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Abstract

Background: Previous studies have demonstrated that decreased levels of circulating adiponectin correlate with endothelial dysfunction in
penpheral artenes. However, the relationship between adiponectin levels and endothelinl function in coronary arteries remains unclear. The
poal of the presemt study was 10 determine whether circulating adiponectin concentrations are a useful predictor of coronary endothelial
function

Methods: Thirty-s1x consecutive non-digbetic patients with nonnal or muildly diseased coronary artenes were enrolled i this study. Coronary
endothelial funcuon was evaluaed by coronary vascular response 10 acetylcholine (Ach). The relanonship berween coronary vasoreactvity
and adiponectin or other biochemical or anthropometric parameters was investigated, The predictive value of adiponectin level for
assessment of coronary endothelial dysfunction was assessed ar the best cut-off point

Resuls: Ina sumple regression analysis, log-transformed adiponectin concentrations positively correlated with the percent change i coronary
blood flow (CBF) and coronary artery dinmeter (CAD) induced by Ach (#=0.62, p<0.0001; r=0.63, p<0.0001, respectively). Insulin
resistance mdex (HOMA-R), body mass index, immunorcactive insulin, and tnglycerides concentrations also significantly correlated with the
percent change in CBF and CAD. However, in a multiple regression analysis. log-transformed adiponectin concentration was the anly
independent predictor of the percent change in CBF and CAD ( p<0,0001: p<0,0001, respectively), Furthermore, patients with adiponectin
concentrations <6.3 mp/L demonstrated coronary endothelial dystfuncnon with high specificity both in terms of CBF and CAD response
(85%: 88%, respectively),

Conclisiony: Adiponectin is a better predictor of coronary endothelinl function than other factors such as HOMA-R, body mass index,
immunoreactive msulin, and nglycendes.

2007 Elsevier Ireland Lid. All rights reserved
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1. Introduction

Endothelial dysfunction is an early pivotal event in the
development. progression, and manifestation of atheroscle-
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rosis [1.2]. Dysfunction of either the coronary or penpheral
vascular endothelium is an independent predictor of
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cardiovascular events | 3.4]. In addition to providing valuable
prognostic mformation. the endothelium isell is an attractive
primary target in the effont w optimize individualized
therapeutic strategies to reduce cardiovascular morbidity
and mortahity [4.3].

Adiponectin is a collagen-like plasma protein identified in
the human adipose tissue cDNA library [6] that 1s produced
by the adipose tissue and that is abundant in the systemic
circulation. Interestingly, plasma concentrations ol adipo-
nectin are reduced in the setting ol obesity [7]. wpe 2
diabetes mellitus [X], and coronary artery disease [9].
Adiponectin plays an important role in the regulation of
insulin action [ 10,11], and several studies have demonstrated
that adiponectin levels are negatively cormrelated with the
degree of insulin resistance [ 12,13

In addition to s effect on glucose metabolism,
adiponectin also appears to modulate endothehal function.
For example. adiponectin stimulates production of mitric
oxide [14] and suppresses adhesion molecule expression
[15] in vascular endothelial cells. Indeed. several clinical
studies have demonstrated that hypoadiponectinemia corre-
lated with endothelial dysfunction in peripheral arteries [ 16
18], However. the relationship between adiponectin and
endothelial function of coronary arteries remains unclear. 117a
correlation between circulating adiponectin levels and
coronary endothehal function were confirmed, adiponectin
would be uselul as a marker of coronary artery endothelial
function, Therefore, the goal of the present study was to
investigate the impact of circulating adiponectin levels on
coronary artery endothelial function and assess the utility of
measuring adiponectin levels for the prediction of coronary
endothelial function.

2. Methods
2.1 Studv population

Seventy-eight consecutive patients who had been referred
for cardiac catheterization to exclude coronary artery discasc
were considered for enrollment in this study. A total of 36
paticnts met the following inclusion criteria: 1) angiogra-
phically smooth artenes: 2) mild iregulunties, < 30% lumen
diameter stenosis by visual assessment in any major conduit
vessel: and 3) proximal coronary arteries =2.0 mm in
diameter. Patients with a history of previous myocardial
infarction. previous coronary revascularization, valvular
heart disease, variant angina, cardiomyopathy, or myocardi-
tis were excluded from this study [19].

Long-acting nitrates, calcium channel blocking agents,
and js-adrenergic blockers were withheld for 48 h before the
study to allow for the assessment ol baseline coronary
physiology. Smoker was defined as a current smoker. Upon
admission Lo the hospital, subjects were instrueted to refrain
from smoking until completion of the study. Mean duration
of abstention from smoking pnor o blood sampling and
cardiae catheterization was 4.4 days (range, 2-7 days). Al

bascline, patients with diabewes mellitus [fasting plasma
glucose (FPG) 27.0 mmol/L at any two previous examina-
tions, us¢ of hypoglycemic drug therapy, or a current FPG
=7.0 mmol’L or 2 h glucose level after 75 g oral glucose
211.1 mmol/L] or untreated endocnine diseases were
excluded, All subjects reported that their body weight had
been stable (£2 kg) for at least 3 months. Upon admission to
the hospital, patients were instructed to refrain from
intensive exercise unul completion of the swdy. Body
mass index (BMI) was calculated as weight in kilograms
divided by the square of height in meters. Waist circumfer-
ence was measured at the mid-level between the lower rib
margin and the iliac crest. Hip circumference was measured
as the widest measure over the buttocks and below the iliae
crest. The wast-to-hip ratio was calculated as waist
circumference in centimeters divided by hip circumference
in centimelers.

Hyperglycemia was defined as an FPG concentration
=6.1 mmol/L. Dyslipidemia was defined as a low-density
lipoprotein-cholesterol (LDL-C) concentration = 3.33 mmol/
L. and/or a riglyceride concentration > 1.69 mmol/L., and‘or
a high-density lipoprotein-cholesterol (HDL-C') concentra-
tion < 1.03 mmol/L. and/or having received treatment for
dyshipidemia. Hypertension was defined as systolic blood
pressure = 140 mm Hg, and'or diastolic pressure =90 mm
Hg. and/or having received treatment for hypertension.

Written informed consent was obtained from all patients
afier the purpose, nature, and potential nsks of the study
were explained to the subjects in accordance with guidelines
established by the Communee for the Protection of Human
Subjects in our institution.

2.2 Adiponectin measturements

Blood samples for measurement of fasting  plasma
adiponecun concentrations were obtmned on the day of
coronary flow study. Peripheral blood samples were drawn
mto tubes contmning EDTA-sodwm (1 mg'ml) and imme-
dintely placed on ice. All tubes were centrifuged at 4 °C for
collection of plasma, which was stored at —80 °C until
analysis. Plasma adiponectin level was determined using a
validated sandwich enzyme-linked immunosorbent assay
(ELISA) employing an adiponectin-specific monoclonal and
polyclonal antibody supplied by s commercially available kit
(Otsuka Pharmaceutical Co, Tokyo, Japan) |7].

2.3 Biochemical analvsis

Blood glucose was measured by the glucose oxidase
method (GAO3U. A&T Corp. Yokohama, Japan) [20]
Plasma levels ol total cholesterol, glycende, HDL-C, unic
acid and C-reactive protemn were detenmined by an auto-
analyzer (TBA-80-FR-Neo, Toshiba Co.., Tokyo. Japan) using
commercially available kits (total cholesterol, triglyeende, uric
acid: Shino-Test Corp., Tokyo, Japan; HDL-C: Kyowa Medex
Co. Ltd, Tokyo. Japan: C-reactive protein: Mitsubishi Kagaku
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latron, Tokyo, Japan), LDL-C was estimated using Friede-
wald’s formula [21] Immunoreactive nsulin (IR1) was
determined by a specific enzyme immunoassay (EIA)
(TOSOH Co. Lid. Yamaguchi, Japan). Insulin resistance was
calculated by the homeostasis model assessment methed
(HOMA-R), using FPG and insulin concentrations |22}
Assuming that normal weight subjects <35 years of age
have an insulin resistance of |, the value for insulin resistance
was assessed by the formula: FPG (mmol/L) < IR (mU/)/

2.4 Stuely protocol

Diagnostic coronary angiography was performed using a
6F Judkins catheter with a standard femoral percutancous
approach. Five thousand units of heparin was administered at
the beginning of the procedure. Non-ionic contrast material
was used for all patients. No nitroglycerin was given prior to
the diagnostic procedure.

Coronary blood flow response to papaverine, acetylcholine
(Ach). and nitroglycerin was stdied according 1o previous
reports [24.25] After control coronary angiograms, interven-
tions were performed as follows: 1) a 0.014-inch Doppler
guidewire (Cardiometrics. Santa Anna. CA) was introduced
nto the lefi anterior descending coronary anery: 2) afier
obtaining a stable Doppler signal, a § mi bolus of papaverine al
2.5 gL [an endothelium-imdependent vasodilator in resistance
coronary anenies| was injected through a catheter; 3) infusion
of’ Ach [an endothelium-dependent vasodilator in resisiance
and conduit coronary arteries] (0.5 mL/min) at a dose of 3 pg
min for 2 min was performed via the catheter [26.27); and 4) a
5 ml bolus of niroglyveernin wt 40 mg/L [an endothelium-
independent vasodilwtor i conduit coronary arteries] was
administered. Drugs were infused at least 5 nin apart.
Coronary aneriography was performed before and 2 min
afier each dose of Ach and after administration of nitroglyc-
enin. Phasic coronary blood flow velocities. anerial blood
pressure. and heant rate were monitored continuously and
recorded. Measurements obtained during steady state condi-
tions were used as control values for later analysis

2.5, Quantitative coronary angiographic images

Technically suitable single-plane angiograms were se-
lected for computer analysis. Quantitative coronary angio-
graphic images (DBAC-1000: MID Corporation. Fukuoka,
Japan) were recorded using validated densitometric analysis,
as previously reported [28]. An end-diastolic sull frame at
cach infusion (baseline, Ach, nitroglycerin) was selected
from the angiographic sequence. Endothelium-dependent
and -independent vasodilation of the conduit coronary artery
was estimated by measuring the luminal diameter at the tip of
the Doppler guidewire positioning at the proximal site of lefi
anterior descending coronary artery, Experienced observers
who were unaware of the coronary vascular reactivity tests or
adiponectin levels made these measurements,

20, Assessment of coronary vasoreactivin:

