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Type Il Diabetes Abrogates Sex Differences in Endothelial
Function in Premenopausal Women

Helmut O. Steinberg, MD; Giancarlo Paradisi, MD; Jessica Cronin, RN; Kristin Crowde, RN;
Annette Hempfling, RN; Ginger Hook, RN; Alain D. Baron, MD

Background—Obesity is a more potent cardiovascular risk factor (CVRF) in men than in women. Because traditiol
CVRFs cannot fully account for this sex difference, we tested the hypothesis that compared with men, women ex|
more robust endothelial function independent of obesity and that this sex difference is abrogated by diabetes.

Methods and Results-We studied leg blood flow (LBF) responses to graded intrafemoral artery infusions of th
endothelium-dependent vasodilator methacholine chloride (Mch) and the endothelium-independent vasodilator so
nitroprusside (SNP) in groups of lean, obese (OB), and type Il diabetic (DM) premenopausal women and age- and
mass index—matched men. LBF response to intrafemoral administration of L-NMMA, an inhibitor of nitric oxic
synthase, was also assessed in normal men and women. Maximum LBF increments in response to Mchvg&é 347
versus 231*22% in lean women versus meR<€0.05) and 20325% versus 11117% in OB women versus men
(P<0.01), respectively. In DM, maximum LBF increments in response to Mch were-20% and 13833% in
women and men, respective\R€NS). LBF decrements in response to L-NMMA were 34481% and 17.14.2%
in women and men, respectiveli?<€0.01). The response to SNP was not different between sexes and groups.

Conclusions—Premenopausal nondiabetic women exhibit more robust endothelium-dependent vasodilation owinc
higher rates of nitric oxide release than men. Given the protective vascular action of nitric oxide, this difference r
partially explain the lower incidence of macrovascular disease in women. In premenopausal women, DM cal
impairment of endothelial function beyond that observed with obesity alone and leads to endothelial dysfunction sin
to that observed in DM men. These findings may help explain the similar rates of coronary artery disease and mort
in diabetic men and womeifCirculation. 2000;101:2040-2046.)
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besity is considered an independent risk factor for nitric oxide (NO)-dependent blood flow and more robust

macrovascular diseaséDespite a higher prevalence of EDV independent of obesity. Furthermore, because the mor-
obesity in womers,the incidence of macrovascular disease is tality from macrovascular disease is 3- to 5-fold higher in
significantly lower in premenopausal women than men even type Il diabetic women® than in nondiabetic women and
when matched for traditional cardiovascular risk factors reaches coronary event rates similar to those of diabetic men
(CVRFs). Obesity (particularly when centrally distributed) is We reasoned that if endothelial dysfunction is in fact an

characteristically accompanied by insulin resistance, which is ImPortant. CVRF, both diabetic men and women would
associated with a cluster of CVREsAdding to the list of exhibit similar degrees of endothelial dysfunction. In other

CVRFs, we recently reported impaired endothelium- words, we hypothesized that type Il diabetes abrogates

dependent vasodilation (EDV) in healthy obese insulin-resis- differences in endothelial function between sexes,
P . . y We studied leg blood flow (LBF) changes in response to
tant subjects. On closer analysis of our data, we noted

) } ) ] graded intrafemoral artery infusions of the endothelium-
possible sex differences in EDV. Given the central role of the genendent vasodilator methacholine chloride (Mch) and the
endothelium to modulate vascular tone, lipid peroxidation, engothelium-independent vasodilator sodium  nitroprusside
smooth muscle proliferation and migration, and monocyte (SNP) in groups of lean, obese (OB), and OB type Il diabetic
adheSiOl’f, sex differences in endothelial function could (DM) men and women. Furthermore, to assess No_dependem
partially account for the sex differences in cardiovascular vascular tone, we measured LBF changes in response to the
events previously noted. Therefore, we hypothesized thatinhibitor of NO synthaseN®-monomethylt-arginine
compared with men, women exhibit higher rates of basal (L-NMMA).
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TABLE 1. Demographic and Metabolic Characteristics of the Study Groups Receiving Graded Intrafemoral Artery

