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Introduction types of senescent cells is persistent up-regulation of inflamma-
tory molecules such as cytokines and adhesion molecules that
recruit inflammatory cells [4,5]. The pro-inflammatory pheno-
type of senescent cells can be triggered by the DDR, leading to
activation of NF-xB and stimulation of the production of
inflammatory cytokines [4,7,8]. Pro-inflammatory signals emitted
by senescent cells may help to prevent the development of
cancer by leading to the elimination of cells with oncogenes,
which have the potential to become malignant [9,10].
Conversely, however, senescence-associated chronic inflamma-
tion could also promote tumor progression [6,11], as well as
other age-related changes such as cataract and osteoporosis
[12], by disrupting cell function and tissue architecture.
Atherosclerosis is also an age-related chronic inflammatory
disease [13]. In persons with atherosclerosis, chronic inflammation
is mainly induced by sterile stimuli and it accelerates disease
progression [13,14]. The initial step of the atherosclerotic process
involves recruitment of inflammatory monocytes to dysfunctional

Chronic inflammation is characterized by the long-term
presence of immune cells in affected tissues and is associated with
age-related diseases such as cancer, neurodegenerative disorders,
and cardiovascular disease [1]. Interestingly, levels of pro-
inflammatory cytokines are elevated in the endothelial cells [2]
and serum [3] of older persons in the absence of disease. Thus,
inflammation that accompanies the natural aging process may
contribute to the onset of age-related diseases, which are
responsible for most of the mortality in modern societies.

A possible link between inflammation and aging is cellular
senescence [4], which is defined as irreversible growth arrest
occurring after the accumulation of DNA damage response
(DDR) such as activation of p53 [4,5], and is thought to be an
important anticancer mechanism [6]. There is evidence that the
number of senescent cells increases in various tissues with
chronological aging [6]. An important feature shared by several
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endothelial cells [13,15]. Senescent endothelial cells have been
suggested to represent “dysfunctional endothelial cells” since they
are specifically localized in the atherosclerotic lesions of patients
and share many common features, including the pro-inflammatory
phenotype that can induce sterile inflammation related to
atherosclerosis, [4,5,16]. Although senescence of endothelial cells
has been implicated in the process of atherogenesis, a specific role
of senescent endothelial cells in chronic inflammation associated
with atherosclerosis remains uncertain due to the lack of in vivo
models. The molecular mechanisms underlying the pro-inflam-
matory phenotype in senescent endothelial cells also remain
unclear.

Cdc42 is a member of the Rho GTPase family, which regulates
the organization, polarity, and growth of the actin cytoskeleton of
cells [17]. Cdc42 has been demonstrated to be a signal
transduction convergence point for intracellular signaling networks
that mediates multiple signaling pathways, including tyrosine
kinase receptors, heterotrimeric G-protein coupled receptors,
cytokine receptors, integrins, and responses to physical and
chemical stresses [17]. Aberrant activation of Cdc42 has been
suggested to contribute to various pathological states, such as
carcinogenesis, cardiovascular disease, diabetes, and neuronal
degenerative diseases [18]. Recent evidence has also suggested a
potential role of CDC42 in stem cell senescence [19] and in the
aging of organisms, including humans and mice [20,21]. In this
study, we identified CDC42 as a crucial regulator of sterile
inflammation induced by endothelial cell senescence. We demon-
strated that deletion of CDC42 in endothelial cells prevents
chronic inflammation and plaque formation in a murine model of
atherosclerosis. We also showed that knockdown of the CDC42
pathway attenuates over-activation of innate immunity (the
counterpart of inflammation) and extends the lifespan of worms,
suggesting an important role of CDC42 in aging as well as in
chronic inflammation.

Results

NF-xB regulates the expression of pro-inflammatory
genes in senescent endothelial cells

To investigate the mechanistic link between endothelial cell
senescence and chronic inflammation, we introduced a retroviral
vector encoding a negative regulator of the cell cycle, either cyclin-
dependent kinase inhibitor 1A (p21) or cyclin-dependent kinase
inhibitor 2A (pl6), into human endothelial cells. Introduction of
p21 or pl6 led to stable cell cycle arrest with enlargement of the
size of the affected cells and an increase of senescence-associated
B-galactosidase activity, both of which are hallmarks of cellular
senescence, and this growth arrest persisted for at least 14 days
after infection (data not shown). We confirmed that there was a
marked increase in the expression of p21 and pl6 by human
endothelial cells after infection with each vector (Figure SIA).
Introduction of p21 or pl6 also led to the up-regulation of pro-
inflammatory cytokines and adhesion molecules relevant to
atherosclerosis [15], such as chemokine (C-C motif) ligand 2
(CCLZ2; also known as monocyte chemoattractant protein-1: MCP-
1), E-selectin (SELE), and vascular cell adhesion molecule 1
(VCAMI), at 6 days after infection (Figure 1A and 1B). These
molecules showed similar up-regulation in human endothelial cells
undergoing replicative senescence (Figure 1C). Up-regulation of
pro-inflammatory genes was accompanied by senescence in all
cells that we tested derived from five different individuals
(Figure 1A-C and data not shown), suggesting that genetic
variation among individuals does not significantly affect the
inflammatory response.
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‘We next examined the influence of knockdown of various genes
by siRINA on the sustained up-regulation of pro-inflammatory
genes in senescent human endothelial cells. We selected approx-
imately 200 genes that are thought to be related to cellular
senescence, metabolism, morphology, or the immune response
(Table S1), and we transduced 3 siRNA sets for each gene into
human endothelial cells undergoing senescence at 6 days after
introduction of p21 or pl6. Expression of pro-inflammatory
molecules was examined by real-time PCR after 72 hours.
Consistent with the results of previous studies [4], transfection of
senescent endothelial cells with siRNA targeting the NF-xB
component RELA (p65) significantly down-regulated the expres-
sion of pro-inflammatory genes to normal levels (Figure 1D and
Figure S1B), while the cells remained in growth arrest (data not
shown). We also found that the NF-kB pathway was significantly
activated in senescent endothelial cells (Figure 1E). Indeed,
knockdown of any of the three subunits of IxB kinase (IKKo, B,
or 7), a positive regulator of the NF-kB pathway, normalized the
expression of pro-inflammatory genes in senescent endothelial cells
(Figure 1D and Figure S1B). Other studies of senescent cells have
shown that DDR components, such as ATM and checkpoint
kinase 2 (CHEKZ2), activate the transcription of pro-inflammatory
genes like IL-6 and IL-8 [7,8]. We examined six sets of siRNAs
targeting ATM or CHEK2 (Figure S1C), and found that inhibition
of these molecules did not consistently decrease the expression of
CCL2, SELE, or VCAM1I (data not shown). The results suggest
that the ATM-CHEK2 signaling pathway is not essential for
regulation of these pro-inflammatory genes in senescent endothe-
lial cells.

CDC42 regulates pro-inflammatory gene expression in
senescent endothelial cells

Among genes unrelated to the canonical NF-kB pathway, we
found that knockdown of the CDC42 pathway significantly
reduced the senescence-associated increase of pro-inflammatory
molecules (Figure 2A). CDCA42 belongs to the small Rho GTPase
family that regulates the organization of the cytoskeleton and
membrane in relation to cell polarity, proliferation, and motility
[18]. Knockdown of CDC42 or PAK2 (one of the downstream
kinases) suppressed the up-regulation of inflammatory genes
(Figure 2A and Figure S1B). siRNAs targeting these genes
changed the cell morphologies of treated cells. However, the
changes of the cell shape were inconsistent among the 3 siRNAs
targeting the same gene while the cells remained growth arrested
in all the siRNA-treated senescent cells (data not shown) suggesting
that the morphological changes did not reflect the escape from
cellular senescence. Knockdown of other family members such as
Rho (RHOA and RACI) and PAK (PAKI, 3 and 4) had less effect
than that of CDC42 or PAK2 (data not shown). Like the NF-xB
pathway, both CDC42 and PAK2 were activated as cells
underwent senescence (Figure 2B and 2C). To investigate the
potential relationship between CDC42 and NF-xB, we introduced
an active form of CDC42 (CDC42 VI12) [22] into normal
endothelial cells (Figure 2D-F) by retroviral infection. Activation
of CDC42 led to a significant increase of the expression of CCL2,
SELE, and VCAMI (Figure 2D). However, there was no
alteration of the replicative lifespan of the cells (Figure 2E),
suggesting that CDC42-induced up-regulation of pro-inflamma-
tory genes was unrelated to cell cycle regulation. In addition,
knockdown of the NF-kB pathway markedly inhibited the up-
regulation of pro-inflammatory gene expression induced by active
CDC42 (Figure 2F and Figure S2). Moreover, introduction of a
dominant-negative form of CDC42 (CDC42 N17) [22] into p21-
induced senescent endothelial cells significantly down-regulated
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Figure 1. NF-kB signaling regulates pro-inflammatory gene expression in senescent endothelial cells. (A-C) Human endothelial cells
were infected with an empty vector (Mock) or a retroviral vector encoding cyclin-dependent kinase inhibitor 1A (p21) or cyclin-dependent kinase
inhibitor 2A (p16) to induce senescence. Expression of pro-inflammatory genes, such as the chemokine (C-C motif) ligand 2 (CCL2), E-selectin (SELE),
and vascular cell adhesion molecule 1 (VCAMT), in senescent endothelial cells was examined by real-time PCR at 6 days after infection with the
retroviral vector for p16 (A) or p21 (B) or after mock infection. Expression of pro-inflammatory genes was also examined in human endothelial cells
undergoing replicative senescence (C). We defined cells with replicative senescence as cultures that did not show an increase in cell numbers and
remained subconfluent for 2 weeks. n=5. (D) Human endothelial cells were infected with an empty vector (Mock) or a retroviral vector encoding p21
to induce senescence (p21-senescent). Six days after infection, the cells were transduced with 3 sets of siRNAs for RELA (1-3), siRNAs for IKKs (o, B, ¥
subunits), or control siRNA (siCont). Expression of pro-inflammatory genes was examined by real-time PCR after 72 hours. n=3. (E) Expression of RELA
in the nuclear and cytoplasmic fractions and phospho-RELA in whole cell lysates was examined by western blotting at 6 days after retroviral infection.
Samples were prepared as in Figure 1B. Histone H3 expression served as the internal control for nuclear extracts and the level of nuclear RELA relative
to Histone H3 was quantified. n=3. Data are shown as the mean = SEM. *P<0.05, ¥*P<0.01, ***P<0.001.