Doppler flow velocity spectra were analyzed on-line to
determine ume-averaged peak velocity. Volumetric coronary
blood -Now (CBF) was determined using the formula:
CBF=cross-sectional area * average peak velocity > 0.3
[29]. Coronary flow reserve to papaverine was calculated
as the ratio of maximal CBF induced by papaverine 1o basal
CBF. which reflects the endothelium-independent function
of the resistance coronary artery. Endothelium-dependent
function was calculated as the percent increase of CBF or
coronary artery diameter (CAD) in response 1o Ach,
Endothelium-independent vasodilation of the conduit coro-
nary artery was assessed by the percent increase of CAD in
response to nitroglycerin [24.23]. This analysis was
performed by experienced observers unaware of adiponectin
levels,

2.7, Swtistical anulysis

Values are expressed as the mean+5D or as the median
(interquartile range) for skewed vanables. Statistical signif-
icance was accepted when the p value was <0.05. Before
statistical analysis, normal distnbution and homogeneity of’
the vanances were tested. Parameters that did not fulfill these
tests (adiponectin and HOMA-R) were log-transformed. All
assessed vanables (e.g. age, sex. wmst circumierence, waist-
to-hip ratio, log adiponectin, log HOMA-R, trglycerides,
HDL-cholesterol. LDL-cholesterol, immunoreactive sulin,
fasting plasma glucose. C-reactive protein, uric acid, mean
blood pressure, and smoking) were entered as parameters for
coronary vasoreactivity into both a linear regression and a
multiple stepwise regression model. Log adiponectin values
were entered the ROC-analyses 1o assess the best cut-ofT

Table |
Patients charcteristics
Age (vears) iz 12
Female 12 (33%a)
Premenopausal 3 (W)
Postmenopausal 9 (25%)
BMI (hgm’) 47238
Waist cireumference iem) #0.7=9.6
Wanst-to-hip ratin 0852007
Mean BP (mm Hg) 9319
Smoking K (12%)
Hyperglyeemin 6 017%)
[ryslipidemin 23 (64%)
Hypertension 19 (53%)
Medications
- Adrenergic hlockers T19%)
Caleium ¢hannel blockers 10 (28%)
Long-acting nitrates 124334
ACE inhibators (175
Angiotensin 11 receptor blockens 3 (X%)
Statins 5 (14%)
Fibmics 0 ()

Values are given as mean= 5D orno. (%), BMI indicates body mass index; BR.
blood pressure: ACT inbubitors, angiotensm-converting enzyme inhibitors.
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Table 2
Biochemical data

Adiponceun (mg'L) K063 -10.0)

Log adiponectin 091=022
HOMA-R 1LAT (1.5 3.72)
Log HOMA-R 0.28=0.34
Trghveendes (mmaol/L) 166H=0.73
HDL-C (mmaol L) 1.33:0.26
LDL-C immol'L) 143079

IRT (mLIL) 9Reb6

FPG (mmol'L) S49-064
Creactive proten (mg L) 234=434
Unie acd (pmol L} IMT7=1256

Values are given as mean=SD for normally distributed data and median
(mierquartile range) for non-parametne datn. HOMA-R mdicates homeo-
stasis mode] assessment of msulin resistance index; HDL-C, high-density
lipoprotcin cholesterol: LDL-C. Jow-density lipoproten cholesterol; IR1L
imimunoreactive msuling FPG. fasting plasma glucose

point for detecting coronary endothelial dysfunction. The
sensitivity, specificity, and predictive accuracy were calcu-
lated from 2 =2 wbles and were expressed as a percentage.
The best cut-ofl point was chosen at the level that yielded the
highest sensitivity, specificity, and predictive accuracy.
Coronary endothelial dysfunction was defined as follows:

-0.47
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Ach induced "achange in CBF <0%; Ach induced %change
in CAD = 0% [24].

3. Results
3.1 Plasma adiponectin levels and patient characteristics

A total of 36 patients (24 men and 12 women) were
enrolled in the study. Patient characteristics are summarized
in Tahle |. The mean age was 60+ 12 years, Charactenstics
of biochemical measurement data are shown m Table 2. The
median (interquartile range) plasma adiponectin concenira-
non was 8.00 (6.25-10.00) mg/L.

As shown in Fig. 1. log-transformed adiponectin
concentration was inversely associated with log-transformed
HOMA-R (r=-0.38, p<0.001), immunoreactive insulin
(IR1) (r==0.58. p<0.001), BMI (r=-0.60, p<0.001). and
riglycerides levels (r=—0.67, p<0.001]).

3.2, Changes in coronary blood flow induced by Ach

Relationships between percent change in CBF induced
by Ach and clinical parameters including log-trans-
formed adiponectin are shown in Table 3, Log-transformed
adiponectin, BMI, log-transformed HOMA-R, IRI, and

r—=-0.58
p<0.001
0 —r T r—r—r—
0 02040608 1 12141618 2
log adiponectin
D
40 7 o r=-0.67
35 7 o p<0.001
30 7
=25 T %;
20 7 oo
15 7 o
10 1 e %
05 7
0 T T T T T T T T T al

0 0204 0608 1 1214 1618 2
log adiponectin

Fig. |. Relanonships between adiponectin and HOMA-R. IRL BMI, and inglycendes, These graphs show the corelation between log adiponectin and log

HOMA-R (A), [RIB), BMLC), and tnglycendes concentrations (1)
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Table 3
Stmple and multiple regression analysis berween “wchange in CBF and

Table 4
Simple and multuple regression amalysis between ®wchange in CAD and

paramtens paramaters
Parameter Simple regression  Stepw ise mulniple regression Parameter Simple regression - Stepsise multiple regression
[ " Fovalue p Adjusicd B ] " Fovalue p Adjusicd B

Age 0040 NS 0457 NS Age 120 N5 (L587 NS
Sex (female) 0064 NS 0014 NS Sex (female) 0071 NS 0028 NS
Body mass index 0504 <001 1445 NS Hody mass index 1507 <001 1453 NS
Waist circumference B3 NS 0489 NS Waist circumference 0,306 NS 0425 NS
Waist-10-hip ratio (1258 NS G731 NS Warst1o-hip ratio 0277 NS 0992 NS
Log adiponectin 0623 <00001 2162 00000 0371 Log adiponcctin (els ~0.0001 22406 <0000 0377
Log HOMA-R 0500 <0001 3531 NS Log HOMA-R 0517 =0l 20014 NS
Trglyeendes 0414 <008 0410 NS Troglveendes 0440 <01 0ORS NS
HDL-cholesterol 0178 NS 0035 NS HDL-cholesterol n16s NS 0279 NS
LDL-cholesterol (431 NS 2740 NS LDL-cholesterol 0371 NS Lywo NS
Iimmunorescts ¢ 801 <001 1579 NS Immutoreaciive (L5360 <041 2526 NS

insulin insulin
Fasting plasma (182 NS 0016 NS Fasting plasima 263 NS 549 NS

2lucose glucose
C-reactive prowin 0074 NS 0007 NS C-reactive prvtein 0054 NS 1373 NS
LUine acwl (188 NS 0177 NS Liric acud 0,041 NS 0374 NS
Mean blood pressure 0030 NS 1.341 NS Mean blood pressure 0044 NS 0151 NS
Smoking HOTH NS 19h NS Smokng 0040 NS i NS

HDL-C indicates high-density lipoprotein cholesteral, LDL-C indicates
low-density hipoprotein cholesterol, HOMA-R, homeostasis model asscss-
ment of nsuln resistance: mdex; NS, not significant { p - 0.05)

riglycendes were significantly correlated with percent
change in CBF induced by Ach in a simple regression
analysis.

In a stepwise multiple regression analysis, log-trans-

formed adiponectin was the only independent predicior of

percent change in CBF induced by Ach ( p<0.0001). The
assoctation between the percent change m CBF induced by
Ach and log-transformed adiponectin is demonstrated in
Fie. 2. Log-transformed adiponectin was positively corre-
lated with percent change in CBF induced by Ach (r=0.62,
p=0.0001), which suggests that lower levels of plasma
adiponectin are associated with impaired endothelial func-
LHON 10 resistance coronary anerics,

1209 =062
100 { p<0.0001 o o
_ 80 80
£ 604 o
-£=
ey o
E 20 4 o
0 -
o
3 20 (o]
40 < o] o
'm Ll L L L L T T T T 1
0 02 04 06 08 1 12 14 16 18 b 3
log adiponectin

Fig. 2 Relatonship between adiponectin and *wchange n CHF imduced by Ach

HDL-C indicates high-density lipoprotein cholesteral, LDL-C indicates
low -density Tipoprotem chalesterol. HOMA-R, homeostasis model assess
ment of insulin resetance index: NS, not significant { p =0.08)

3.3, Changes in coronary artery diameter induced e Ach

Relationships between percent change in CAD induced
by Ach and clinical parameters including log-transformed
adiponectin are shown in Table 4. Log-transformed adipo-
nectin, BMLL log-transformed HOMA-R, IRI, and riglycer-
ides were significantly correlated with percemt change in
CAD mduced by Ach in a simple regression analysis.

In a stepwise multiple regression analysis, log-trans-
formed adiponectin was the only independent predictor of
percent change in CAD induced by Ach (p<0.0001). The
assocition between the percent change in CAD induced by
Ach and log-tnmsformed adiponectin is demonstrated in
Fig. 3. Log-transformed adiponectin was  positively

309 =063
p<0.0001

10

0 02 04 06 08 | 12 14 16 18 2
log adiponectin

Fig. 3. Relavonship berwoen adiponccun and *ochange in CAD induced by Ach
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correlated with percent change in CAD induced by Ach
(r=0.63, p=<0.0001). which suggests that lower levels of
plasma adiponectin are associated with impaired endothelial
function in conduit coronary arteries.

3.4, Relutionship berween adiponectin levels and endothe-
linm-independent vasodilution

There was no correlation between log-transformed
adiponectin and percent change in CBF induced by
papaverine (r=0.001, p=0.996) or percent change in CAD
induced by mnitroglycerin (r=0.161. p=0.551), which
suggests that plasma adiponectin levels have no association
with endothelium-mdependent vasodilating  response in
resistance and conduit coronary arteries.