Infusions of Mch

Men Women
Type I Type I

Lean Obese Diabetes Lean Obese Diabetes
n 44 16 8 5 23 7
Age, y 33.5+1.0 341+1.8 39.1+2.1 34.4+34 33.9+1.8 36.0+2.9
Body mass index, kg/m? 23204 32.5+0.9* 32.3+2.4* 215+1.4 36.3+1.6* 35.8+2.6*
Percent body fat 17.8+0.8] 32.01.1% 29.9+1.8% 25.1+2.6 46.5+1.4* 41.7+2.3*
Absolute body fat mass, kg 12.8+0.7 32.81.9% 31.1£5.3* 14.1+25 45.7+2.9% 39.2+3.7*
Waist/hip ratio 0.92:20.01|| 0.96::0.02] 0.96:0.01 0.81+0.02 0.86:0.01 0.91+0.03t
Fasting glucose, mg/dL 93.7+0.9 94.6+3.2 186.4+28.21 87.8+1.1 91.9+2.2 219.3+25.4%
Fasting insulin, pwU/mL 6.4+0.5§ 10.8+1.9 19.7+7.3t 10.3+1.5 13.1+1.6 17.4+5.0
Mean arterial 871t 97+2% 10663 87+2 95+2 93+2
pressure, mm Hg
Total cholesterol, mg/dL 163+5 189+8 19311 15815 1636 19219
Triglycerides, mg/dL 107+8 164 +29* 163+24* 77+19 84+5 223+72%
HDL cholesterol, mg/dL 45+2 33+3* 35+3* 49+3 41+2 37+5
LDL cholesterol, mg/dL 1014 1119 131+8* 99+15 104+6 11719
Fasting FFA, umol/L 394241 575591 7641161 45142 61967 810£46*

Values are mean=SD.
Statistics within sex groups: *P<<0.05 vs lean; 1P<0.05 vs lean and obese; $P<0.05 vs each other.
Statistics between men and women: §P<0.05 vs female group; ||P<0.01 vs female group.

Methods

at a dose of 16 mg/min for 15 minutes (2.0 mL/min). The responses
. to Mch, SNP, and L-NMMA were studied in separate groups.
Study Population

Study subjects were healthy, with normal cuff blood pressure. DM Statistical Analysis

subjects were withdrawn from oral antidiabetic druggd weeks Comparison between groups was performed by factorial or repeated-
before studies. Long-acting and intermediate-acting insulin was measures ANOVA. When significant differences between groups
stopped 1 week before the study, and regular insulin was withheld \yere found by ANOVA, this was followed by post hoc testing with
for a minimum of 24 hours before the study. Obesity was defined as Fisher's protected least significant difference test. Because basal
body mass index (weight [kg])/(height fin =26 inmen and=28in | BF differed significantly between groups, changes in blood flow
women. S_tudles were approved by the Indla_na University Institu- gy expressed as percent change\% adjust for differences at
tional Review Board, and all volunteers gave informed consent. baseline. Univariate regression analysis between the maximum
changes in LBF (% LBF) in response to Mch and other variables
Protocol known to modulate this response was performed after transformation
All studies were done after an overnight fast. A 6F sheath (Cordis of A% LBF to its square root. Statistical significance was accepted at
Corp) was placed into the right femoral vein to allow the insertion of a level of P<0.05. All results are shown as the mezBEM.
a custom-designed 5F double-lumen thermodilution catheter (Baxter
Scientific, Edwards Division) to measure LBF. The right femoral Results
artery was cannulated with a 5.5F double-lumen catheter to allow . o
simultaneous infusion of substances and invasive blood pressureMch Study: Endothelium-Dependent Vasodilation
monitoring via a vital signs monitor (Spacelabs). Metabolic and baseline hemodynamic characteristics of the
All hemodynamic measurements were obtained with the subjects study group are shown in Table 1. As expected, the groups

in the supine position in a quiet temperature-controlled room. eypinited differences in these characteristics due to the
Baseline LBF and mean arterial pressure measurements were ob-

tained after=30 minutes of rest after the insertion of the catheters. P'€S€NCe of obesity gnd/or type _“ dlabetes_.