doi:10.1371/journal.pone.0102186.9g001

NF-kB activity as well as the expression of pro-inflammatory genes CDC42 regulates senescence-associated inflammation
(Figure 2G and H). These findings provide evidence that CDC42 more specifically than NF«B

up-regulates the expression of pro-inflammatory molecules in It is generally accepted that NF-kB is a crucial regulator of acute
endothelial cells by activating the NF-kB pathway. inflammation induced by infections [23,24]. To test whether the
CDC42 pathway had a role in acute inflammation, we transfected
normal endothelial cells with siRNA targeting CDC42 before
treating the cells with TNF-o or LPS (Figure 3A and 3B). In
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Figure 2. CDC42 signaling regulates pro-inflammatory gene expression in senescent endothelial cells. (A) Human endothelial cells were
infected with an empty vector (Mock) or a retroviral vector encoding p21 to induce senescence (p21-senescent). Six days after infection, the cells
were transduced with 3 sets of siRNAs for CDC42, siRNAs for PAK2, or control siRNA (siCont). Expression of pro-inflammatory genes was examined by
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real-time PCR after 72 hours. n=3, (B) Human endothelial cells were infected with an empty vector (Mock) or a retroviral vector encoding p21 to
induce senescence (p21) and were harvested at 6 days after infection. The pull-down assay for active CDC42 (GTP-CDC42) was performed as
described in Methods. The graph indicates the relative level of active CDC42. n=3. (C) Expression of phopho-PAK2 and total PAK2 was examined by
western blotting in human endothelial cells prepared as in Figure 28. (D) Human endothelial cells were infected with an empty vector (Mock) or a
retroviral vector encoding active CDC42 (CDC42 V12), and expression of pro-inflammatory genes was examined by real-time PCR at 6 days after
infection. n=3. (E) Proliferation of endothelial cells infected with a retroviral vector encoding active CDC42 (CDC42 V12) or an empty vector (Mock).
n=3. (F) Human endothelial cells were infected with an empty vector (Mock) or a retroviral vector encoding active CDC42 (CDC42 V12). Six days after
infection, the cells were transduced with 3 sets of siRNAs for RELA, siRNA for IKKs, or control siRNA (siCont). Expression of pro-inflammatory genes was
examined by real-time PCR after 72 hours. n=3. (G} Human endothelial cells were infected with a retroviral vector encoding p21 to induce
senescence (p21-senescent). Six days after retroviral infection, the cells were infected with an adenoviral vector encoding a dominant-negative form
of myc-tagged CDC42 (CDC42 N17) or LacZ. Expression of phospho-RELA (Ser536) and total RELA were examined by western blotting at 48 hours
after adenoviral infection. (H) Expression of pro-inflammatory genes in endothelial cells prepared as in Figure 2G was examined by real-time PCR.
n=3. Data are shown as the mean = SEM. *P<0.05, **P<0.01, ¥***P<0.001.

doi:10.1371/journal.pone.0102186.9002

agreement with previous reports [23,24], knockdown of the NI-kB (Figure 4B), suggesting that Cdc42 deletion inhibits p53-induced

pathway markedly inhibited the up-regulation of pro-inflammato- up-regulation of pro-inflammatory gene expression without having
ry molecules in response to stimulation with TNF-o or LPS any influence on cell cycle regulation in this mouse model.
(Figure 3A and B). In contrast, knockdown of CDC42 or PAK2 VCAMI was not up-regulated in Mdm2 CKO mice, unlike in
had a much weaker influence on the response to TNI-o senescent human endothelial cells, but was significantly decreased

(Figure 3A). Although the response to LPS was modestly in double CKO mice compared with their littermates (Figure 4B).
attenuated in cells by CDC42 siRNA transfection, we still These results suggested that Cde42 mediates p33-induced vascular

observed considerable production of inflammatory molecules, inflammation in vivo.

especially SELE (Figure 3B). Knockdown of siRNAs for CDC42 To test whether endothelial cell Cdc42 deletion also inhibited
or PAK2 was no less efficient than that of NFxB (Figure 3C), chronic inflammation in a mouse model of atherosclerosis, we used
which led us to assume that the differences in intervention for apolipoprotein E knockout (Apoe KO) mice in which atheroscle-
acute inflammatory induction was not merely due to the  rotic plaque formation was enhanced by endothelial NF-xB
knockdown efficiency. These results suggest that CDC42 signaling signaling [27]. Accumulation of p2l proteins and senescence-
in endothelial cells contributes more specifically to senescence- associated f-galactosidase positive cells has also been reported in
associated inflammation. the aorta of this model [28]. Histological examination showed that

nuclear expression of p21 was increased in the aortic endothelial
CDC42 promotes senescence-associated inflammation in cells of Apoe KO mice compared with wild-type mice (WT)

mice (Figure 4D), supporting the notion that pro-senescence signaling is
We next examined whether targeting Cde42 could inhibit enhanced in the endothelium of atherosclerotic plaque. To
senescence-associated inflammation i vivo. We established en- investigate the role of Cdc42 in Apoe KO mice, we crossed

dothelium-specific Mdm2 conditional knockout (CKO) mice endothelial cell-specific Cde42 CKO  mice (Pdgfb-Cre-ER;
(Pdgfb-Cre-ER; Mdm2°19%) These mutant mice received Cdc42'"1T) with Apoe KO mice (Apoeh/”) to establish APQC
intraperitoneal injections of tamoxifen once a day for five days KO Cdc42 CKO mice (APOQW/—; Pdgfb-Cre-ER; Cdc42' 1),
from 6-8 weeks of age to induce Cre-mediated recombination and ~ We then fed Cde42 CKO mice, their littermate controls (Cont),
were analyzed after 3 wecks. Endothelial expression of Mdm2 (a  Apoe KO mice, and Apoe KO Cde42 CKO mice a high-
negative regulator of p33 expression [25]) was abolished by cholesterol diet from 6-8 weeks of age and we simultaneously
treatment with tamoxifen, leading to up-regulation of the deleted endothelial Cdc42 by treatment with tamoxifen. The

endothelial expression of p53 and p21, which are key indicators ~ aortic tissues were harvested for analysis of RNA and histological
of cellular senescence. Nuclear staining for p53 and p21 was strong ~ examination after 8 weeks (at 1416 weeks old). To investigate the
in the endothelial cells of most blood vessels in capillary-rich ~ influence of Cde42 deletion on inflammation, we measured the
organs such as the lungs and the glomeruli of the kidneys expression of the macrophage surface marker Cd68 by real-time
(Figure 4A), while the endothelium of vessels in the liver was not ~ PCR. The results showed that Cd68 expression was markedly
stained for either p53 or p21 (data not shown), consistent with a ~ increased in Apoe KO mice, while this increase was significantly
previous report [26]. Immunohistochemistry also revealed an  attenuated in Apoe KO Cde42 CKO mice (Figure 4E), suggesting
increase in the nuclear translocation of NF-xB (RelA) in Mdm2 that infiltration of macrophages into the aorta was significantly

CKO mice (Figure 4A). We measured the expression of mRNA for reduced by deletion of Cdc42. Up-regulation of pro-inflammatory
p21 and pro-inflammatory genes in the lungs of Mdm2 CKO mice genes in the aorta was also attenuated in Apoe KO Cdc42 CKO
after 3 weeks of tamoxifen treatment by real-time PCR. Consistent mice compared with Apoe KO mice (Figure 4E). In contrast,
with the findings in senescent human endothelial cells, there was a expression of pro-inflammatory molecules did not differ between
marked increase of CCL2 and SELE associated with up-regulation Cdc42 CKO mice and their littermate controls (Figure 4E),
of p21 (Figure 4B). To further investigate the role of Cdc42 in suggesting that Cdc42 signaling was specifically activated by
Mdm2 CKO mice (Pdgfb-Cre-ER; Mdm2°F/°F) e crossed atherogenic stimuli, thereby provoking chronic inflammation.
floxed Cde42 mice (Cdc42'°F/*F) to obtain Mdm2 Cdc42 CKO Aortic expression of p21 mRNA in Apoe KO mice was not altered
mice (Pdgfb-Cre-ER; Mdm29F1F Cdeq2' PPy and Cdc42 by deletion of Cdc42 (Figure 4E). Likewise, histological examina-
CKO mice (Pdgfb-Cre-ER; Cdc42°%°%F) As a result, we tion demonstrated that enhanced nuclear staining for p21 in the

confirmed a decrease of Cdc42 expression in the lungs of both endothelial cells of Apoe KO mice was not attenuated by
Cdc42 CKO mice and Mdm2 Cdc42 CKO mice (Figure 4C). The endothelial deletion of Cdc42 (Figure 4F), indicating that ablation
inflammatory responses observed in Mdm2 CKO mice was of Cdc42 did not affect cell cycle arrest. This conclusion was

significandy attenuated in Mdm2 Cdc42 CKO mice, whereas strengthened by the results of immunostaining for y-H2AX, a
up-regulation of p21 was not affected by deletion of Cde42 marker of DNA damage and cellular senescence, since the
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Figure 3. CDCA42 signaling has a weaker influence on acute inflammation. (A and B) Human endothelial cells were transduced with siRNA for
CDC42, PAK2, RELA, IKKs, or control siRNA (siCont). Cells were treated with TNF-o. (A) or LPS (B) at 60 hours after siRNA transduction and were
harvested 24 hours later to examine the expression of pro-inflammatory genes by real-time PCR. (C) Knockdown efficiency of siRNAs for CDC42, PAK2,
and NFkB signaling in endothelial cells at 60 hours after transduction. The graph shows expression of each gene in siRNA-treated cells relative to that
in siCont-treated cells. Each experiment in Figure 3A-C was repeated three times, and the results were consistent. Representative results are shown.