3.5 Predictive value of adiponectin levels for coronary
endothelial function

The best cut-off point for the prediction of coronary
endothelial dysfunction was log adiponectin <08 (plasma
adiponectin concentration < 6.3 mg/L). The sensiivity of this
criterion for prediction of endothelial dysfunction of
resistance coronary artery was 75%, while the specificity
was 85%, and the predictive accuracy was 8§3%. The
sensitivity of this criterion for prediction of endothelial
dysfunction of conduit coronary artery was 70%, the
specificity was 88%, and the predictive accuracy was 83%.

4. Discussion

The present study demonstrated that adiponectin levels
positively correlated with changes in coronary blood flow
and coronary artery diameter induced by acetylcholine.
suggesting that decreased adiponectin levels are associated
with coronary  endothelinl dysfunction i condut and
resislance coronary arteries. Furthermore, body mass mdex
(BMI). log-transformed HOMA-R, immunoreactive insulin
(IR1). and tnglycendes levels were also sigmficantly and
negatively correlated with changes of both coronary blood
Mlow and coronary artery diameter induced by acetylcholine.
However, among these parameters, adiponectin level was the
only independent factor that correlated with coronary
endothehal function.

4.0 Association of hvpoadiponectinemia with coronarn
endothelial dvsfunction

Several clinical studies have described an association
between hypoadiponectinemia and endothelial dysfunction,
For example. Ouchi et al. | 18] demonstrated that plasma
adiponectin level strongly correlated with the vasodilator
response 1o reactive hyperemia in hypertensive patienis as
determined by the analysis of forearm blood flow by strain-
gauge plethysmography, which is an estabhshed non-
invasive method for the assessment of endothelial function

Although a previous study suggested that endothelial
dysfunction detected in the arm comelated with coronary
endothelial dyvsfunction [30], these data did not indicate
whether the correlaton between adiponectin and endothelial
function was similar when comparing coronary  and
penipheral arteries, Further, although the brachial anery
does develop atherosclerosis [31], it is clinically different
from the obstructive disease (hat affects the coronary
circulation. For these reasons, the present study was
designed 1o investigate the more specific association
between adiponectin and Ach-induced vasodilation in the
coronary artery. Data from the present study suggest that
assessment ol plasma adiponectin levels 1s a non-invasive
method of predicting endothelial dysfunction, even in the
coronary circulation.

In contrast to our results, Singhal et al. [32] demonstrated
no significant correlaton between adiponectin concentration
and brachial artery flow-mediated  endothehal-dependent
dilatation in a large study of young and healthy adolescents
(age 13-16 years). Based on these observations, they
speculated that longer time periods of low adiponectin
concentration may be required to impair endothelial function
or that other risk factors found in adults are required for the
adverse efleet of adiponectin on vascular physiology, which
is consistent with observations from other studies [ 16 18],

4.2, Coronary endothelial function does not corvelate with
waist circumference

Despite prior reports of the relationship between
adiponectin concentrations and intra-abdominal fat | 33.34],
our data unexpectedly failed to show any sigmilicant
correlation between endothelium-dependent vasodilatation
and winst circumierence or wanst-to=hip ratio. Williams ct al
|34 demonstrated that brachial artery  Now-mediated
vasodilatation was associated with waist circumierence and
waist-to-hip ratio in healthy, relatively young subjects.
Simlarly, Arcaro et al. [33] reported that body fat
distribution predicts the degree of endothelial dysfunction.
To remove the potential confounding element of gender on
data analysis, the relationship between waist circumicrence
or waist-to-hip ratio and coronary endothelial function was
analyzed i a gender-specific manner. In 24 male patients.
waisl circumference was signilicantly associated with both
the percent change in coronary blood flow (CBF) and
coronary artery diameter (CAD) in a simple regression
analysis (#=-0.44, p<0.05; r=—043, p<0.05, respective-
Iy). However, multiple regression analysis of male patients
demonstrated that wast circumference was a non-indepen-
dent predictor of the coronary endothehial dysfunction. Iis
possible that inclusion of subjects with confounding nsk
factors for endothelial dysfunction (e.g.. hypertension,
increased nsulin resistance. dyshipidenna) may account for
these findmgs, as previous studies | 34,33 ] excluded patients
with nisk factors from their analysis. Indeed. a recent study
reported that waist circumierence was not an independent
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predictor of endothelial dysfunction afier adding insulin
resistance 1o the multivanable regression analysis [36],
Analysis of 12 females in our study population failed 1o
identify any significant correlation between waist circum-
ference and CBF or CAD response to acetylcholine. Future
studies should include a larger population of females and
perform subgroup analysis based on menopausal status,
which may influence the endothelial function [37],

4.3, Uiiline of circulating adiponeciin levels for predicting
coronary endothelial function

In the present study, coronary endothelial dvsfunction was
more strongly correlated with a low adiponectin level than
with an increased level of HOMA-R, IRI, inglycenides, and
BMI. Previous studies have shown links between adiponectin
levels and coronary vascular discase (CVD). For example, ina
prospective study, men with high plasma adiponectin levels
without previous CVD were at lower risk of myocardial
mfarction. This association was independent of traditional
cardiovascular risk factors |38]. In another study, an
independent correlation between low adiponectin concentra-
tion and the development of acute coronary syndrome was
demonstrated [39]. Further, a case-control study performed in
Jupan demonstrted that plasma adiponectin levels less than
4 mg/L. were associated with an increased risk of coronary
artery disease [40]. These results are comparable with
observations from the present study that adiponectin was the
only independent predictor of coronary endothelial function
among all of the vanables investgated. Addinonally, the
present study demonstrated that a cut-off level of log
adiponectin <08 (plasma adiponectin concentration
< 6.3 mg'L) had high specificity for the detection of coronary
endothehal dysfunction. However. the predictive cut-ofT value
of adiponectin for coronary endothelial dysfunction may be
suboptimal. Future study of larger populations that include

separate analysis of men and women and subgroup analysis of

menopausal status could improve the predictive value of these
data, as plasma adiponectin concentrations are modulated by
gender [41] and menopausal status [42],

Adiponectin circulates in plasma in three forms: a trimer. a
hexamer. and a larger mulumene high-molecular weight
(HMW) form. Although biological activities of these iso-
forms are a matter of controversy, there is some evidence that
HMW adiponectin may be the active form of the protein.
Kobayashi et al. demonstrated that HMW adiponectin
suppressed apoptosis in cultured cells. suggesting a vasculo-
protective property of HMW adiponectin [43]. The ELISA
method used in the current study measured the monomeric
form of adiponectin [7]. Thus, we could not evaluate the
predictive value of HMW adiponectin levels for coronary
endothelial dysfunction. However, the present data suggest an
independent relationship between total adiponectin concen-
trations and coronary endothelium-dependent vasodilatation.

Several groups have investigated the short-term dynanics
of plasma adiponectin concentrations. For example, Merl

et al. reported that serum adiponectin concentrations were
stable over 72 h of fasting in normal and over-weight
subjects, and adiponectin levels were similar before and after
fasting |[44]. Based on these data, they concluded that
adiponectin reflected long-term changes in body weight
rather than short-term regulatory influences. Hotta et al.
demonstrated no daily change n adiponectin levels in both
the non-diabetic and diabetic subjects who received
breakfast, lunch and dinner [8]. By contrast, Gavrila et al.
reporied that serum adiponectin dechned at mght, reaching a
nadhr in the carly moming in normal weight healthy men
[43]. and recent studies reported that adiponectn levels
decreased after acute smoking [46] or rowing [47].
Characterization of the day-to-day or intra-day vanability
of adiponectin concentration may improve ats utility as a
predictor of endothehial dystunction and vanous discase
states.

4.4, Clinical implications

T'he present study charactenized an independent relation-
ship between adiponectin and coronary endothelial dysfunc-
ton. Therefore, plasma adiponectin may be a useful non-
invasive predictor of coronary endothehial dysfunction, even
n patients without overt coronary atherosclerotic lesions or
diabetes mellitus. If a causal relationship between adipo-
neetin and coronary endothelial dysfunction is established,
stralegies 1o increase adiponectin levels, such as through
reduction of visceral fat, calonc restnction. and moderate
physical exercise [48.49], may be of use in reducing
morbidity and mortality from cardiovascular disease.
However. there is no current therapy that specifically raises
adiponectin without changing other variables such as insulin
sensitivity or lipid levels,

4.5 Limitations

This study possesses several limuations, First, our data
was based on a single measurement of adiponectin
concentrations, and the time course relationship with
vascular events cannot be predicted from the current study
Additionally, the methodology of coronary angiography and
selective intra-coronary infusion used in this study is not
amenable 1o establishing causality through repeat exams.
Second. the present study is o cross-sectional study, and its
findings warrant confirmation through a prospective study
Third, because of relatively small numbers of participants in
our study population. further investigation involving a large
number of panents with adjustments for confounding factors
(e.g., gender, menopausal status) is required to confirm the
value of adiponectin as a marker of coronary endothelial
function and its chnical implicanons. Finally. the study
population included only non-diabetic patients with normal
or mildly discased coronary aneries. Thus, the present
findings may not be applicable to patients with diabetes or
advanced coronary artery discasc.
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5. Conclusions

This in vivo study demonstrated that circulating adipo-
nectin level correlated with coronary artery  endothelial
function. This study supports a role for adiponectin as a
better predictor of coronary endothelial function when
compared with other known predictors.

Acknowledgements

We thank Kaai Tomita and Aimi Fukushima for their
expert secretanial assistance.

References

[1] Dovignon ), Gane P Role of endothelial dysfunction in atherosclorosss.
Circulation 2004, 10911127 -32

|2] Vanhoune PM. The endothclium-modulator of vasculur smooth-
muscle tone, N Engl ] Med 1988:319:512 3

13] Schachinger V. Reinen MR, Zether AM. Prognostic impact of cornary
vissodilstor dysfunction on adverse long-term outcome of coronary
heant disease. Cirenlation 20000101 1899906

[4] Bonger PO. Lerman LO, Letman A Endothelial dysfunction: a marker
of atheroselerone nsk. Anenoseler Thromb Vase Biol 200323 |68 75

[5] Masci PG, Laclaustra M. Lara JG, Kaski IC. Brachial amery Now-
mediated difation and dial perfi in g with cardinc
syndiome X Am ) Cardiol 2005:95: 1478 80,

(6] Macda K, Okubo K, Shimomura L et al, cDNA cloning and expression ofa
nowvel adipose specific coltagen-like factor, apM 1 (AdiPose Most abundan
Gene m 1), Biochem Biophys Res C 1996221286 9.