Rates of LBF were obtained with the thermodilution technique and ~ In the men, the increments in LBF (Figure 1A) were
calculated by a cardiac output computer (model 9520A, American significantly reduced in the OB and DM subjects. Lean
Edwards Laboratories). During baseline, 24 LBF measurements weresybjects exhibited a nearly 2-fold higher rise in LBF than
obta|nedtat~30-sbecond2|nte_rvatlls. Df;Jrlnt% drug |rt1fuf5|on,thI13F mea-d 180th OB and DM subjectsP<0.01). Maximum LBF incre-
surements were begun 2 minutes after the onset of each dose, and 10~ 23122%, 111-17%. and 13833% in lean,

measurements were taken for each dose. Invasively determined MAP :
was recorded with every other LBF determination. OB, and DM, respectivelyR<0.05 lean versus OB and DM).

Graded intrafemoral artery infusions of Mch or SNP (Roche In the women, the increase in LBF (Figure 1B) was signifi-
Laboratories) were administered at sequential doses of 2.5, 5.0, 7.5,cantly reduced in OB and DM. However, although OB
10.0, 12.5, and 15.0g/min (0.1 to 0.6 mL/min) or 1.75,3.5,and 7.0\ omen had a significantly smaller response than the lean

ng/min (0.25 to 1.0 mL/min) to assess stimulated endothelium- . I . . .
dependent or endothelium-independent vasodilation, respectively. women, they still exhibited nearly twice the rise in LBF

Basal NO-dependent vasodilation was assessed by an intrafemoracompared with DM P<0.05). Maximum LBF increments
artery infusion of L-NMMA (Clinalfa), an inhibitor of NO synthase, = were 347-57%, 203-25%, and 10424% in lean, OB, and
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Figure 1. LBF increments above baseline (%A) in response to ug/min
graded intrafemoral artery infusions of endothelium-dependent
vasodilator Mch in lean, OB, and DM men (A) and in lean, OB, C

and DM women (B). In men, dose-response curves were differ- 200
ent between lean and both OB and DM groups (P<<0.01). In g
women, dose-response curves were different between all = 150}
groups (P<0.05). -]
=
é 100
DM, respectively P<0.01 between all groups). These data ¥
indicate that obesity and type Il diabetes are associated with § —@— Type 2 Diabetic Females
impaired endothelial function. Matching OB and DM women < ol AT Tope2DiabetcMales
for waist-to-hip ratio (data not shown) did not attenuate the 26 60 75 100 125 150
difference in LBF responses. _ o Methacholine Infusion Rate
To further demonstrate that sex differences exist in the ug/min

vascular response to Mch, we compared the LBF incrementsgigure 2. LBF increments above baseline (%4) in response to
in response to Mch between sexes according to their groupsgraded intrafemoral artery infusions of endothelium-dependent
(lean, OB, and DM). Lean women exhibited40% more vasodilator Mch in groups of lean (A), OB (B), and DM (C) men

. . . and women. Dose-response curves between men and women
pronounced increases in LBF (Figure 2A) than lean men, and yere difrerent for lean (P=0.06) and OB (P<0.01) but not DM
the maximal LBF response to Mch was 3457% versus groups.
231+22% in female and male subjects, respectively o
(P<0.05). OB women exhibited nearly twice the LBF incre- Such as indices of body fat content, blood pressure, age, anc
ments in response to Mch than the OB men (Figure 2B), and cholesterol, revealed that body mass index, percent body fat
the maximal LBF response to Mch was 2635% versus content, hip and waist circumference, absolute body fat mass,
111+17% in female and male subjects, respectively and free fatty acid (FFA) levels achieved statistical signifi-

(P<0.01). Matching OB men and women for absolute body cance (Table 2). Exclusion of the diabetic subjects did not
fat mass (data not shown) did not alter the results. In contrastChange the results of these analyses. Using multivariate or

o e an OB women, D women extioted esponses to SoP1 %2 [€91ESS0n anabis 0 ot st 1 fndng,
Mch similar to those of DM men (Figure 2C), and maximal g y ' y '

. . ) serum FFAs appear to be the most important determinants of
increments in LBF in response to Mch were #38% and PP P

) ; endothelial dysfunction.

104+24% (P=NS) in men and women, respectively.