doi:10.1371/journal.pone.0102186.g003

expression of Y-H2AX was increased in the endothelium of Apoe
KO mice and this increase was not affected by deletion of Cdc42
(Figure S3). Thus, it is likely that atherogenic stimuli promote
endothelial senescence and that Cdc42 is a mediator of chronic
inflammation associated with endothelial senescence. We then
further analyzed the influence of Cdc42 on the development of
atherosclerosis. When cross-sections of the aortic sinus were
stained with Oil red O to visualize atherosclerotic plaques, we
found that the mean atherosclerotic lesion area was significantly
smaller in Apoe KO Cdc42 CKO mice than in their littermate
controls (Apoe KO) (Figure 4G and H). These results suggested a
crucial role of endothelial Cdc4?2 in chronic inflammation and the
progression of atherosclerosis.
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CDC42 promotes senescence-associated inflammation in
worms

To further investigate the role of CDC42 in inflammation
associated with senescence, we examined the influence of CDC42
deletion on aging and inflammation. The nematode C. elegans has
recently been recognized as an excellent model for studying
longevity and aging-associated phenotypes, mainly because of its
short lifespan, availability of various genetic mutants, and
amenability to genetic manipulation by RINA-interference (RINA).
We utilized n0l-6 mutant worms as a potential model of chronic
inflammation that could mimic the phenotypic features of
senescent human endothelial cells and Apoe KO mice, because
this mutant displays over-activation of innate immunity (the
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Figure 4. CDC42 signaling regulates chronic inflammation associated with senescence. (A) Immunostaining for p53, p21, and RELA in
sections of the lungs and the renal glomeruli from endothelial cell-specific Mdm2 conditional knockout mice (Mdm2 CKO, Pdgfb-Cre-ER; Mdm2'ox/1x®)
and their littermate controls (Cont, Mdm2'™®/9®) Arrowheads indicate positive staining of capillary endothelial cells. Scale bar=100 um. (B)
Expression of p21 and pro-inflammatory genes in the lungs of Mdm2 CKO mice (Pdgfb-Cre-ER; Mdm2'”*°®), their littermate controls (Cont,
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Mdm2'o®/°%®) Cde42 CKO mice (Pdgfb-Cre-ER; Cdcd2'"/1P), and Mdm2 & Cdc42 CKO mice (Pdgfb-Cre-ER; Mdm2'9/°XF; Cdc42'®/'oP) was examined
by real-time PCR. n=4-6. (C) Expression of Cdc42 was examined by real-time PCR in the lungs of Cdc42 CKO mice (Pdgfb-Cre-ER; Cdc42'%®/P), their
littermate controls (Cont 1, Cdc42°*/'*®) Mdm2 & Cdc42 CKO mice (Pdgfb-Cre-ER; Mdm2' ™. Cdcg 2!y and their littermate controls (Cont 2,
Mdm2'OPoX®, Cdcq2'@®oPy =56, (D) Immunostaining for p21 in paraffin-embedded sections of the aorta from Apoe knockout mice (Apoe KO,
Apoe~'~) and wild-type littermates (WT, Apoe™’*). Black arrowheads indicate negative staining of aortic endothelial cells. Red arrowheads indicate
positive staining. Scale bar=100 um. (E} Expression of Cdkn1a (p21), Cd68, and pro-inflammato genes in the aortas of Cdc42 CKO mice (Pdgfb-Cre-
ER; Cdc42'™/1°%), their littermate controls (Cont, Cdc42'°F/®), Apoe KO mice (Apoe™~;Cdc42'*°®), and Apoe KO & Cdc42 CKO mice (Apoe™~;
Pdgfb-Cre-ER; Cdc42'*P°*") was examined by real-time PCR. n=4-6. (F) Immunostaining for p21 in frozen sections of the aorta from Apoe KO mice
(Apoe™’7), wild-type littermates (WT, Apoe™*), Apoe KO littermates (Apoe™ ~;Cdc42'°"1°*%), and Apoe KO & Cdc42 CKO mice (Apoe™™; Pdgfb-Cre-ER;
Cdc42'°*x%) Black arrowheads indicate negative staining of aortic endothelial cells for p21. Red arrowheads indicate positive staining for p21. Scale
bar =20 pm. (G) Oil red O staining of aortic sinus sections from Apoe KO mice (Apoe™~;Cdc42°**"°*%) and Apoe KO & Cdc42 CKO mice (Apoe™~;
Pdgfb-Cre-ER; Cdc42'®'*P)_ Scale bar=100 pm. (H) Quantification of the atherosclerotic lesion area relative to the total area at the level of the aortic
sinus in Apoe KO mice and Apoe KO & Cdc42 CKO mice. n=5. Data are shown as the mean = SEM. *P<0.05, **P<0.01, ***P<0.001.
doi:10.1371/journal.pone.0102186.9g004

counterpart of inflammation) via a p53/cep-1-dependent pathway negative regulator of Cdc42, leads to constitutive activation of
[29]. In this mutant, there was increased expression of inflamma- CDC42 in various tissues of mice, as well as a premature aging-like
tory molecules such as sym-I (Figure 5A), as described previously phenotype and shortened lifespan [21]. In contrast to our in vitro
[29], which is crucial for p53-dependent activation of innate experiments of endothelial cells, disruption of Cdc42GAP in

immunity [29]. The lifespan of n0l-6 mutants raised at 22°C was mouse embryonic fibroblasts provoked premature senescence by
significantly shorter than that of wild-type worms (Figure 5B), activating p53 [21]. While CDC42 activation of NF-kB was also
presumably due to the adverse influence of enhanced inflamma- previously noted [33,34], CDC42 does not necessarily mediate

tion [29]. Knockdown of cdc-42 or max-2 (a homolog of PAK2) by NF-xB activation [33,35]. Thus, the role of CDC42 in inflamma-
feeding RNAi from the adult stage significantly down-regulated tion and cellular senescence would be both cell type and context
sym-1 expression (Figure 5C and data not shown) and extended dependent.

the lifespan of 70l-6 mutant worms to that of normal worms Elimination of pre-senescent and senescent cells delays the onset
(Figure 5D and data not shown), further supporting a role of cdc- of various age-related pathological conditions [12]. Our results
42 in senescence-associated inflammation i vivo. suggested that inhibition of specific signaling in senescent cells is

sufficient to ameliorate age-related diseases such as atherosclerosis.
Discussion Because deletion of CDC42 had no effect on cell proliferation and

. . ) only a weak influence on acute inflammation, CDC42 could be an
The present findings provide evidence that the CDC42 pathway  attractive target for the treatment of age-associated diseases

is critically involved in chronic inflammation induced by cellular without promoting tumor formation or compromising normal
aging signals. Inhibition of this pathway significantly attenuated immune function.

the sustained up-regulation of inflammatory molecules in senes-

cent human endothelial cells, as well as in murine models of Methods

cellular senescence and atherosclerosis, and in short-lived mutant

worms. Thus, this inflammatory program appears to be conserved Cell culture, viral infection, and siRNA transfection

among species. Human umbilical vein endothelial cells (HUVEC, Eidia) were
Despite evidence that accumulation of senescent endothelial maintained in EBM-2 (Lonza) supplemented with EGM-2
cells occurs in atherosclerotic lesions and that senescent endothe- SingleQuots (Lonza) in dishes coated with gelatin (Sigma). In

lial cells display the pro-inflammatory phenotype relevant to some experiments, LPS (1 pg/ml, Sigma) or TNF-a (2 ng/ml,
atherosclerosis [5,30], it has been unclear how senescence of  eBioscience) was added to the culture medium and the cells were

endothelial cells influences the development of atherosclerosis. harvested for real-time PCR after 24 hours. Retroviral and
The present study identified CDC42 as a non-canonical pathway adenoviral transduction was performed as described previously
that activates NF-xB and up-regulates pro-inflammatory genes in [36,37]. Briefly, cyclin-dependent kinase inhibitor 2A (p16) was
senescent endothelial cells. We found that p53-induced vascular cloned into the pBabe-puro retroviral vector and cyclin-dependent

inflammation was significantly ameliorated by deletion of Cdc42 kinase inhibitor 1A (p21) and a constitutively active form of
signaling. We also demonstrated that inhibition of Cdc42 signaling CDC42 (CDC42 V12) were cloned into the pLNCX vector. The

in the endothelium decreased vascular inflammation and plaque respective empty vectors were used as controls. Retroviral stock
formation in a mouse model of atherosclerosis. It is interesting that solutions were supplemented with 8 pg/ml polybrene (Sigma,
deletion of CDC42 signaling had a much weaker influence on Tokyo, Japan) and cultured with HUVEC for 24 hours. Then
acute inflammation than chronic inflammation. Although the infected cells were selected by culture for four days with 0.8 pg/ml
alleviated inflammation by Cdc42 deletion might also involve a puromycin for the pBabe-puro-based retroviral vector and with
declined response to exogenous ligands such as oxidized LDL [31], 500 pg/ml G418 for the pLNCN-based vectors. At six days after
this work supports the notion that the Cdc42-dependet pro- retroviral infection, siRNAs purchased from Ambion or Invitrogen
inflammatory pathway is specifically activated by senescence- were transfected at 10 nmol/L with RNAiFect (Qiagen) or
associated stimuli such as the risk factors for atherosclerosis. Lipofectamine RNAIMAX  (Invitrogen) according to the manu-