7] Arta Y. Kihara 5. Ouchi N. ¢t al. Paradoxical decrease of an adipose-
specific protem. adiponectm. m obesity. Biochem Biophys Res Commun
1257 79- K3,

|%] Hotta K, Funahash T, Anta Y, ¢t al. Plasma concentrations of a novel.
adipose-specific protein, adiponcctin, in type 2 diabetic paticnts
Anerioscler Thromb Vase Biol 2000,20:1595-9

9] Ouchi N, Kihara S, Arita Y. et al. Novel modulator Tor endathelial
adhesion molecules: adipocyte-derived plasma protein adiponcetin
Circulanon 19949 1(0:2471 6

[10] Havel P). Contral of cncrgy homeostasis and imsulin action by
adipocyte hormones: leptin, acylation stimulating protein, and
adiponcetin, Curr Opin Lipidol 2002;13:5) 9.

[H1] Berg AH, Combs TP Scherer PE. ACRP MV adiponectin: an adipokine
regulating glocose and lipid metabolism. Trends Endocrinel Motab
2002184 9

[12] Yamamoto Y. Hiose L Sano Loet al. Comelation of the adipocyte-
derived protem adiponcetn with insulin resistance index and serum
High density Tipoprotein-chol 1, independent of body mass index,
m the Japanese pepulation, Clin Sci (Lond) 2002 103:137-42.

|13] Tschrter O, Frische A, Thamer €. et al Plasma adiponectin
copcentrations predict insulin sensitivity of both glucose and lipid
metabolism. Diabetes 2003:52:239 43

[t4] Chen HL M i M, Funshashi T, ct al. Adip tin stimulates
production of nitrie oxide i vascular endothelial cells. J Biol Chem
2003:27R:A5021 - 6,

[15] Ouchi N, Kihara S, Funahashi T, ¢t al. Reciprocal assoctation of C-reactive
protem with adipencctin i blood strawm and adipose tissoe. Circulation
2003, 107:671 4,

[16] Tan KCB. Xu A, Chow WS, ¢1 al. Hypoadiponcetinemia s associated
with impared endothelhum-dependent vasadilation, 1 Clin Endocrnol
Matab 2004:89:765 9.

[17] Shimabukuro M. Hign N, Asahi T, ot al Hypoadiponectinemia is
closely linked w endothelial dysfunction in man. J Clin Endocrinol
Metab 2003883236 40,

[18] Ouchi N, Ohishi M. Kihara S, ¢t al Association of hypoadiponecti-
nemu with impaired o tivity. Hyp jon 2003;42:231 -4,

[19] Suwaidi JA. Hamasaki S, Higano ST, ¢t al. Long-term follow-up of
panicats with mild coronary anery discase and endothelial dysfimetion
Crrculation 2000, 101 045 - $4

[20] Huggen AS, Nivon DAL Use of glucose oxidase, peroxidase and
O-dianisdine in o of blood and urinary glucose. Lancet
1957:273: 36870,

[21] Fricdwald WT, Levy RI, Fredrickson DS, Estimation of the
concentration of low-density lipoprotein cholesterol in plasma. without
use of the preparative ultracentnfuge. Clin Chem 1972,18:499-502.

[22] Matthews DR, Hosker JP, Rudenski AS, ef al. Homeostasis model

: insulin and it-cell fi from fasting plasma
glucose and insulin concentrations in man. Diabctologia 1983.2K:
412-9.

23] Bonora E. Targher G. Albeniche M. et al. Homeostasis model
assessment closely mirrors the glucose clamp weehmique in the

of insulin ity. Diabetes Carg 2000;23:57-63.

[24] Hasdm D. Gibbons RJ. Holmes Jr DR. et al. Coronary endothelial
dysfunction in h is ited with fial perfusion defeers,
Circulation 1997:96:3390. 5,

[25] Suwadi JA. Higano ST, Holmes Jr DR, ctal. Obesity is independently
associdtod with y endothelial dysfi my with nonmal
ormildly discased coronary mm&h\m( all ¢ nrdml 2000,37: 15238,

[26] Fukuda Y, Teragawa H, Matsuda K. ¢t al. Tetrahydrobiopterin restores
endathelial function of coronary arteries in patients with hypercholes-
terolacmin. Heart 2002;87;264 -9,

(27 f‘sﬁbhlﬂl K. Inow T, Hirooka Y, et al. Bffects of age on endothelium-

fent vasodilation of resistance v artery by acetylcholine
n humnns Circulation T993:88:77 K1,

[28] Kaaoka T, Harmasaki S, Ishuda 5. et al, Contmbunon of increased mummal
COTONTY Mesist and vascular adapn Ieling 1o
myocardial mschemia i patients with systemic hypertension and
ventneular hypearophy. Am J Cardiol 2004,94:484 7.

[29] Dovcene JW, Corl PD, Payne HM, ot al. Validation of a Doppler
guidewire for ular of v oanery flow
velocity, Circulution 1992:88: 1899 911,

[30] Anderson T1. Uchata A, Gerhard MD. et al Close welation of
endothelial funcion in human coronary and peripheral circulations,
J Am Coll Candol 1995:26:1235 4],

[31] & KE, Knist IB. Cel DS, Athcrosclerosis in the
human brachial anery. ) Am Coll Cardio] 1997:29:318-22

|32] Singhal A, Jamicson N, Fewtrell M, et al. Adiponectin predicts msulin
resistance but not endothehal function m young, healthy adolescents,
3 Clin Endocrmol Mctab 2005:90:4615 21

[33] Cnop M, Havel P, Urzschnesder KM, et al. Relanonship of adiponectn
w0 body far disinbunion. insulin sensiuvity and plasma lipoprowins:
evidence for independent roles of age and sex. Diabetologia
2003:46:459 69,

[34] Williams 1L, Chowienceyk PJ, Wheateroft SB. et al. Effect of €t
distnbutien on endothehal-dependent and  endothelial-independent
vasodilattion in healthy  humans. Diabetes Obes Metab 2006;8
296 301

[35] Avcaro G, Zumboni M, Rossi L, et al, Body fat distribution predicts the
degree of endothelial dysfunction in uncomplicated obesity. Int J Obes
Relat Metab Disord 1999:23:036 42

[36] Licif AA, Han K, Mather KJ. Obesity. insulin resistance and the

bl 4 d of endothelial dysfunction in whites
and blacks t irculation 2008:112:32 -8,
[37] Tadder S. Virdis A, Gluadom L. et al M, 15 associsied with
dothelial dysfunction in women, Hyy 1990 28:576. 82

[3%]) Prsehon T, Gorman CJ. Hotarmishgil GS. ot al. Plasma adiponcetin
levels and nsk of myocardial infarcion i men. JAMA 2004:.291:
1730.-7.

[39] Nokamura Y, Shimoada K, Fukuda D, et al, Tmplications of plasma
concentrations of adipancetin in paticnts with coronary artery discase
Hleart 2004:94:528 33

-321-



[40]

[41]

[42]

143]

44

Akt et ol

Kumada M. Kihara S, Sumitsugi 5, ot al. Association of hypoadipo-
nectinemia with coronary anery discase i men. Anerioseler Thromb
Vase Biol 20032185 0

Nshrzawa H, Shimomura |, Kishida K, o al, Androgens decrease
plasma adiponectin, an insulin-sensineing adipocyte-denved protein
Mabetes 2002:51:2734 41

Tamakoshi K., Yatsuya H, Wada K, ¢t al. The transition to menopause
remnforces adiponcetin production and ts contnbubion to improsement
of msulin-resistant state. Chin Endocrinol (Oxf) 20076606571
Kobayashi H. Ouchi N, Kihara 8. ¢t al. Sclective suppression of
endothehal el apoptosis by the lgh molecular weght form of
adiponcetin, Cire Res 2004:94:¢ il

Merl V. Olimanns KM, Kem W et al. Scrum adiponeetin coneenini-

uons durng a 72-hour fust in over- and nomal-werght humans. In J
Obes (Lond) 200529998 - 1001

-322-

Internaivmial Josrnad of Candivdogy 126 (2008 33 61 hi

[45] Gavnla A, Peng CK. Chan JIL. et al. Diurnal and ultradian dynaniges of

[46

serum adiponectin in bealthy men, companson with lepun, circulating
soluble leptin reeeptor, and corisol pattemns. J Clin Endocrinol Metab
AMIENININ-43

Iwashima Y. Katsuya T, Ishikawa K. ¢t al. Association of hypoadipooeen:
oo with smoking habit m men. Hypentemsion 2005451093 - 100

[47] Junmac J, Purge P Junmae T Adiponoctin s alterad after mashmal

excreise in highly trained male rowens. Eur ) Appl Physiol 2008:93:502 §

[48] Momallo LU, Hamdy O, Homon ES. et al. Effect of hifesty le modification

[491

on adipoking levels in obese subjocts with insulin resistance, Obes Res
2003111148 34

Yang WS, Loc WL Funahash T. ot al. Womht reduction mercases plasma
levels of an adipose-denved ant-mflammatory  protein. adiponcenin
J Clin Endocrinol Metab 201863815 9



Insernational jourial of

Cardiology

ELSEVIER International Journal of Cardiology xx (2009) xxx - xxx

www.elsevier com/loeate/jeand

Relationship between hyperglycemia and coronary vascular resistance in
non-diabetic patients

Hitoshi Ichiki, Shuichi Hamasaki *, Mitsuhiro Nakasaki, Sanemasa Ishida, Akiko Yoshikawa,
Tetsuro Kataoka, Masakazu Ogawa, Keishi Saihara, Hideki Okui, Koji Orihara, Takuro Shinsato,
Naoya Oketani, Takahiro Shirasawa, Yuichi Ninomiya, So Kuwahata, Shoji Fujita,
Takuro Takumi, Yasuhisa Iriki, Satoshi Yoshino, Takehiko Matsushita, Chuwa Tei

Deparoment of Cardiovascular. Respiratory and Metabolic Medicine. Graduate School of Medicine. Kagoshima Us v Kagosh Japan

Received 11 Junc 2008; aceepied 22 November 2008

Abstract

Background: Hyperglycemia upon hospital admission in patients with acute myocardial infarction is associated with the no-reflow
phenomenon after successful reperfusion, and mcreased mortality. However, the mechanism underdying this phenomenon remains unclear.
Therefore, the aim of this study was to charactenze coronary hemodynamics im a homogenous group of non-diabetic patients without
coronary arlery discase.
Methods and Results; A total of 104 consecutive non-diabetic patients (mean age, 62= 14 years) withoul coronary artery disease underwent
Doppler flow study of the left anterior descending coronary antery. Vascular reactivity was examined by intm-coronary administration of
papaverine, acetylcholine (Ach), and nitroglycenin using a Doppler guidewire Coronary vascular resistance (CVR) was caleulated as the
mean anterial pressure divided by coronary blood flow (CBF). Baseline CVR was shown as CVR at control and minimal CVR was shown as
CVR with papaverine administration. Fasting plasma glucose (FPG) level had a significant, positive comrelation with baseline CVR and
minimal CVR (r=0.24, p<0.02 and r=0.21, p<0.05, respectively). Hemoglobin Alc (HbAlc) also had a significant, positive correlation
with baseline CVR and minimal CVR (r=0.31, p<0.01 and »=0.32, p<0.01, respectively). The percent change in CBF induced by Ach was
mversely correlated with HbAle but not with FPG (r=0.22, p<0.05 and r=006, p=0.57, respectively). By contrast, neither FPG nor
HbAlc had significant comrelation with coronary flow reserve to papavenine.
Conclusion: These data d trate that elevated glucose levels are associated with increases in baseline and mimimal coronary vascular
. These ch may contribute 1o unfavorable coronary hemodynamics in non-diabetic patients without coronary heart disease.