These data indicate that EDV is modulated by sex and is | _.NMMA Study: Basal
more robust in nondiabetic premenopausal women than in NO-Dependent Vasodilation
nondiabetic men and that this sex difference is abrogated by Metabolic and baseline hemodynamic characteristics of the
diabetes. study group are shown in Table 3.

Univariate analysis between maximum response to Mch In response to intrafemoral L-NMMA, LBF decreased to
and other factors known to determine endothelial function, 0.169+0.020 and 0.18%0.025 L/min in the male and female
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TABLE 2. Univariate Regression Analyses for the Relationship
Between Maximum Response to Mch and Variables Known to
Modulate This Response

Men Women
Variable r P r P
Body mass index 0.49 <0.0001 0.52 <0.001
Percent body fat content 0.50 <0.0001 0.32 0.058
Absolute fat mass 0.41 <0.001 0.43 0.01
Waist circumference 0.39 <0.01 0.57 <0.001
Hip circumference 0.39 <0.01 0.46 <0.01
FFA 0.3 <0.05 0.55 <0.01
Mean arterial pressure 0.09 NS 0.14 NS
Cholesterol 0.12 NS 0.22 NS
Fasting insulin 0.15 NS 0.26 NS
Age 0.18 NS 0.21 NS

All subjects including diabetics are included.

groups, respectively?0.05 versus basal, both groups). The fall in
LBF in response to L-NMMA (Figure 3) was 17:#.2% and
34.9+4.1% in the male and female groups, respectiviely@.01),
indicating that women exhibit higher rates of basal NO production
even in the face of higher body fat content (Table 3).

SNP Study:
Endothelium-Independent Vasodilation

Sex, Type Il Diabetes, and Endothelial Function

2043

10

<10 |

20 |

=30

% A Leg Blood Flow

40} )
p <0.01

Male Female

Figure 3. LBF decrements (%A) in response to intrafemoral
artery infusion of L-NMMA (16 mg/min), an inhibitor of NO syn-
thase, in male and female subjects.

Discussion
Obesity is an independent risk factor for macrovascular
disease across sexe%!°However, despite higher incidence
of obesity in premenopausal women, rates of macrovascular
disease are lower in premenopausal women than in men.
Interestingly, this sex difference, which normally vanishes
after menopausg, is rapidly lost in premenopausal DM
patients, with cardiovascular disease reaching 2- to 5-fold
higher rates than in nondiabetic wonteim fact, women with
type Il diabetes, compared with age-matched nondiabetic
women, exhibit 5-fold to 8-fold*2 higher rates of death
related to coronary artery disease, with event rates nearly

Metabolic and baseline hemodynamic characteristics of the jgentical to those observed in type Il diabetic men. Tradi-

study group are shown in Table 4. As expected, the groupstional CVRFs cannot completely account for these sex
exhibited differences in these characteristics due to the gifferences in cardiovascular mortality.

presence of obesity and/or type Il diabetes.

The results of our study demonstrate that (1) NO-

In both men and women, the LBF response to SNP was dependent basal vascular tone and EDV is enhanced in
comparable between lean, OB, and DM subjects (Figure 4A nondiabetic premenopausal women compared with men;

and 4B). No differences were found in the LBF response to

(2) obesity/insulin resistance is associated with blunting of

SNP between men and women. These results indicate thatepy in both sexes, and this effect is markedly more pro-
endothelium-independent vasodilation is not modulated by nounced in men; (3) although type Il diabetes in men does not

sex or impaired by obesity or type Il diabetes.

TABLE 3. Demographic and Metabolic Characteristics of the
Study Groups Receiving Intrafemoral Artery Infusions
of L-NMMA

Men Women
n 8 8
Age, y 32.1+241 33.0+2.9
Body mass index, kg/m? 28.2+1.5 31.5+24
Percent body fat 25.5+1.3 46.8+2.4*
Fasting glucose, mg/dL 93.6+2 89.0+2.1
Fasting insulin, pU/mL 6.1x1.0 11.9+2.6*
Mean arterial 88.2+2.1 92.2+41
pressure, mm Hg
Total cholesterol, mg/dL 198+16 162+6
Triglycerides, mg/dL 125+16 8812
HDL cholesterol, mg/dL 43+5 43+6
LDL cholesterol, mg/dL 128+18 97+8

Values are mean=+SD.
*P<0.01 men vs women.

further reduce EDV beyond that observed with obesity,
diabetes in obese women causes impairment of EDV above
and beyond that observed with obesity alone; and (4) diabetes
was associated with similar endothelial dysfunction in
women and men. Together, these results suggest that pre
menopausal women exhibit higher rates of NO production
than men independent of obesity and that this sex difference
is abrogated by type Il diabetes. Moreover, obesity appears to
have a more potent effect to diminish endothelial function in
men than in women.