Morphological change is one of the cardinal features of the facturers’ instructions. Cells were analyzed at 72 hours after

senescent phenotype. It was reported that CDC42 was activated in transfection. The sequences of the siRNAs targeting CDC42 were
senescent cells, contributing to morphological change [32]. UGGUGCUGUUGGUAAAACA, UGAGAUAACUCACCA-
Recently, CDC42 activation has also been implicated in the CUGU, and CAGUUAUGAUUGGUGGAGA; the sequences
features of aging in mice and humans [20,21]. An age-associated for PAK2 were GAACUGAUCAUUAACGAGA, GGUGAU-
increase of CDC42 contributes to the decline of hematopoietic GAAAGAAUUGAAA, and CAGAGGUGGUUACACGGAA;
stem cell function with aging [19]. It has been reported that and the sequences for NF-kB signaling were CCCUUUACGU-
disruption of Cdc42 GTPase-activating protein (Cdc42GAP), a CAUCCCUGA, GGAGUACCCUGAGGCGUAUA,
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Figure 5. CDC42 promotes senescence-associated inflammation in worms. (A) Expression of sym-1 in wild-type (WT) and nol-6 mutant
worms was examined by real-time PCR on day 9. n= 3. (B) Survival curves of wild-type (WT) and nol-6 mutant worms maintained at 22°C. n=50. (C)
Expression of sym-1 by wild-type (WT) and nol-6 mutants treated with RNAI for cdc-42 or control RNAi (Cont) was examined by real-time PCR. mRNA
was analyzed 48 hours after starting feeding RNAi. n=4. (D) Survival curves of nol-6 mutant worms treated with RNAi for cdc-42, max-2, or control
RNAi (Cont). n=50. Data are shown as the mean % SEM. *P<C0.05, **P<0.01, ***P<0.001.

doi:10.1371/journal.pone.0102186.g005

GCCCUAUCCCUUUACGUCA (RELA), GGACUAAAAGAA-
GACUAUA (IKK-o), GACUUGAAUGGAACGGUGA (IKK-
B), and GAUUGUGAUGGAGACCGUU (IKK-y). High titer
adenoviral stocks were generated with the Adeno-X Expression
System (Clontech) according to the manufacturer’s instructions.
Infection was done for one hour with adenoviral stock solutions
containing the dominant-negative form of CDC42, which were
then replaced with normal culture medium.

Western blot analysis

Whole cell lysates were resolved by SDS polyacrylamide gel
electrophoresis (PAGE). Proteins were transferred onto polyviny-
lidene difluoride (PVDF) membranes (Millipore) and were
incubated with the primary antibody, followed by incubation
with the specific horseradish peroxidase-conjugated immunoglob-
ulin G antibody (anti-mouse, anti-rabbit, or anti- goat; Jackson).
Specific proteins were detected by enhanced chemiluminescence
(Amersham). Antibodies used for western blotting were as follows:
anti-RELA antibody (Cell Signaling), anti-phospho-Ser536 RELA
antibody (Cell Signaling), anti-PAK2 antibody (Cell Signaling),
anti-phospho-ser20 PAK?2 antibody (Cell Signaling), anti-CDC42
antibody (Cell Signaling), anti-histone H3 (Cell Signaling), and
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anti-GAPDH antibody (Santa Cruz). Nuclear and cytoplasmic
extracts were prepared by using NE-PER nuclear and cytoplasmic
extraction reagents (Pierce) to detect nuclear translocation of
RELA. GTP-bound CDC42 was measured with the Active Cdc42
Pull-Down and Detection Kit (Thermo-Scientific). Briefly, whole
cell lysates were prepared from human endothelial cells at 6 days
after infection with pLNCX-p21 or pLNCX (Mock). The lysates
were incubated with the GST-Pak] binding domain fusion protein
and glutathione resin to enable isolation of the target active (GTP-
bound) GTPase. Unbound lysate proteins, including inactive or
GDP-bound GTPase, were removed by using the spin columns
and active GTPase was recovered from the glutathione resin by
using SDS-PAGE loading buffer and analyzed by Western
blotting. Then the immunoblot bands were quantified with Image
J software.

Animal models

The animal study protocols were approved by the Chiba
University Review Board and by the Committee on the Ethics of
Animal Experiments of Chiba University (Permits Number: 21—
254, 22-213, 23-88, 24—174, and 25-217). All mice were housed
and maintained under pathogen-free conditions. Floxed Cdc42
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mice (Cdc42'F°F) floxed Mdm2 mice (Mdm2°P/°F) and
Pdgfb-Cre-ER mice were generated as described previously
[26,38,39]. Apoe knockout mice were obtained from the Jackson
Laboratory. The genetic background of floxed Cdc42 mice was a
hybrid of G57BL/6, ICR, and 129/Ola, while that of floxed
Mdm2 mice was a hybrid of C57BL/6, FVB, and 12957/
SvEvBrd, that of Pdgfb-Cre-ER mice was a hybrid of CBA and
C57BL/6, and that of Apoe knockout mice was C57BL/6. Floxed
Mdm2 mice and Pdgfb-Cre-ER mice were backcrossed to
C57BL/6 four times after being transferred to Chiba University.
Pdgfb-Cre-ER mice were crossed with mice carrying floxed alleles
to generate endothelial cell-specific gene knockout mice. In this
model, the efficiency of tamoxifen-induced Cre recombinase
activity has previously been tested with ROSA26-lacZ reporter
mice, revealing that recombination was achieved in most of the
endothelial cells of the capillaries and small arterioles in adult
animals [26,40]. Although endogenous Pdgfb is also expressed by
non-endothelial cells, it was previously demonstrated that trans-
gene expression is endothelial cell-specific in various tissues
including skeletal muscle, except for the liver [26]. We established
endothelium-specific Mdm2 conditional knockout (CKO) mice
(Pdgfb-Cre-ER; Mdm2'>F"*F). To study the role of Cdc42 in
Mdm2 CKO mice (Pdgfb-Cre-ER; Mdm2F/") we further
crossed Cdc42 floxed mice (Cde42™F /) to obtain Mdm2 Cdc42
CKO mice (Pdgfb-Cre-ER; Mdm2'F/™F, Cdcq2'oFP/1oxP) ang
Cdc42 CKO mice (Pdgfb-Cre-ER; Cdc42'™P/°®). These mutant
mice received 4 mg of 4-hydroxytamoxifen (Sigma) intraperitone-
ally once a day for five days from 6-8 weeks of age to induce Cre-
mediated recombination and were analyzed 3 weeks after
treatment. Each experimental group was compared with their
littermate controls. Before harvesting of tissue samples, mice were
anesthetized with urethane (1 g/kg) and perfused with PBS. To
study the role of Cdc42 in Apoe knockout mice, we established
Apoe KO Cdc42 CKO mice (Apoe™’”; Pdgfb-Cre-ER;
Cdc42'F") - Apoe KO mice (Apoe™"7), their wild-type
littermates (WT, Apoe™™), Cdc42 CKO mice (Pdgfb-Cre-ER;
Cdc42°F°Fy their littermate controls (Cont, Cde#2'95F/10F),
Apoe KO littermate mice (Apoe " ~; Cde42F"F), and Apoe KO
Cdc42 CKO mice (Apoe™"~; Pdgfb-Cre-ER; Cdc42'F/'%F) were
fed a high-fat diet containing 1.25% cholesterol and 0.5% cholate
(Oriental Kobo) from 6 to 8 weeks of age and then maintained for
8 weeks before analysis. Mice were killed by cervical dislocation
and perfused with PBS. The aortas were dissected and cleaned of
adherent connective tissue under a dissecting microscope. Then
the proximal half of each aorta was homogenized for analysis of
the expression of target markers.

Histological analysis

For immunohistochemistry, sections of paraffin-embedded or
frozen tissues were incubated with antibodies for p53 (Vector
Laboratories), p21 (BD Pharmingen and Abcam), RelA (Santa
Cruz), and anti-yH2AX (Cell Signaling) after antigen retrieval by
heating in citrate buffer. For analysis of atherosclerotic plaques in
Apoe KO mice, 7 frozen cross-sections of the aortic sinus (10 tm
thick) from each mouse were stained with Oil Red O (Sigma).
Then the average lesion area was quantified with Image J
software.

Worms

Bristol N2 wild-type and 10l-6 (AY1) strains were provided by
Dr. Ishii and the Caenorhabditis Genetic Center, respectively.
Temperature-sensitive 70l-6 mutants were maintained at 15°C.
Lifespan experiments were performed at 22°C with 50 animals per
condition. Synchronized L1 worms were fed with OP50. After the
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worms reached the young adult stage, FUdR (0.5 mg/ml) was
added to the plate to prevent the production of progeny. On day 6,
adult worms were placed on NGM plates containing IPTG
(1 mmol/L) and carbenicillin (25 pg/ml) seeded with HT115
(DES3) bacteria carrying feeding RINAi plasmids or control L4440
vectors (Thermo-Scientific and DNAFORM). Survival was
assessed every second or third day.