-

2 2008 Published by Elsevier Ireland Lid.

Keywords; Coronary vascular resistance; FBS; HbA|; Hyperglyoemia

1. Introduction reflow phenomenon after successful reperfusion [1],
resulting in larger infarct size and worse functional

Hypergiycemia upon hospital admission in patients with recovery. Further, hyperglycemia in patients with ST-
acute myocardial infarction (AMI) is associated with the no- segment elevation acute myocardial infarction is an

important predictor of impaired epicardial flow before
reperfusion therapy |2]. and hyperglycemia in patients with

* Conrsponding withor. Department of Cardiovascular, Respiraory and AMI 1s associated with increased mortality {3 7]. However,
Mewabolic Medicine, Graduate School of Medicine, Kagoshima Lniversity, h Siki sk Kéig Sdvi ARt o F
$-35-1, Sakuragaoka, Kagoshima N90-5520, Japan. Tel.: +B1 99 275 S318; the mechanisms: HoderiyIng:nese AGVerss |Iecs. of
fax: <81 99 265 8447, hyperglycemia remain unknown. Therefore, the aim of

E-mail address: hamaskshgiim kufim kagoshimaac jp (S. Hamasaki) this study was to characterize coronary hemodynamics in a
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Table 1

Clinical charac:eristics of the sudy patients

Age (years) 6214 (17-85)

Male gender 69 (66%)

Risk factors
Hypenension 57 (35%)
Hyperlipidemia 35 (34%)
Smoker 27 (26%)

Laboratory data
FPG (mg/dl) 9448 (74-120)
HbAle (") 52+04 (4.1-63)
Total-cholesterol (mg/dl) 197=37 (114-314)
Triglycerides (mg/dl) 122264 (41-368)

HDL-cholesterol (mg/dl)
LD cholesterol (mg/dl)

HDL: high density lipoprotein; LDL: low density lipoprotein; Values are
mean £ 8D,

57415 (28-98)
113228 (53-211)

homogenous group of non-diabetic patients without cor-
onary artery disease.

2. Methods
2.1 Study population

A total of 187 consecutive non<diabetic patients who had
been referred for cardiac cathetenzation to exclude coronary
artery disease were considered for enrollment in this study, Of
these, 104 patents met the following inclusion criteria:
1) angiographically smooth arterics; 2) mild irregularitics,
<30% lumen diameter stenosis by visual assessment in any
major conduit vessel; 3) proximal coronary arteries >2.0 mm in
dismeter; and 4) lacking a history of previous myocardial
infarction, previous coronary revasculanizanon, valvular heart
disease, vanant angina, cardiomyopathy, or myocarditis.

Patients meeting the following criteria were considered to
have obvious diabetes and excluded: 1) previous diagnosis
of diabetes, 2) current treatment by oral hypoglycemic agents
or insulin, or 3) concentration of fasting plasma glucose
(FPG) =126 mg/dl or hemoglobin Alc (HbAlc) =6.5% at
admission [8]

n=104
r = 0.06

Change in CRF
tnduced by Ach (96)

50 60 70 80 90 100 110 120 130 140 150

FPG (mmg/dl)

Fig 1. Scanergram il the correlation b

Informed consent was obtained from cach patient and the
study protocol conforms to the ethical guidelines of the 1975
Declaration of Helsinki as reflected in a priori approval by
the institution’s human research committee,

2.2, Smudy protocol

Diagnostic coronary angiography was performed using a
6F Judkins catheter with a standard femoral percutancous
approach. Heparin (5000 units) was administered at the
beginning of the procedure. Non-ionic contrast material was
used for all patients. No mitroglycenin was given prior to the
diagnostic procedure. Coronary blood flow (CBF) response
to papaverine, acetylcholine {(Ach), and nitroglycerin was
studied according to previous reports (9,10}, After control
coronary angiograms, interventions were performed as
follows: 1) a 0.014-inch Doppler guidewire (Cardiometrics,
Santa Anna, CA, USA) was introduced into the left anterior
descending coronary artery: 2) after obtaining a stable
Doppler signal, a bolus of papaverine (an endothelium-
independent vasodilator in resistance coronary arteries)
(12.5 mg/5 ml) was injected through a catheter; 3) infusion
of Ach (an endothelium-dependent vasodilator in resistance
and conduit coronary arteries) (0.5 ml/min) at a dose of 3 pg/
min for 2 min was performed via the catheter [11,12,4] a
bolus of mitroglycenn {an endothchum-independent vasodi-
lator in conduit coronary arteries) (200 pg/S ml) was
administered. Drugs were infused with a minimum 5-min
interval. Coronary arteriography was performed before and
2 min after cach dose of Ach and after administration of
nitroglycerin. Phasic CBF velocities, arterial blood pressure,
and heart rate were monitored continuously and recorded.
Measurements obtained during steady state conditions were
used as control values for later analysis,

Doppler flow velocity spectra were analyzed on-hine to
determine time-averaged peak velocity. Volumetric CBF was
determined from the formula: CBF=cross-sectional arcax -
average peak velocity 0.5 [13]. Coronary flow reserve to
papaverine was calculated as the ratio of maximal CBF
induced by pupaverine to basal CBF, which was equivalent to

750
n= 104
z 0 - re022
g - e e
mi_ a8 &
z 5 e 9 o
0 T — i
° e
50 .
=100 a2
3 4 5 6 1 &

HbALc (80)

percent change i CBF duced by Ach and FPG (left panel) and HbAlc (right panel).
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n=104 n=104
=024 r=031
31 peoo2 31 p<ool

Baseline CVR
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(MH‘ il
e

1 -"_f'-.' 11 J"’"
- /"/
% 60 7 80 % 100 110 120 130 140 150 A 4 5 8 7 g
FPG (mg/dl) HbALC (86)
Fig. 2. § gram il g the correlation b haseline CVR and FPG (left panel) and HbAc (right panel).
the endothelium-independent function of the resistance dependent vasodilatation in resistance anteries) was inversely
coronary artery. Endothelium~dependent function was caleu- corrclated with HbAlc but not with FPG, which suggests
lated as the percent increase of CBF in response to Ach [9,14]. that chronically higher levels of glucose concentration are
Coronary vascular resistance (CVR) was calculated by associated with impaired endothelial functon in resistance
mean arterial pressure divided by CBF. Baseline CVR is coronary arteries in non-diabetic patients. Coronary flow
shown as CVR at control, and minimal CVR is shown as reserve to papaverine (i.e., endothehum-independent vaso-
CVR with papaverine administration, dilatation in resistance arteries) did not correlate with FPG or
HbAlc (r=0.08, p=042; r=0.02, p=0.85, respectively) in
2.3. Statistics non-diabetic patients.
All data are cxpressed as the mean value=SD, One-way 3.2, Changes in coronary artery diameter
analysis of variance (ANOVA) was used for companison of
continuous variables, and significance of difference was Neither FPG nor HbAlc was correlated with percent
calculated using the Scheffe F test. Differences were considered change in coronary artery diameter (CAD) induced by Ach
significant at p<0.05. Statistical analysis was performed with (i.e.,, namely endothelium-dependent vasodilatation in epi-
Statview, ver. 5.0 (SAS Institute Inc., Cary, NC). cardial arteries) (r=0.01, p=0.97 and r=0.03, p=0.382,
respectively). Similarly, percent change in CAD induced by
3. Results nitroglycerin (i.e., namely endothelium-independent vasodi-
latation in epicardial anteries) did not correlate with FPG or
A total of 104 patients were evaluated. Patient character- HbAlc (r=0.01, p=0.94 and r=0.06, p=0.57, respectively).
istics are shown in Table 1. All patients enrolled in this study Thus, neither FPG nor HbAlc were correlated with
had concentrations of FPG <126 mg/dl and HbAlc<6.5%. endothelium-dependent and -independent vasodilation of

the epicardial coronary arteries in non-diabetic patients,
3.1. Changes in coronary blood flow
3.3. Coronary vascular resistance
The relationship between FPG, HbAle, and percent
change in CBF induced by Ach are shown in Fig. 1. Percent The relationship between baseline CVR and minimal CVR
change in CBF induced by Ach (i.e., namely endothelium- to FPG and HbA I¢ are shown in Figs. 2 and 3, respectively.

2 2
n=104 n=104
r=021 r=032
1.5 p=00s 1.5 p-0LL

.‘.” .'.— .“ L

Mingnal CVE
(g mbs/miy
..
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£
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9 e 5 l’_' ?’
|~ o -8
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Fig 3. Scatterpram illustrating the correlation between minimal CVR und FPG (left panel) and HbA L (right panel)
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FPG and HbA | had a significant, positive comelation with
baseline CVR and minimal CVR. These results suggest that
acute and chronic high glucose concentrations are associated
with increased vascular resistance In coronary arterics at
baseline and at a hyperemic state in non-diabetic patients.

4. Discussion

The present study demonstrated that chronic exposure to
high glucose concentrations 1s associated with coronary
endothelial dysfunction and that baseline and minimal CVR
are elevated in the context of acute and chronic hypergly-
cemia in non-diabetic patients without coronary artery
discase. These data suggest that elevated blood glucose
concentrations may contribute to inpaired coronary flow in
non-chabetic patients.

