) n=35) P
Systolic blood pressure -15% —24% <0.05
Diastolic blood pressure -13% -17% <0.05
Heart rate -5% -4% NS
HFnuRR +7% +13% <0.05
LFnuSBP -12% -12% <0.05
Baroreflex sensitivity +14% +49% <0.05
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Discussion

In the present study conducted among patients with essential hypertension, cilnidipine
produced a significant reduction in blood pressure with the inhibition of sympathetic
nerve activity and the improvement of impaired baroreflex control. This study was the
first to report that cilnidipine treatment achieved the inhibition of sympathetic nerve activity
and the improvement of the impaired baroreflex control in the patients with hypertension.
These results suggest that cilnidipine is preferable for the treatment with hypertension
among the Ca channel blockers.

Epidemiological studies have demonstrated that a higher heart rate is associated with
a long-term risk of cardiovascular mortality, independent of other cardiac risk factors (22).
Therefore, anti-hypertensive drugs that do not increase the heart rate would seem to be
preferable. It has been reported that the treatment with short-acting Ca channel blockers
may not prevent cardiovascular disease (23,24). Accordingly, long-lasting Ca channel
blockers that exert less influence on the sympathetic nervous system are now recom-
mended for the treatment of hypertension. Amlodipine and cilnidipine, which were known
as long-acting Ca channel blockers, were reported not to increase heart rate. Eguchi et al. (27)
reported that cilnidipine did not cause reflex tachycardia, and that cilnidipine, but not
amlodipine, significantly decreased the ambulatory BP level without causing an increase
in heart rate. In this study, cilnidipine did not increase heart rate, and caused a significant
decrease in the LFnuSBP, as the marker of the sympathetic nerve activity. Our results of
the sympatho-inhibitory effects of cilnidipine were similar to the previous reports which
calculated the sympathetic nerve activity by other methods. From these results, cilnidipine
is considered to be the preferable drug with the sympatho-inhibtory effect among the Ca
channel blockers.

In this study, BRS was improved in the patients with hypertension treated with high-
dose cilnidipine. A previous study reported that BRS values calculated by sequence analy-
sis had reasonable reproducibility when up and down sequences were combined (25), and
we measured the BRS by sequence analysis. It has been reported that BRS is impaired in
the patients with hypertension (17,26-29), and that BRS is the predictive factor of mortal-
ity and cardiovascular events (17). The results of this study suggest that cilnidipine is
preferable for the treatment of hypertension among the Ca channel blockers. Previous
studies suggested BRS measured by the sequence method was impaired in the patients
with hypertension (5-12 ms/mmHg) (27-29), and BRS obtained in this study was consid-
ered to be higher compared to that in those previous studies. This difference may be due to
the patients’ characteristics in this study. The patients in this study had no complications
and their hypertension was in early stages.

The mechanisms in which cilnidipine inhibits the sympathetic nerve activity may
be due to suppressing the release of catecholamines from sympathetic nerve endings by
blocking the N-type calcium channels distributed widely in sympathetic nerves (30).
Recent studies have demonstrated the beneficial effect of cilnidipine on cardiac sympa-
thetic nerve activity and cardiovascular morbidity (31-33). Sakata, Yoshida, and
Obayashi reported that cilnidipine suppressed cardiac sympathetic overactivity while
amlodipine had little suppressive effect (32). The effect of cilnidipine on heart rate
might be due to not only long-acting effects but also to a reduction in sympathetic nerve
activity. The mechanisms in which cilnidipine improved the BRS has not been deter-
mined in this study. Our previous study in animal models indicated that sympatho-
inhibition causes the improvement of BRS in hypertensive model rats (26). Further
clinical studies are necessary.