Real-time PCR

RNA was extracted from human cells, mouse tissues, or worms
using RNABee (Tel-Test) and was transcribed to ¢cDNA using a
QuantiTect reverse transcription kit (Qiagen). Quantitative real-
time PCR was performed with the Universal ProbeLibrary and a
LightCycler 480 (Roche Applied Science). GAPDH was used to
normalize the RNA content of human and mouse samples, while
H20J04.3 [41] was applied for worm samples.

Statistical analysis

Data are shown as the mean = SEM. The two-tailed Student’s
t-test or one way ANOVA was used to assess statistical significance
(*P<0.05, **P<0.01, or ***P<0.001). For lifespan analysis of
worms, the significance of differences was assessed by the log-rank
(Mantel-Cox) test.

Supporting Information

Figure S1 Expression of cyclin-dependent kinases and
knockdown efficacy in senescent human endothelial
cells. (A) Human endothelial cells were infected with an empty
vector (Mock) or a retroviral vector encoding cyclin-dependent
kinase inhibitor 1A (p21) or cyclin-dependent kinase inhibitor 2A
(p16) to induce senescence. Expression of p2l and pl6 was
examined by real-time PCR at 6 days after infection. Data are
shown as the mean = SEM. n=35. (B) Human endothelial cells
were infected with a retroviral vector encoding p2l to induce
senescence. Six days after infection, the cells were transduced with
3 sets of siRNAs for RELA (1-3), siRNAs for IKKs (o, B, v
subunits), siRNAs for Cdc42 (1-3), siRNAs for PAK2 (1-3), or
control siRNA (siCont). Expression of target genes was examined
by real-time PCR after 72 hours. The graph shows expression of
each gene in siRINA-treated cells relative to that in siCont-treated
cells. Data are shown as the mean = SEM. n=3. (C) Human
endothelial cells were infected with a retroviral vector encoding
p2! to induce senescence. Six days after infection, the cells were
transduced with 6 sets of siRNAs for ATM (1-6), siRNAs for
CHEK2 (1-6), or control siRNA (siCont). Expression of target
genes was examined by real-time PCR after 72 hours. The graph
shows expression of each gene in siRNA-treated cells relative to
that in siCont-treated cells.

(DOCX)

Figure S2 Knockdown efficacy in human endothelial
cells infected with active CDC42. Human endothelial cells
were infected with a retroviral vector encoding active CDC42
(CDC42 V12). Six days after infection, the cells were transduced
with siRINAs for RELA, IKKSs (o, B, v subunits), or control siRINA
(siCont). Expression of the target genes was examined by real-time
PCR after 72 hours. The graph shows expression of each gene in
siRNA-treated cells relative to that in siCont-treated cells. Data
are shown as the mean = SEM. n=3.

DOCXK)

Figure 83 Expression of y-H2AX in the aorta. Immuno-
staining for y-H2AX in sections of the aorta from Apoe KO mice
(Apoe™’7), wild-type littermates (WT, Apoe™™), Apoe KO
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littermates (Apoe™" " iCde4 2T, and Apoe KO & Cde42
CKO mice (Apoe™’™; Pdgfb-Cre-ER; Cde42'*"), Black
arrowheads indicate negative staining of aortic endothelial cells
for p21. Red arrowheads indicate positive staining for p21. Scale
bar =20 pm.

DOCX)

Table 81 The gene list of siRNA screening.
(PDF)
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Impact of Acute and Chronic Hyperglycemia on In-Hospital
Outcomes of Patients With Acute Myocardial Infarction

Masashi Fujino, MD*®, Masaharu Ishihara, MD*, Satoshi Honda, MD?, Shoji Kawakami, MD?,
Takafumi Yamane, MD?, Toshiyuki Nagai, MD?, Kazuhiro Nakao, MD? Tomoaki Kanaya, MD?,

Leon Kumasaka, MD?, Yasuhide Asaumi, MD?, Tetsuo Arakawa, MD?, Yoshio Tahara, MD?,
Michio Nakanishi, MD? Teruo Noguchi, MD? Kengo Kusano, MD™’, Toshihisa Anzai, MD*",

Yoichi Goto, MD?, Satoshi Yasuda, MD*°, and Hisao Ogawa, MD*¢

This study was undertaken to assess the impact of acute hyperglycemia (acute-HG) and
chronic hyperglycemia (chronic-HG) on short-term outcomes in patients with acute
myocardial infarction (AMI). This study consisted of 696 patients with AMI. Acute-HG was
defined as admission plasma glucose 2200 mg/dl and chronic-HG as hemoglobin Alc
26.5%. Acute-HG was associated with higher peak serum creatine kinase (4,094 + 4,594 vs
2,526 + 2,227 TU/L, p <0.001) and in-hospital mortality (9.8% vs 1.6%, p <0.001). On the
contrary, there was no significant difference in peak creatine kinase (2,803 + 2,661 vs 2,940
+ 3,181 IU/L, p = 0.59) and mortality (3.3 vs 3.7%, p = 0.79) between patients with
chronic-HG and those without. Multivariate analysis showed that admission plasma
glucose was an independent predictor of in-hospital mortality (odds ratio 1.15, 95% con-
fidence interval 1.05 to 1.27, p <0.001), but hemoglobin Alc was not. When only patients
with acute-HG were analyzed, chronic-HG was associated with a significantly smaller
infarct size (3,221 + 3,001 vs 5,904 + 6,473 IU/L, p <0.001) and lower in-hospital mortality
(5.5 vs 18.9%, p = 0.01). In conclusion, these results suggested that acute-HG, but not
chronic-HG, was associated with adverse short-term outcomes after AMI. Paradoxically, in
patients with acute-HG, chronic-HG might abate the adverse effects of acute-HG. © 2014

Elsevier Inc. All rights reserved. (Am J Cardiol 2014;114:1789—1793)

It has been reported that hyperglycemia (HG) causes
oxidative stress, enhances inflammation, induces apoptosis,
and activates coagulation, which deteriorate myocardial dam-
age in the setting of ischemia.' ™ In the clinical practice,
admission plasma glucose is used as a measure of acute-HG and
hemoglobin Alc (HbAlc) for chronic-HG. However, it re-
mains unclear how acute-HG and chronic-HG affect short-term
outcomes in patients with acute myocardial infarction (AMI).
The purpose of the present study was to investigate impact of
acute-HG and chronic-HG on short-term outcomes after AMI.

Methods

From January 2007 to June 2012, 760 consecutive
patients who were admitted to National Cerebral and
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Cardiovascular Center of Japan within 48 hours after the onset
of AMI were prospectively enrolled to the observational
single-center registry and were retrospectively analyzed. In
this registry, AMI was defined by a combination of 2 of the
following 3: chest pain longer than 30 minutes, electrocar-
diographic signs, and elevation of serum creatine kinase more
than twice the upper normal limit. Patients for whom labo-
ratory data were lacking (n = 64) were excluded from the
present study. Finally, this study consisted of the remaining
696 patients who constituted the study population with short-
term clinical follow-up. The allocation of emergency coro-
nary angiography and coronary intervention was determined
by the physician’s decision. The study protocol was approved
by the Institutional Review Board of National Cerebral and
Cardiovascular Center and was conducted in accordance with
regulations governing epidemiological studies issued by the
Ministry of Health, Labor, and Welfare of Japan.

On admission, age, gender, body mass index, and co-
morbidities such as hypertension, diabetes, dyslipidemia,
smoker, and previous myocardial infarction were recorded.
Plasma glucose was obtained at the time of admission, and
HbAlc, during hospitalization. Serum creatine kinase was
measured every 3 hours until it reached the peak value. Acute-
HG was defined as admission plasma glucose >200 mg/dl.*
Chronic-HG was defined as HbAlc >6.5%.> Chronic kid-
ney disease is defined as estimated glomerular filtration rate
<30 ml/min/1.73 m? in this study.

Continuous data were shown as mean £ SD. Continuous
variables were compared by use of the ¢ test and categorical

www.ajconline.org
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Table 1 Table 2
Baseline characteristics of patients with and without acute hyperglycemia Baseline characteristics of patients with and without chronic hyperglycemia
Variables Acute Hyperglycemia p Value Variables Chronic Hyperglycemia p Value
Yes (n=163)  No (n=533) Yes (n=212) No (n=484)
Age (yrs) 68.7 £ 11.9 674 4 12.8 0.268 Age (yrs) 68.6 £ 124 67.3 & 12.7 0.192
Men 72% 72% 0.921 Men 74% 71% 0.583
Body mass index (kg/m®) 244 4+ 3.8 23.3 4 3.7 0.002 Body mass index (kg/m?) 24.4 + 39 23.2 4 3.7 <0.001
Diabetes Mellitus 69% 24% <0.001 Diabetes Mellitus 83% 13% <0.001
Hypertension 72% 66% 0.214 Hypertension 73% 65% 0.065
Dyslipidemia 61% 54% 0.105 Dyslipidemia 62% 53% 0.031
Smoker 32% 33% 0.964 Smoker 34% 32% 0.736
Chronic kidney disease 48% 29% <0.001 Chronic kidney disease 36% 32% 0.296
Previous myocardial 9% 10% 0.881 Previous myocardial 8% 10% 0.491
infarction infarction
ST elevation myocardial 80% 84% 0.342 ST elevation myocardial 80% 84% 0.229
infarction infarction
Anterior location 39% 39% 1.000 Anterior location 36% 41% 0.238
Killip class 2 to 4 35% 14% <0.001 Killip class 2 to 4 20% 19% 0.754
Elapsed time (hour) 7.1 4102 75 4+97 0.701 Elapsed time (hour) 8.1 4103 71496 0.206
Primary percutaneous 90% 86% 0.349 Primary percutaneous 88% 87% 0.711
coronary intervention coronary intervention
Medication before infarction Medication before
Antiplatelet agent 21% 18% 0.494 infarction
Angiotensin-converting 31% 22% 0.021 Aantiplatelet agent 20% 18% 0.600
enzyme inhibitors Angiotensin-converting 31% 21% 0.007
and/or angiotensin enzyme inhibitors
receptor blockers and/or angiotensin
Calcium-channel blocker 27% 26% 0.919 receptor blockers
Beta-blocker 12% 10% 0.562 Calcium-channel 27% 26% 0.926
Statin 23% 17% 0.066 blocker
Oral hypoglycemic agent 29% 8% <0.001 Beta-blocker 10% 11% 1.000
Insulin 9% 2% <0.001 Statin 22% 18% 0.090
Oral hypoglycemic 35% 4% <0.001
agent
Insulin 9% 1% <0.001