4.1. Hyperglycemia and coronary endothelial function

Previous studies have reported that chronic hyperglycemia
results in impairments in endothelium-dependent coronary
artery vasodilation [15,16], which is consistent with results
from the present study. Further, other smdies have demon-
strated that acute hyperglycemia results in impaired coronary
flow via attenuation of mitochondnal ATP-—sensitive potas-
sium channel (K oy channel) activation and via promotion of
platelet-dependent thrombus formation [17,18]. By contrast,
other investigators have reported that hyperglycemia-induced
vascular damage is mediated by increased production of
oxvgen free radicals, including superoxide amion, from
endothelial cells [19-21]. Increased superoxide anion can
inactivate nitric oxide and result in enhanced contractility and
proliferation of vascular smooth muscle cells with increased
vasomotor tone, platelet hyper-reactivity [22], alteration of the
adhesive properties of the endothelium [23], and increased
production of cytokines [24].

4.2, Hyperglycemia and coronary vascular resistance

Farouque et al. [25] suggested that K,y channels
contribute to basal CVR by demonstranng that inhibition
of these channels resulted in impairments 1n resting CVR.
Further, acute hyperglycemia prevents the positive effect of
ischemic preconditioning, probably through the attenuation
of mitochondrial K .1y channel activity. Barbagallo et al. [26]
reported that glucose increased intracellular calcium content
in vascular smooth muscle, while other investigators
reported that FPG and HbA I¢ levels are both closely related
to fasting basal cytosolic free calcium levels [27]. These
observations arc consistent with results from the present
study and may provide a mechanistic link between why acute
hyperglycemia and impaired coronary flow.

In this study, patients with obvious dizbetes were
excluded. Kawano et al. [28] demonstrated glucose-
induced impairments in endothelium-dependent vasodila-
tion in patients with IGT, even when FRG levels were

within a normal limit. Further, this effect persisted at 2 h
after glucose loading. Thus, repeated exposure to post-
prandial hyperglycemia may play an important role in the
vascular dysfunction, even in our patients without obvious
diabetes.

4.3 Limitations

This study possesses several limitations. First, the study
population included only patents with normal or mildly
diseased coronary arteries. Thus, the present findings may
not be applicable to patients with advanced coronary artery
disease. Second, the present study was based on a retro-
spective analysis of the patients and was only a descriptive
study in which we established an association berween
elevated blood glucose concentrations and an increase of
CVR; a more prospective study 1s required to determine the
effect of glycemic control on CVR.

5. Conclusion

Increases in baseline and minimal CVR in association with
acute or chronic hvperglycemia may contribute to unfavorable
coronary hemodynamics and mortality in non-diabetic patients,
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ABSTRACT

Bone marrow-derived mesenchymal stem cells (BM-MSC)
have been demonstrated to be an attractive therapeutic
cell source for tissue regeneration and repair. However, it
remains unknown whether or not allogeneic transplanta-
tion of mesenchymal stem cells (MSC) derived from fetal
membranes (FM), which are generally discarded as med-
ical waste after delivery, has therapeutic potential. FM-
MSC were obtained from Lewis rats and had surface
antigen expression and multipotent potential partly sim-
ilar to those of BM-MSC. Compared with BM-MSC, FM-
MSC secreted a comparable amount of hepatocyte growth
factor despite a small amount of vascular endothelial
growth factor, FM-MSC and BM-MSC both expressed
major histocompatibility complex (MHC) class I but not
MHC class II antigens and did not elicit allogeneic lym-
phocyte proliferation in mixed lymphocyte culture. FM-
MSC or BM-MSC obtained from Lewis rats were injected

into a8 MHC-mismatched August-Copenhagen-Irish rat
model of hind limb ischemia. Three weeks after injection,
blood perfusion and capillary density were significantly
higher in the FM-MSC and BM-MSC groups than in the

I buffered saline group, and allogeneic FM-
MSC and BM-MSC were still observed. In nonischemic
hind limb tissues, allogeneic FM-MSC and BM-MSC in-
jection were associated with a comparatively small
amount of T lymphocyte infiltration, compared with the
injection of allogeneic splenic lymphocytes. In conclusion,
allogeneic FM-MSC injection did not elicit a lymphocyte
proliferative response and provided significant improve-
ment in a rat model of hind limb ischemia, comparable to
the response to BM-MSC. Thus, allogeneic injection of
FM-MSC may be a new therapeutic strategy for the
treatment of severe peripheral vascular disease. STEM
CELLS 2008;26:2625-2633
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INTRODUCTION

Mesenchymal stem cells (MSC) reside within bone marrow
(BM), adipose tissue, and many other tissues and can differen-
tiate into various cell types [1-3]. These features make MSC an
attractive therapeutic tool for tissue regeneration and repair,
including the treatment of peripheral artery disease [4). Al-
though autologous bone marrow-derived mesenchymal stem
cells (BM-MSC) are favored to avoid the immunological bar-
rier, there are several limitations of using an autologous cell
source, including invasiveness, inadequate cell numbers, and
donor site morbidity [5]. Moreover, it has been reported that the
differentiation and proliferation potentials of MSC decrease

with age [6, 7). Thus, an alternative source of autologous MSC
that can be obtained noninvasively and in sufficient quantity is
required.

Recently, human fetal tissues have been found to be rich
sources of MSC [B, 9]. Several studies have shown that MSC
can be isolated from human fetal membranes (FM) [10, 11]. FM
are generally discarded as medical waste after delivery, and
therefore there are no ethical concems associated with their use.
FM-MSC could be used for allogeneic cell transplantation, but
it remains possible that they would be rejected by the host
immune system, However, FM are known to play a role in
preventing rejection of the fetus and are thought to have low
immunogenicity [12-14). Moreover, it has been reported that
MSC from various origins fail to trigger allogeneic T-cell pro-
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liferation and induce immune tolerance [15, 16). Several pre-
clinical and clinical studies have demonstrated that allogeneic
BM-MSC prevent grafi-versus-host disease in allogeneic BM
transplantation [17-19]. These results suggest that allogeneic
FM-MSC are a potential alternative to autologous and alloge-
neic BM-MSC in cell therapy. However, there is little available
information on the abjlity of FM-MSC to evade the allogeneic
immune response after transplantation. Furthermore, the thera-
peutic efficacy of FM-MSC, compared with BM-MSC, in isch-
emuc diseases remains unclear. Thus, the purposes of this study
were (a) to isolate and characterize FM-MSC from rats, (b) to
investigate whether or not FM-MSC evade T lymphocyte allo-
reactivity, and (c) to investigate whether allogeneic injection of
FM-MSC has a therapeutic effect in a rat model of hind limb
ischerma.

MATERIALS AND METHODS

Animals

Different strains of rats were used according to their major
histocompatibility wm;‘slex (MHC) antigen disparity; Lewis rats
(MHC haplotype: RT-1") (Japan SLC, Hamamatsu, Japan, hutp://
www jslc.co.jp), ACI rats (MHC haplotype: RT-1*) (Japan SLC),
and green fluorescent protein (GFP)-transgenic Lewis rats (In-
stitute of Laboratory Animals, Kyoto University, Japan). Adult
rats, ages B-12 weeks, were used in all experiments and were
maintained in our animal facilities. The experimental protocols
were approved by the Animal Care Committee of the National
Cardiovascular Center Research Institute.

Isolation and Expansion of FM- and BM-MSC

Isolation and expansion of BM-MSC were performed as de-
scribed previously [20]. In brief, male Lewis rats were sacrificed,
and BM was harvested by flushing the cavity of the femurs and
tibias with phosphate-buffered saline (PBS; Invitrogen, Carls-
bad. CA, hitp://www.invitrogen.com). To obtain FM, pregnant
Lewis rats (15 days postconception) were sacrificed, and uteri
were harvested and placed in PBS. After separation from the
lacenta, FM were minced with scissors and digested with type
I collagenase solution (300 U/ml; Worthington Biochemical,
Lakewood, NJ, hup://fwww.worthington-biochem.com) for 1
hour at 37°C in a water shaker. Enzyme activity was neutralized
with a-minimal essential medium (a-MEM; Invitrogen) contain-
ing 10% fetal bovine serum (FBS, Invitrogen). After Nitration
through a mesh filter (100 wm; BD Biosciences, Bedford, MA,
http://www_bdbiosciences.com) and centrifugation at 300g for §
minutes, BM and dissociated FM cells were suspended in
a-MEM supplemented with 10% FBS, 100 U/ml penicillin, and
100 pg/ml streptomycin (Invitrogen); plated onto 100-mm non-
coated culture dishes; and incubated at 37°C in 5% CO;. A small
number of cells developed into visible symmetric colonies by
days 5-7. Nonadherent hematopoietic cells were removed, and
the medium was replaced. The adherent, spindle-shaped MSC
populations were expanded to more than 50 million cells after
approximately 4 -5 passages, Isolation of FM- and BM-MSC was
repeated three times to evaluate reproducibility. In all experi-
ments, FM- and BM-MSC were used at passages 3-6.

Differentiation of FM- and BM-MSC into
Adipocytes, Osteocytes, and Chondrocytes

FM- and BM-MSC were seeded onto six-well plates, and differen-
tiation into adipocytes and osteocyles was induced at 40%-50%
confluence. To induce differentiation into adipocytes, MSC were
cultured with the following adipocyte differentiation medium: 0.5
mM 3-isobutyl- 1-methylxanthine (Wako Pure Chemical Industries,
Ltd., Osaka, Japan, http/iwww.wako-chem.co.jp), 1 pM dexameth.

After 2 weeks of differentiation, adipocytes were idenufied by the
existence of lipid vesicles stained with oil red O (Sigma-Aldrich),

To induce differentiation into osteocytes, MSC were cultured in
a-MEM with MSC osteogenesis supplements (Daimippon Sumi-
tomo Pharma Co.. Lid., Osaka, Japan, hup//www.ds-pharma.co.jp),
according 1o the manufacturer’s instrucuons. Afier 2 weeks of
differentiation, osteocyles were identified by the existence of min-
eral nodule deposition siained with alizarin red S (Sigma-Aldrich),

To induce differentiation into chondrocyies in three-dimen-
sional culture, the pellet culture method was used. MSC were
ccnlr.nfugnd at 150g for § and resuspended at a density of
1 % 107 cells per milliliter in the hMSC Differentiation BulletKit,
Chondrogenic (Cambrex, Walkersville, MD, hup://www.cambrex,
com), supplemented with transforming growth factor-B3 (R&D
Systems Inc., Minneapolis, http://www.rndsystems.com) according
to the manufacturer’'s instructions. Briefly, 5 X 10° cells were
placed in a 15-ml polypropylene tube and centrifuged at 150g for 5
minutes. Fresh medium was added every 3rd day. After 3 weeks of
differenuauon, cell pellets were fixed with 4% paraformaldehyde
and embedded in paraffin. Differentiation into chondrocyles was
identified by the existence of proteoglycan deposition stained with
safranin O (Sigma-Aldnch),

Flow Cytometry

Cultured FM- and BM-MSC were analyzed by flow cytometry
(FACSCalibur; BD Biosciences). Fluorescein isothiocyanate
(FITC)-conjugated mouse monoclonal antibodies against rat CD34
(clone 1CO-115; Santa Cruz Biotechnology Inc., Santa Cruz, CA,
hup/iwww.scbi.com), CD45 (clone OX-1; BD Biosciences), CD73
(clone SF/BY9; BD Biosciences), CD90 (clone OX-7; BD Bio-
sciences), RTIA*® (clone BS; BD Biosciences), and RT1B (clone
OX-6; BD Biosciences); phycoerythrin-conjugaled mouse mono-
clonal antibodies against rat CD11b/e (clone OX-42; BD Bio-
sciences) and CD31 (clone TLD-3A12; BD Biosciences);, and
FITC-conjugated hamster anti-rat CD29 monoclonal antibody
(clone Ha2/5; BD Biosciences) were used. |sotype-identical anti-
bodies served as controls.

Enzyme-Linked Immunosorbent Assay

The medium from the MSC cultures was collected as described
previously [21). Secreted vascular endothehial growth [(actor
(VEGF) and hepatocyte growth factor (HGF) levels in the medium
of the third passage of MSC culture (1 X 10° cells in a 100-mm dish
cultured for 48 hours) were measured using enzyme-linked immu-
nosorbent assay (ELISA) kits, according to the manufaclurers’
protocols (VEGF, R&D Systems; HGF, Institute of Immunology,
Tokyo). Absorbance was measured with a microplate reader (Bio-
Rad, Hercules, CA, http://www.bio-rad.com) at 450 or 490 nm.

Mixed Lymphocyte Culture

One-way mixed lymphocyte culture (MLC) was used to assess T
lymphocyte reactivity against allogeneic cell populations. Spleens
obtained from Lewis rats (MHC haplotype: RT-1') and August-
Copenhagen-Irish (AC) rats (MHC haplotype: RT-1%) were minced
with scissors in RPMI 1640 medium (Invitrogen) and filtered
through a 100-um mesh filter. Erythrocytes were lysed with 0.83%
ammonium chloride for 1 munute, and cells were subsequently
washed twice in RPMI 1640, Cell count and viability were assessed
by trypan blue dye exclusion. Stimulating Lewis splenic lympho-
cytes and MSC (1 % 10° cells per milliliter) were treated with 50
wug/ml mitomycin C (Sigma-Aldrich) in the dark at 37°C for 30
mingtes and washed three times in 20% FBS-comaining RPMI
1640,

A total of 2 % 10" Lewis or MHC-mismatched ACI responding
splenic lymphocytes and an equal number of sumulating Lewis
splenic lymphocytes or MSC were cocultured in 0.2 ml of ussue
culture medium RPMI 1640 supplemented with 20% FBS, 100
U/ml penicillin, and 100 pg/ml streptomycin in 96-well flat-bol-
tomed plates for 5 days. Proliferation of responding cells was

asone (Wako Pure Chemucal Industries, Ltd.), 50 uM indomethacin
(Wako Pure Chemucal Industries, Ltd.), and 10 ug/ml insulin (Sig-
ma-Aldrich, St Louss, hup://www.sigmaaldnch.com) in a-MEM.

d by the Cell Proliferation Biotrak ELISA System (GE
Healthcare, Piscataway, NI, hup://www.gehealthcare.com) accord-
ing to the manufacturer’s instructions. Absorbance (Abs) was mea-
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sured with a microplate reader (Bio-Rad) at 450 nm. Alloreacuve
Iymphocyte proliferation was presented as the percentage of relative
proliferauve response, as follows: relative proliferauve response
(%) = Absorb:nce_,mn n-lltzulaﬂ«!Abwrban:e&umpmlu:unm x 100

Interleukin-2 (IL-2) 1s known 1o play a role in the acuvation and
proliferation of T cells [26]. Secretion of IL-2 was measured in the
medium collected from the wells of MLC plates on day 3 posi-
coculture, using a Quantikine IL-2 Immunoassay Kit (R&D Sys-
tems). Absorbance was measured with a microplate reader (Bio-
Rad) at 450 nm.

Allogeneic FM- and BM-MSC Injection in Rats with
Hind Limb Ischemia

To create a hind limb ischemia model, the left common iliac antery
in male ACI rats (220-250 g) was resected under anesthesia by
intraperitoneal injection of 50 mg/kg pentobarbital sodium, The
distal portion of the saphenous artery and all side branches, as well
as the veins, were dissected free and excised. The right hind limb
was kept imact and vsed as a nonischemic limb.

We previously reported that BM-MSC injection caused signif-
icantly greater improvement in hind limb ischemia than bone mar-
row-derived mononuclear cell (MNC) injection [4). Therefore, BM-
MSC derived from same Lewis rats were used as a control in this
study. One day after resection of the lefi common iliac antery, rats
were randomized to the following three groups: (a) BM-MSC
injection (BM-MSC group; n = 10), (b) FM-MSC injection (FM-
MSC group; n = 10), and (c) PBS injection (PBS group; n = 10).
In each group, a total of 5 X 10° BM-MSC or FM-MSC obtained
from Lewis rats or PBS was injected into the ischemic thigh muscle
of MHC musmatched ACI rats with a 26-gauge needle at five
different points.

Assessment of Blood Perfusion

A laser Doppler perfusion image (LDPI) analyzer (Moor Instru-
ments, Devon, UK., http://www.moor.co.uk) was used 10 measure
serial blood flow over a period of 3 weeks. Low or no blood
perfusion was displayed as dark blue, whereas the highest perfusion
was displayed as red. Afier blood flow had been scanned twice, the
average flow values of the ischemic and nonischemic limbs were
calculated by computer-assisted quantification using stored images.
The LDPI index was determined as the ratio of ischemic to non-
ischemic hind limb blood perfusion [22].

Capillary Density

Rats were sacrificed 3 weeks after injection. Four pieces of ischemic
tissue from the adductor and semimembranous muscles were ob-
ained and snap-frozen in liquid nitrogen. Frozen tissue sections
were stained with alkaline phosphatase using an indoxyltetrazolium
method to detect capillary endothelial cells [23), Five fields from
four tissue sections were randomly selected, and the number of
capillaries was counted in each field. To avoid overestimation or
underestimation of capillary density as a result of myocyte atrophy
or interstitial edema, the capillary number was adjusted for the
number of muscle fibers (23],

Assessment of Cell Survival and T Lymphocyte
Alloreactivity After Allogeneic FM- and BM-MSC
Injection

Allogencic FM-MSC (5 X 10° cells per animal) derived from
GFP-transgenic Lewis rats were injected into the normal or isch-
emic hind limb muscles of ACI rats. Allogeneic BM-MSC and
splenic lymphocytes were used as controls. One or 3 weeks after
cell injection, rats were sacrificed, and paraffin-embedded sections
were obtained from the hind limb muscles and stained with hema-
toxylin and eosin (H&E).

To assess cell survival and T lymphocyte infiltration, tissue
secuions were incubated with rabbit anu-GFP anubody (Molec-
ular Probes, Eugene, OR, hup://probes.invilrogen.com) or mouse
anti-rat CD3 monoclonal antibody (BD Biosciences) for 40 min-
utes, followed by incubation with DakoCylomation Envision+
System-horseradish peroxidase (HRP) Labeled Polymer (Dako-
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Cytomauon, Glostrup, Denmark, hup://www dakocytomation.
com) or DakoCytomatuon LSAB2 System-HRP for use on Rat
Specimens (DakoCytomation) for 30 minutes. Sections were
visuahized using 0.5% diaminobenzidine and 0.03% hydrogen
peroxide and counterstained with hematoxylin. Five random
fields on eight different sections from each ral were photo-
graphed (BIOREVO BZ-9000; Keyence, Osaka, Japan, hup.//
www keyence.com), and the mean numbers of GFP- or
CD3-posiive cells were counted to assess cell survival and T
lymphocyte alloreactivity

Statistical Analysis

Data were expressed as mean = SEM. Comparisons of two param-
eters were analyzed by using the unpaired Student’s ¢ test. Com-
parisons of parameters among groups were made by one-way anal-
ysis of vanance, followed by the Tukey test. Differences were
considered significant at p < 05,

RESULTS —I

Characterization of FM- and BM-MSC

In the early passages, FM-derived cells appeared microscopi-
cally heterogeneous (Fig. 1A), as did BM-derived cells. How-
cver, after several passages, FM-denved cells appeared to form
a morphologically homogeneous population of fibroblast-like
cells, which was similar to BM-MSC (Fig. 1A).

To evaluate the multipotency of FM-MSC and BM-MSC,
we induced differentiation of both types of MSC into adipo-
cyles, osteocytes, and chondrocytes. FM-MSC, as well as BM-
MSC, differentiated into adipocytes, osteocytes, and chondro-
cytes, a5 demonstrated by oil red O, alizann red S, and safranin
O staining, respectively (n = 3) (Fig. 1B).

Flow cytometric analysis of cultured FM-MSC at passage 3
(n = 3) demonstrated that FM-MSC were positive for CD29,
CD73, and MHC class I molecules (i.e, RTIA*™), but negative
for CD11b/c, CD31, CD34, CD435, and MHC class Il molecules
(1e.. RTIB), which sausfied the critenia for identifying MSC
[24, 25] (Fig. 1C). However, two distinct subpopulations of
FM-MSC were evident in terms of CD90 expression, which was
not the case in BM-MSC (66.6% * 54% vs. 98.7% < 04%;
p < .05). The expression of antigens, except CD90, was equiv-
alent in FM- and BM-MSC

Secretion of Angiogenic Factors from Cultured
FM- and BM-MSC

To investigate the secretion of major angiogenic factors from
cultured FM-MSC, we performed ELISAs for VEGF and
HGF. As shown, FM-MSC secreted a significant amount of
growth factors, including VEGF and HGF (Fig. 2). Compared
with BM-MSC, FM-MSC secreted less VEGF (82.5 = 38
and BB1.5 % 58.7 pg/ml, respectively; p << .05 vs. BM-MSC;
n = 8), but they secreted a comparable amount of HGF
(351.0 = 123.1 pg/ml) compared with BM-MSC (337.0 =
120.0 pg/ml, n = B).