variables with chi-square statistics or Fisher’s exact test.
Logistic regression analysis was used to obtain odds ratio
(OR) and 95% confidence interval (CI) for in-hospital
mortality. In multivariate analysis, the association between
acute-HG and chronic-HG were adjusted for baseline vari-
ables, including age, gender, smoker, previous myocardial
infarction, elapsed time, ST-elevation myocardial infarction,
Killip classification >2, and primary coronary intervention.
Multivariate analysis was also performed when plasma
glucose and HbAlc were analyzed as a continuous variable.
Values of p <0.05 were considered statistically significant.
All statistical analyses were performed using JMP (version
11.0, SAS Inc., Tokyo, Japan).

Results

This study consisted of 696 patients. A total of 652 pa-
tients (94%) underwent emergency coronary angiography.
Primary coronary intervention was performed in 606 pa-
tients (87%), mostly with stents (92%). Final Thrombolysis
In Myocardial Infarction grade 3 flow was obtained in 553
patients (91%).

Acute-HG was found in 163 patients (23%). Table 1 lists
the baseline characteristics of patients with and without
acute-HG. Patients with acute-HG had significantly higher
plasma glucose on admission (276 & 75 vs 139 £ 28 mg/dl,
p <0.001) and HbAlc (7.2 + 1.9 vs 5.6 £ 0.8%, p <0.001)
than those without acute-HG. Acute-HG was associated
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with more diabetes, more chronic kidney disease, more
Killip classification >2, and higher body mass index.

There were 212 (30%) patients with chronic-HG. The
baseline characteristics of patients with chronic-HG and
without chronic-HG were listed in Table 2. Both admission
plasma glucose and HbAlc were higher in patients with
chronic-HG than without chronic-HG (223 & 86 vs 148 +
52 mg/dl, p <0.001 and 7.5 £ 1.5 vs 5.4 £ 0.3%, p <0.001,
respectively). Chronic-HG was associated with more dia-
betes and more dyslipidemia.

Peak creatine kinase was obtained in 691 patients (99%).
Patients with acute-HG had a significantly higher peak
creatine kinase than those without (p <0.001; Figure 1).
There was no significant difference in peak creatine kinase
between patients with chronic-HG and those without (p =
0.59; Figure 1). In-hospital mortality rate was significantly
higher in patients with acute-HG than in those without
(p <0.001; Figure 1), but chronic-HG was not associated
with in-hospital mortality (p = 0.79; Figure 1).

In univariate analysis, acute-HG was associated with a
sixfold increase in in-hospital mortality risk (OR 6.34, 95%
CI 2.8 to 15.3, p <0.001). When plasma glucose was
analyzed as a continuous variable, an increase of 1 mmol/L
(18 mg/dl) in plasma glucose was associated with an
increase in mortality risk of 18% (OR 1.18, 95% CI 1.10
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Figure 1. Effects of acute-HG and chronic-HG on peak creatine kinase and in-hospital mortality. (A) Patients with acute-HG had a significantly higher peak
creatine kinase than those without (4,094 £ 4,594 vs 2,526 £ 2,227 IU/L, p <0.001). There was no significant difference in peak creatine kinase between
patients with and without chronic-HG (2,803 =+ 2,661 vs 2,940 =+ 3,181 IU/L, p = 0.59). (B) In-hospital mortality rate was significantly higher in patients with
acute-HG than in patients without (9.8% vs 1.6%, p <0.001). There was no significant difference in mortality between patients with and without chronic-HG

(3.3 vs 3.7%, p = 0.79). CK = creatine kinase; HG = hyperglycemia.
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Figure 2. Effects of chronic-HG on peak creatine kinase and in-hospital mortality in patients with acute-HG and in those without acute-HG. (A) When only
patients without acute-HG were analyzed, there was no significant difference in peak creatine kinase (2,348 & 2,156 vs 2,572 &+ 2,244 TU/L, p = 0.36) and
in-hospital mortality (1.0 vs 1.9%, p = 1.00) between patients with and those without chronic-HG. (B) On the contrary, in patients with acute-HG, chronic-HG
was associated with smaller peak creatine kinase (3,221 %+ 3,001 vs 5,904 + 6,473 IU/L, p <0.001) and lower mortality (5.5 vs 18.9%, p = 0.01).

CK = creatine kinase; HG = hyperglycemia.

to 1.26, p <0.001). On the contrary, chronic-HG (OR 0.88,
95% C10.34 to 2.06, p = 0.79) and HbAlc (OR 1.14, 95%
CI10.85 to 1.43, p = 0.31) were not predictive factors of in-
hospital mortality.

In multivariate analysis, acute-HG was independently
associated with in-hospital mortality (OR 6.35, 95% CI 2.29
to 18.9, p <0.001), but chronic-HG was not (OR 0.47, 95%
CI 0.15 to 1.37, p = 0.16). Analyzed as a continuous var-
iable, plasma glucose was an independent predictor for in-
hospital mortality (OR 1.21, 95% CI 1.09 to 1.35,
p <0.001), but HbAlc was not (OR 0.85, 95% CI 0.57 to
1.20, p = 0.36).

Peak creatine kinase and in-hospital mortality are shown
in Figure 2, stratified according to acute-HG and chronic-
HG. Acute-HG was associated with large infarct size and
high in-hospital mortality in both patients with and without
chronic-HG. In 528 patients without acute-HG, there was no
significant difference in peak creatine kinase and in-hospital
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mortality between patients with and without chronic-HG.
On the contrary, in 163 patients with acute-HG, chronic-
HG was associated with smaller peak creatine kinase and
lower in-hospital mortality.

Discussion

The major findings of this study were (1) acute-HG was
associated with large infarct size and high in-hospital mor-
tality in patients with AMI, but chronic-HG was not and (2)
in patients with acute-HG, chronic-HG was paradoxically
associated with small infarct size and low mortality after
AML

As previous studies have reported,®'° the present study
showed that acute-HG is associated with larger infarct size
and higher in-hospital mortality in patients with AML
Although there had a been debate as to whether acute-HG is
causally related to poor outcome after AMI or is simply an
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epiphenomenon of the severe disease conditions, most
recent studies have demonstrated that acute-HG is causally
associated with further deterioration of myocardial damage
and poor outcomes after reperfusion.

Acute-HG is observed not only in diabetic but also in
nondiabetic patients with AMI. Although earlier studies
classified nondiabetic patients with acute-HG as preexisting
undiagnosed diabetes, recent studies have shown that acute-
HG in nondiabetic patients does not represent preexisting
undiagnosed diabetes.'" In the thrombolysis era, it has been
reported that diabetes and chronic glucose dysregulation, as
assessed by HbAlc levels, are prognostic factors for in-
hospital mortality in patients with AML'? However, recent
studies have shown that diabetes is not associated with
short-term outcomes after AMI in patients who underwent
primary coronary intervention.”'>"* In the present study,
we also showed that chronic-HG assessed by HbA Ic did not
predict infarct size and in-hospital mortality in patients with
AMI who were mostly treated with primary coronary
intervention.

Several clinical and experimental studies have shown
that acute increase of plasma glucose causes several unfa-
vorable effects, including oxidative stress, inflammation,
apoptosis, endothelial dysfunction, and hypercoagulation,
that may contribute to the poor outcomes in patients with
AMI. Esposito et al' reported that the plasma cytokine levels
increased as the plasma glucose level increased during
consecutive pulses of intravenous glucose but immediately
returned to normal as plasma glucose returned to normal
levels. Of note, when the first elevation in the blood glucose
level was maintained by subsequent continuous intravenous
glucose infusion, plasma cytokine concentrations gradually
returned to normal levels, despite sustained high plasma
glucose level. Apoptosis is also enhanced by intermittent,
rather than constant, high glucose concentration.”