T Lymphoceyte Proliferative Response to Allogeneic
FM- and BM-MSC in MLL.C

We performed MLC assays to investigate whether FM-MSC are
able to evade alloreactive lymphocyte proliferation in vitro
Compared with autologous splenic lymphocytes. the lympho-
cyte proliferative response to allogeneic splenic lymphocytes
(230.7% = 9.4% increase in proliferation) was significantly
higher, whereas negligible responses were observed to FM-
MSC and BM-MSC (115.1% = 4.5% and 94.7% = 4.2%.
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Figure 2. Secrenon of growth factors from FM-MSC and BM-MSC
VEGF (A) and HGF (B) in conditioned medium obtained from FM-
MSC and BM-MSC were measured by enzyme-linked immunosorbent
assay (n = 8 each). Data are mean = SEM. =, p < 05 versus complete
medium; 1, p < 05 versus BM-MSC. Abbreviations: BM-MSC, bone
martow-derived mesenchymal stem cells; FM-MSC, fetal membrane
mesenchymal stem cells; HGF, hepatocyte growth factor, VEGF, vas-
cular endothelial growth factor

respectively: p < .05 vs. allogeneic splenic lymphocytes; n = 8)
(Fig. 3A)

IL-2 15 Known to play a role in the activation and prolifer-
ation of T cells [26]. Supematants of MLC were therefore
examined for 1L-2 secretion using ELISA. Secretion of IL-2 by
FM-MSC (62.4 = 7.3 pg/ml) and BM-MSC (44.5 = 3.6 pg/ml)
was significantly lower than that by splenic lymphocyles
(110.5 = 3.3 pp/ml; p < .05 vs. splenic lymphocytes; n = 8§)
(Fig. 3B)

Angiogenesis After Allogeneic FM- and BM-MSC
Injection into Ischemic Hind Limbs

We intramuscularly injected FM-MSC obtained from Lewis rats
into MHC-mismatched ACI rats with hind limb ischemia. We
previously reported that BM-MSC injection caused significantly
greater improvement in hind limb ischemia than bone marrow-
derived MNC injection [4]. Therefore, BM-MSC derived from
the same Lewis rats were used as a control in this study, Blood
perfusion of the ischemic hind limb was considerably impaired
3 weeks after surgery (PBS group; Fig. 4A). An improvement in
blood perfusion was observed in the FM-MSC and BM-MSC
groups compared with the PBS group (Fig. 4A). The LDPI
index in the FM-MSC group (53.7 * 44 onday 14,586 = 2.6
on day 21; both p < 05 vs. PBS group) was comparable to that
in the BM-MSC group (509 *+ 26,627 + 64 onday 21;p <
05 vs. PBS group) and was significantly higher than that in the
PBS group (39.9 = 3.4 42.6 = 42) on days 14 and 21 (n = 10
in each group) (Fig. 4B). Histological analysis on day 21 dem-
onstrated a large number of capillaries in the ischemic muscles
of the FM-MSC and BM-MSC groups compared with the PBS
group (Fig. 4C), and quanttative analysis showed that the
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Figure 3. T lymphocyte proliferative responses to Allo FM-MSC and
BM-MSC in mixed lymphocyte culture (MLC). (A): The Allo lympho
cyte proliferative response to FM-MSC was significantly lower than that
to splenic lymphocytes and equivalent to BM-MSC (n = 8 each). T
lymphocyte proliferation induced by Auto cells was assigned a value of
100%. (B): Supernatants from MLC were examined for secretion of
IL-2 by enzyme-linked immunosarbent assay, Secretion of [L-2 from
MLC of Alle FM-MSC and BM-MSC was significantly lower than that
of Allo splenic lymphocytes (n = 8 each). Data are mean = SEM, »,
p < 05 versus splenic lymphocytes; t, p < .05 versus BM-MSC
Abbreviations: Allo, allogeneic, Auto, autologous, BM-MSC, bone
marrow-denved mesenchymal stem cells, FM-MSC, fetal membrane
mesenchymal stem cells; IL, interleukin

capillary/muscle fiber ratio of ischemic muscle was significantly
hmigher in the FM-MSC (1.8 = 0.1; p < .05 vs, PBS) and
BM-MSC (1.5 = 0.1; p < .0S vs. PBS) groups, compared with
the PBS group (1.0 = 0.1, n = 10) (Fig. 4D).

Engraftment of Injected Allogeneic FM- and
BM-MSC in Ischemic Hind Limb Tissues

To investigate the survival of allogeneic FM-MSC after in-
jection, we injected FM-MSC or BM-MSC obtained from
GFP-transgenic Lewis rats into the ischemic hind limb mus-
cle of MHC-mismatched ACI rats. One week after cell in-
jection, GFP-positive allogeneic FM-MSC and BM-MSC
were obviously present in the hind limb tissues (Fig. 5A)
Quantitative analysis demonstrated that comparable numbers
of GFP-positive allogeneic FM-MSC or BM-MSC were ob-
served (FM-MSC, 195.0 + 27.6 cells per mm?; BM-MSC,
147.5 = 32.9 cells per mm*; n = § each) (Fig. SB). A few
GFP-positive allogeneic FM-MSC or BM-MSC were siill
observed at the injection site 3 weeks after cell injection
(FM-MSC, 5.8 = 1.5 cells per mm?, BM-MSC, 33 = 23
cells per mm?®; # = 8 each) (Fig. 5A, 5B).

T Lymphocyte Alloreactivity After Allogeneic FM-
and BM-MSC Injection into Hind Limb Muscle

To investigate the degree of T lymphocyte alloreactivity after
FM-MSC injection, we injected FM-MSC, BM-MSC, or
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Figure 4. Comparison of angiogenesis after allogeneic FM-MSC and BM-MSC injection in rats with hind limb ischemia. (A): Representauve
examples of serial LDPL Blood perfusion of the ischemic hind limb was markedly increased in the FM-MSC and BM-MSC group 3 weeks after cell
injection (red to orange) (n = 10 each group). (B): Quantitative analysis of hind limb blood perfusion. LDPI index was significantly hugher in the
FM-MSC and BM-MSC groups than in the PBS group 3 weeks after cell injection. Data are mean * SEM. =, p < 05 FM-MSC versus PBS; f.p <
05 BM-MSC versus PBS. (C): Representative examples of alkaline phosphatase staining of ischemic hind limb muscles. In the FM-MSC and
BM-MSC groups, the number of capillaries was increased compared with that in the PBS group. Scale bars = 50 pm. (D): Quantitative analysis of
capillary density in ischemic hind limb muscles. Capillary density is shown as capillary/muscle fiber ratio. The capillary/muscle fiber ratio of ischemic
hind limb muscle was significantly higher in the FM-MSC and BM-MSC groups compared with that in the PBS group. Data are mean = SEM, =,

¥
LDPI, laser Doppler perfusion image, PBS, phosphate-buffered saline

splenic lymphocytes obtained from GFP-transgenic Lewis
rats into the hind limb tissue of MHC-mismatched ACI rats.
Ligation of the femoral artery causes severe inflammation in
the ischemic hind limbs. Because of severe T-cell infiltration
in the ischemic hind limb tissues, we therefore assessed T
lymphocyte alloreactivity using nonischemic hind limb tis-
sues. One week after cell injection, a comparatively small
number of T lymphocytes had infiltrated in the GFP-positive
allogeneic FM-MSC (963.8 + 1478 cells per mm?®; p < .05
vs. splenic lymphocytes) and BM-MSC (1,447.5 + 94.6 cells
per mm?*; p < .05 vs. splenic lymphocytes) groups compared
with the allogeneic splenic lymphocyte (3,222.5 = 322.7
cells per mm®) group (Fig. 6A, 6C; n = 8). In addition, a
number of GFP-positive transplanted allogeneic FM-MSC
and BM-MSC survived, but no injected allogeneic splenic
lymphocytes were found in hind limb muscles 1 week after
injection (280.0 = 49.4 and 347.5 = 92.9 cells per mm?,
respectively, p < .05 vs. splenic lymphocytes) (n = 8. Fig.

6B)

DISCUSSION

In this study, we demonstrated that (a) FM-MSC were multipo-
tent and expressed surface antigens almost simular to those of
BM-MSC. (b) FM-MSC evaded T lymphocyte alloreactivity

p < (15 versus PBS. Abbreviations: BM-MSC, bone marrow-derived mesenchymal stem cells; FM-MSC, fetal membrane mesenchymal stem cells;

both in vitro and in vivo, and (¢) allogeneic injection of FM-
MSC enhanced therapeutic angiogenesis in a rat model of hind
limb ischemia in a manner equivalent to BM-MSC. MSC are
multipotent cells and have been isolated from various lissues,
including BM, adipose tissue, and fetal tissues [1-3]. Some
groups have recently reported that MSC could be 1solated from
human FM (10, 11]. However, there are no reparts regarding the
isolation and characterization of MSC obtained from rat FM and
application to disease model. We demonstrated that isolated rat
FM-MSC were multipotent and expressed surface antigens sim-
ilar to those of rat BM-MSC. We compared the results of
FM-MSC with those of BM-MSC, because the effects of BM-
MSC transplantation have been well established by previous
investigations, including those in our laboratory [4, 21, 27).
The immunophenotype of MSC is positive for MHC I and
negative for MHC Il and for costimulatory factors, such as
CD40, CD80, and CD86, and MSC are thus considered to be
nonimmunogenic [1]. MHC 1 may activate T cells, but in the
absence of costimulatory factors, a secondary signal would not
engage, leaving T cells anergic (1, 28]. In addition, MSC have
been reported to have immunosuppressive properies, such as
modulation of T-cell function [1, 29, 30]. Furthermore, a recent
study demonstrated that human MSC modulate the function of
dendnitic cells and natural killer cells, suggesting that MSC
could be a therapeutic tool for reduction of graft-versus-host
disease and modulation of inflammation [31]. In several pre-
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