In patients with AMI who underwent primary coronary
intervention, Iwakura et al'® have shown that no-reflow
phenomenon assessed by contrast echocardiography was
predicted by acute-HG but not by a history of diabetes or by
HbAlc. Recently, Teraguchi et al'® reported, using contin-
uous glucose measurement and cardiac magnetic resonance
imaging, that there was a significant negative relation be-
tween glucose fluctuation and myocardial salvage index. In
addition, we have previously reported that acute-HG abol-
ishes ischemic preconditioning that has potent endofgenous
cardioprotective effect against myocardial ischemia.'” These
findings suggest that acute elevation of plasma glucose
(acute-HG), but not constant high glucose concentration,
deteriorates myocardial damage and outcomes after AML

In this study, we showed that acute-HG was associated
with large infarct size and high in-hospital mortality in both
patients with chronic-HG and those without. In patients
without acute-HG, peak creatine kinase was small and
mortality was low, regardless of the presence or absence of
chronic-HG. Interestingly, chronic-HG was associated with
small peak creatine kinase and low mortality in patients with
acute-HG. There are several possible mechanisms that may
explain this paradoxical finding. The magnitude of acute
glucose elevation may become small in patients with
chronic-HG because baseline glucose level should be high
in these patients. Experimental studies have suggested that
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diabetic heart is paradoxically more resistant to ischemic
insults. Decreased activity of sodium proton exchanger in
diabetic myocardium may prevent reperfusion injury.'®
Also, decreased glucose utilization observed in diabetic
cells may be beneficial in a circumstance of high plasma
glucose.

Results of previous studies that have investigated
whether continuous insulin infusion to normalize the
glucose level will imgrqve the outcome of patients with
AMI are inconsistent.””*” Most of these studies consisted of
patients with diabetes and/or acute-HG. Because impact of
acute-HG is more pronounced in patients without chronic-
HG, glucose control to correct acute-HG may be more
beneficial for patients without chronic-HG or diabetes.
Further studies should be warranted into the appropriate
management in patients with AMI and acute-HG in the
contemporary intervention era.

This study has the limitations of all retrospective in-
vestigations. However, this study consisted of consecutive
patients with AMI who received contemporary manage-
ment, including primary coronary intervention in 87% of
patients. A small sample size is another limitation of this
study. Because of the nature of observational study, the
cause-effect relation between plasma glucose and outcomes
and impact of acute management of plasma glucose on
outcomes were not investigated.
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Peripheral Vascular Disease

Effect of Single Tibial Artery Revascularization on
Microcirculation in the Setting of Critical Limb Ischemia
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Shingo Sakamoto, MD; Miyuki Noguchi, RN; Yasuomi Takahi, MD, PhD;
Koichiro Harada, MD, PhD; Masaharu Ishihara, MD, PhD; Hisao Ogawa, MD, PhD

Background—Benefits of 2-dimensional (2D) angiosome-oriented infrapopliteal revascularization remain controversial.
The aim of this retrospective study was to clarify the effect of single tibial artery revascularization on the dorsal and
plantar microcirculation of critically ischemic limbs based on skin perfusion pressure (SPP).

Methods and Results—Fifty-seven interventions that only involved either anterior tibial artery (ATA) or posterior tibial
artery (PTA) revascularization were included in this study. SPP was measured on the dorsal side (theoretically ATA
perfusion area) and the plantar side (theoretically PTA perfusion area) before and after the procedure. Dorsal and plantar
SPP increased significantly, from 33 (IQR 23-40.5) to 52 (IQR 32.5-65) mmHg (P<0.0001) and 31.6x16.1 to 44.8+19.2
mmHg (P=0.001) after ATA revascularization, respectively, and from 29.3+14.0 to 42.4+19.7 mmHg (P=0.003) and
29.3+9.8 to 43.5+15.9 mmHg (P<0.001) after PTA revascularization, respectively. Both ATA and PTA revascularization
were not associated with any significant differences in ASPP between the dorsal and the plantar regions of the foot. Only
64% and 58% of ATA revascularization cases showed higher post-SPP and ASPP on the dorsal side than on the plantar
side, respectively. Also, only 47% and 40% of PTA revascularization cases showed higher post-SPP and ASPP on the

plantar side than on the dorsal side, respectively.

Conclusions—Single tibial artery revascularization, whether of the ATA or PTA, yielded comparable improvements
in microcirculation of the dorsal and plantar foot. Approximately half of the feet revascularized had a change in
microcirculation that was not consistent with the 2D angiosome theory. (Circ Cardiovasc Intery. 2014;7:684-691.)

Key Words: angioplasty m angiosome m microcirculation m peripheral arterial disease ® reperfusion

he vascular community has been confused about the term

angiosome because it relates to the treatment of infrapop-
liteal artery disease presenting as tissue loss. The original con-
cept of the angiosome, introduced by Taylor and Palmer’ in
1987 in the context of flaps for skin healing, is a 3-dimensional
(3D) composite volume of skin, soft tissue, and bone supplied
by a single source artery and its branches within the context
of adjacent vascular territories. Each angiosome cannot be
assessed after clamping or occlusion of adjacent source vessels
and can be linked to its neighbors in all directions by either the
true anastomoses without a change in caliber or by reduced-cal-
iber choke arteries; therefore, the angiosome refers to the safe
anatomic boundaries of tissue that can be transferred separately
or combined together with source vessels as a composite flap.’-

Editorial see p 642

Although even the original concept of the 3D angiosome
might be less relevant to in vivo blood supply than to flap
design,” the concept of a 2D angiosome as a uniform map of

vascular territories with clear boundaries has emerged in the
field of surgical and endovascular treatment for critical limb
ischemia (CLI) with the past 5 years.®'® With this recent 2D
angiosome concept, emphasis was placed on direct interven-
tion, that is, revascularization of the artery feeding the 2D
angiosome where ischemic ulcers or gangrene exist, instead
of indirect intervention. However, currently there are active
ongoing debates over the benefits of angiosome-oriented infr-
apopliteal revascularization in terms of clinical outcomes.'-!?

Hence, objective evaluation of the circulation of the foot is
essential for determining whether direct or indirect intervention
is superior. Apart from the location of the wound, we simply
define direct revascularization as revascularization of anterior
tibial artery (ATA) system for dorsal foot circulation and revas-
cularization of posterior tibial artery (PTA) system for plantar
foot circulation and indirect revascularization as revasculariza-
tion of PTA system for dorsal foot circulation and revascular-
ization of ATA system for plantar foot circulation. The aim of
this study was to investigate the effect of single tibial artery
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WHAT IS KNOWN

* The original angiosome concept is a 3-dimensional
(3D) volume of tissue supplied by a source artery.

® Recently, a 2D angiosome map has emerged in
the treatment of symptomatic infrapopliteal artery
disease.

There is debate over the benefits of the 2D angio-
some-oriented infrapopliteal revascularization in
terms of clinical outcomes.

°

WHAT THE STUDY ADDS

Irrespective of the 2D angiosome theory, single tibial
artery revascularization resulted in comparable im-
provements in microcirculation of the dorsal and
plantar foot.

Approximately half of the feet undergoing single
tibial artery revascularization presented a change in
microcirculation that was not consistent with the 2D
angiosome theory.

revascularization on the dorsal and plantar microcirculation of
the foot to clarify the validity of the recent 2D angiosome in the
treatment of symptomatic infrapopliteal artery disease.

Methods

Subjects

This retrospective study included a total of 108 infrapopliteal artery
interventions performed for the treatment of CLI with tissue loss in 2
vascular centers between May 2011 and October 2013. Noninvasive
evaluation of the microcirculation using skin perfusion pressure
(SPP) was performed sequentially before the procedure and on the
day after the procedure (or within 7 days in cases of measurement
failure). The SPP measurements were available in 79 cases. Of them,
the 57 interventions that only involved revascularization of either
ATA or PTA were included (Figure 1). The study was approved by
the institutional review committee.

SPP Measurement

Currently, SPP is available for the evaluation of microcirculation on the
dorsal (ATA territory based on the recent definition of the angiosome)

108 endovascular interventionsfor
symptomaticinfrapopliteal artery disease
presenting tissue loss
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and plantar (PTA territory based on the recent definition of the angio-
some) sides even in the setting of CLIL'*'® The basic technique for
measuring SPP was based on a previous study.'* After each patient was
placed in a supine position in a room maintained at room temperature
between 24°C and 26°C, SPP was measured using a Sensil.ase PAD
3000 device (Vasamed, Inc, Eden Prairie, MN). A laser Doppler probe
was placed under an 8.0-cm-wide blood pressure cuff wrapped around
the middle of the first and second metatarsals on the dorsal and plantar
aspects of the foot. SPP denotes the cuff pressure at which microcircu-
latory perfusion is first detected after a period of occlusion.

Statistical Analysis

Data are expressed as mean+SD, numbers with percentages, or medians
and interquartile ranges. The normality of the distribution of continuous
variables was determined using the Shapiro—Wilk test. Comparisons of
the data before and after the procedure were analyzed using the paired
t test for normally distributed variables and Wilcoxon signed-rank test
for non-normally distributed variables, respectively. Comparisons of
independent 2 groups were evaluated using Student ¢ test for paramet-
ric variables and Mann~Whitney U test for nonparametric variables.
Categorical variables were analyzed using either Pearson 2 test or Fisher
exact test. P values <0.05 were considered significant. Corrections of
multiple comparisons were made according to Bonferroni. Because
some patients underwent several interventions, we conducted mixed
model analysis using patient ID as a random intercept to adjust for auto-
correlation using the xtmixed command in STATA. SPSS version 11.0
(SPSS Inc, Chicago, IL) and STATA version 13 (Stata Corp, College
Station, TX) were used for statistical analyses.

Results

Baseline clinical characteristics of the study subjects are
shown in Table 1. The breakdown of treated vessels is shown
in Table 2. The distributions of SPP before and after ATA and
PTA revascularization are shown in Figure 2. The number of
final run-off vessels, as well as the number of limbs with a
patent peroneal artery or pedal arch after ATA and PTA revas-
cularization, are shown in Table 3.

With ATA revascularization, dorsal SPP increased sig-
nificantly from 33 (IQR 23-40.5) to 52 (IQR 32.5-65)
mm Hg (P<0.0001) after direct intervention and plantar SPP
increased significantly from 31.6+16.1 to 44.8+19.2 mmHg
(P=0.001) after indirect intervention (Table 4). Also, there
were no significant differences in both pre-SPP and post-SPP
between the dorsal (direct intervention) side and the plantar
(indirect intervention) side. ASPP was comparable between
the dorsal (direct intervention) side and the plantar (indi-
rect intervention) side (15.5+18.6 versus 13.2+21.3 mmHg;

Unavailability of SPP measurementin 29 limbs
Involuntary limb movement : 16 limbs

{nability to set the schedule of measurement: 13 limbs

SPP measurement available in 79 limbs

Figure 1. A flow diagram of the subjects included in
this study. SPP indicates skin perfusion pressure.

Both anterior and posterior tibial artery interventionsin 22 fimbs

[ Either anterior or posteriortibial artery interventionsin 57 limbs i
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Table 1. Baseline Characteristics of the Study Subjects Table 2. Summary of the Vessels Treated

Patients, n 44 n
Age, y; median, interquartile range 71,66-76 ATA system revascularization (n=40)

Men, n (%) 34.(77) ATA alone 37
Hypertension, n (%) 37 (84) ATA+DP artery 1
Dyslipidemia, n (%) 20 (45) DP artery alone 2
Diabetes mellitus, n (%) 33 (75) Concomitant peroneal artery intervention

History of smoking, n (%) 32(73) PTA system revascularization (n=17)

End-stage renal disease, n (%) 23(52) PTA alone 16
Coronary artery disease, n (%) 22 (50) PTA+plantar artery 1
Heart failure, n (%) 20 (45) Plantar artery alone 0
Limbs, n 57 Concomitant peroneal artery intervention 3
Dorsal skin perfusion pressure, mmHg; 31, 22-40 ATA indicates anterior tibial artery; DP, dorsalis pedis; and PTA, posterior
median, interquartile range tibial artery.

Plantar skin perfusion pressure, mmHg 31.2+14.5

Ankle-brachial index 0.72+0.38

P=0.616; Table 5). In the subgroup analysis of subjects with
diabetes mellitus or end-stage renal disease, similar findings
were observed in change in SPP and ASPP (Tables 6 and 7).
Post-SPP and ASPP were higher on the dorsal (direct inter-
vention) side than on the plantar (indirect intervention) side,
as predicted by the recent 2D angiosome theory, in only 64%
and 58% of patients, respectively. Correcting for autocorrela-
tion between participant’s subjects and limbs in a mixed model
with a random intercept yielded similar results (Tables 8-11).

With PTA revascularization, dorsal SPP increased signifi-
cantly from 29.3+14.0 to 42.4+19.7 mmHg (P=0.003) after
indirect intervention and plantar SPP increased significantly
from 29.3+9.8 to 43.5x15.9 mmHg (P<0.001) after direct
intervention (Table 4). Also, there were no significant differ-
ences in both pre-SPP and post-SPP between the dorsal (indi-
rectintervention) side and the plantar (direct intervention) side.
ASPP was comparable between the dorsal (indirect interven-
tion) side and the plantar (direct intervention) side (13.1+14.6
versus 14.1+11.4 mmHg; P=0.833; Table 5). In the subgroup
analysis of subjects with diabetes mellitus or end-stage renal

A Dorsal SPP Plantar SPP
P=0.003
| post P=0.86 o Post P=0.19
-
47 31
s o
g
o 1 s 5 o -
0 20 40 60 80 100 0 40
SPP (mmHg) SPP (mmHg)
B Dorsal SPP Plantar SPP
1 pre P=0.063| | pre P=0.68

SPP (mmHg}

0

20 40

SPP (mmHg)

80

'Figure 2. Skin perfusion pressure (SPP) distribution before and after anterior tibial artery revascularization (A) and posterior tibial artery

revascularization (B). P value for the Shapiro-Wilk test.
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Table 3. Postintervention Angiographic Findings
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687

Table 5. ASPP Before and After Intervention

Anterior Tibial Posterior Tibial ASPP onthe ASPP on the
Artery Intervention Artery Intervention Dorsal Side, Plantar Side,
(n=40) (n=17) PValue mmHg mmHg PValue Difference 95% Cl
No. of run-off vessels 1.9+0.7 1.5+0.6 0.129 Anterior 155186  13.2+£21.3 0.616 3.63 -2.93
Patent peroneal artery 26 (65%) 10 (59%) 0.767 tibial art’ery o t(direct§ . t(lndue:t 1010.18
revascularization intervention) intervention
Patent pedal arch 18 (45%) 6 (35%) 0.567 ) ! ) )
- — - - - Posterior 13.1x146 141114 0833 013  -9.02
Patent was defined as the absence of significant stenosis (=50% stenosis). tibial artery (indirect (direct 10 9.7
revascularization intervention) intervention)

disease, similar findings were observed in change in SPP and
ASPP (Tables 6 and 7). Post-SPP and ASPP were higher on
the plantar (direct intervention) side than on the dorsal (indi-
rect intervention) side, as predicted by the recent 2D angio-
some theory, in only 47% and 40% of patients, respectively.
Correcting for autocorrelation between participant’s subjects
and limbs in a mixed model with a random intercept yielded
similar results (Tables 8—11).

About clinical outcomes, during the mean follow-up of
17+11 (range, 1-33) months, the complete wound healing
rate was 52.6% and the major amputation rate was 3.5%.
Healed limbs had higher post-SPP values (dorsal, 50.0+18.4;
plantar, 45.9+17.6 mmHg) than nonhealed limbs (dorsal,
46.8+21.1; plantar, 42.6x19.1 mmHg), but this difference
was not statistically significant (Table 12). In addition, post-
SPP values were significantly higher in healed limbs with
PTA intervention (dorsal, 54.6+18.4; plantar, 54.6+12.1
mmHg) when compared with that in nonhealed limbs
(dorsal, 33.0+15.8; plantar, 33.8+12.3 mmHg; Table 12).
Correcting for autocorrelation between participant’s subjects
and limbs in a mixed model with a random intercept yielded
similar results (Table 13).

Table 4. SPP and Ankle-Brachial Index Before and After
Intervention

Cl indicates confidence interval; and SPP, skin perfusion pressure.

Discussion

To the best of our knowledge, this study is the first to high-
light the effects of single tibial artery revascularization
based on assessments of dorsal and plantar microcirculation
in relation to the recent concept of the 2D angiosome. The
main findings of this study are (1) both dorsal and plantar
SPP increased significantly after single tibial artery revas-
cularization of either the ATA or the PTA, (2) both ATA
and PTA revascularization were not significantly associated
with differences in ASPP between the dorsal and the plantar
foot, and (3) approximately half of the revascularized feet
had changes in SPP that do not correspond to the recently
defined 2D angiosome theory.

In the fields of bypass surgery and endovascular therapy,
an emphasis on angiosome-oriented revascularization was
adopted in the context of limb salvage and wound healing,
despite a lack of randomized studies.®!* In the middle of the
current 2D angiosome boom, more recent studies have raised
objections to this approach that sounds good in theory.!'"13

Table 6. SPP and Ankle-Brachial Index Before and After
Intervention in Patients With Diabetes Mellitus or End-Stage
Renal Disease

Pre Post PValue Difference 95% Cl Pre Post PValue Difference 95% Cl
Anterior tibial artery revascularization Anterior tibial artery revascularization
Dorsal SPP, Median, Median, <0.0001*f 15.48 9.52 Dorsal SPP, Median, Median, 0.0001*F  14.32 8.31
mmHg (direct 33;1QR,  52;1QR, 1021.43 mmHg (direct 35; IQR, 52; 1QR, t0 20.34
intervention) 23-40.5 32.5-65 intervention) 28-41 38-65
Plantar SPP, 31.6+16.1 44.8+19.2 0.0011 13.17 5.96 Plantar SPP, 31.7£15.9 44.9+19.2 0.001% 13.18 5.48
mm Hg (indirect 10 20.37 mmHg (indirect 1020.88
intervention) intervention)
Ankle-brachial  0.74+0.38 0.87+0.24 0.066 -0.13 -0.26 Ankle-brachial  0.75+0.39 0.87+0.25 0.089 -012  -0.26t0
index 10 0.00 index 0.02
Posterior tibial artery revascularization Posterior tibial artery revascularization

Dorsal SPP, 29.3+14.0 42.4+19.7 0.003} 13.13 5.34 Dorsal SPP, Median Median - 0.0506* 13.11 2.31
mmHg (indirect 10 20.91 mmHg (indirect 27, IQR, 42, 10R, 10 23.92
intervention) intervention) 21-33 31-56
Plantar SPP, 29.3+9.8 43.5+15.9 <0.001% 14.13 7.81 Plantar SPP, 26.4+10.3 38.2+13.5 0.0041 11.78 484
mmHg (direct 0 20.45 mmHg (direct t0 18.71
intervention) intervention)
Ankle-brachial  0.64+0.37 0.80+0.36 0.271 -0.16 -0.47 Ankle-brachial  0.58+0.48 0.68+0.33 0.690 -0.09 -0.641t0
index t0 0.15 index 0.45
Cl indicates confidence interval; IQR, interquartile range; and SPP, skin Cl indicates confidence interval; IQR, interquartile range; and SPP, skin

perfusion pressure.
*Wilcoxon signed-rank test.
1P value after Bonferroni correction: <0.0083.

perfusion pressure.
*Wilcoxon signed-rank test.
1P value after Bonferroni correction: <0.0083.
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