The increased effect of Mch in nondiabetic women could
be due to (1) increased NO production/release, (2) increasec
NO action at the level of the vascular smooth muscle in the
women, or (3) decreased NO action at the level of the
vascular smooth muscle in the men. Differences in NO action
between sexes are highly unlikely, because the effect of
graded intrafemoral artery infusions of the exogenous NO
donor SNP did not differ between sexes, indicating no
differences in vascular smooth muscle cell responses to NO
between sexes. Thus, our data indicate that the increasec
vasodilator response to Mch in nondiabetic premenopausal
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TABLE 4. Demographic and Metabolic Characteristics of the Study Groups Receiving Graded Intrafemoral
Artery Infusions of SNP

Men Women

Lean Obese Type Il Diabetes Obese Type |l Diabetes
n 18 5 3 5 5
Age, y 336+1.5 29.2+2.3 42.0+3.5% 28.7+2.8 35.6+4.1
Body mass index, kg/m? 23.4+0.71 29.0+1.3 26.8+2.5 36.6+4.3 35.0+2.3
Percent body fat 18.3+1.3* 28.6+0.48 29.9+1.9§ 445+1.3 46.7+1.3
Fasting glucose, mg/dL 92.9+1.1 97.3+2.3 290.5+104.7% 89.8+2.5 239.0+28.11
Fasting insulin, wU/mL 5.7+0.51 10.7x1.7 6.2+0.8 12.0+2.4 16.6+6.5
MAP, mm Hg 88.4+1.6 90.2+3.3 112.9+17.3 97.0+41 98.4+3.8
Total cholesterol, mg/dL 176 +7 184+24 17721 154+4 193+111
Triglycerides, mg/dL 120+13 188+36 133+£34 91+14 147171
HDL cholesterol, mg/dL 39+3 27+5 38+6 40+4 36+2
LDL cholesterol, mg/dL 115+7 122+20 114+9 97+6 127+8
Fasting FFA, pwmol/L 45340 593+126 946+245% 580+77 943+1341

Values are mean=SD.
Statistics within sex groups: *P<<0.01 vs both OB and DM; 1P<0.05 vs 0B; $P<0.05 vs both lean and OB.

Statistics between men and women: §P<<0.001 vs female group.

women is due, at least in large part, to increased production/ies> Therefore, differences in endothelium-dependent
release of NO.
Because vascular responses to muscarinergic agonists likealso partially explain the sex differences in EDV.

Mch or acetylcholine are not mediated exclusively by the

hyperpolarizing factor release or action could theoretically

We also examined basal NO-dependent vascular tone by

release of NO# other vasodilating factors may mediate some measuring LBF response to intrafemoral artery administra-
of the vascular response. One of these, the endothelium-tion of L-NMMA, an inhibitor of NO. Nondiabetic women,
dependent hyperpolarizing factor, has been shown to contrib- compared with nondiabetic men, exhibitee?-fold greater
ute more to EDV in female than male rat mesenteric arter- LBF decrements in response to intrafemoral artery infusions

A% Leg Blood Flow }»
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Figure 4. LBF increments above baseline (%A) in response to
graded intrafemoral artery infusions of endothelium-independent
vasodilator SNP in lean, OB, and DM men (A) and in OB and

DM women (B).

of L-NMMA. These results indicate that women exhibit
higher rates of basal NO production than men, as suggestec
by Forte et alé who measured whole-body NO production.
This difference in NO-dependent vascular tone is all the more
significant because both sex groups were well matched for
factors known to impair EDV, such as ayeblood pres-
surel® and FFA® and cholesteréf levels.

It is important to emphasize that, even when matched for
body mass index, women tended to have significantly higher
body fat content than men, which is consistent with other
reports?1-23 Because obesity/insulin resistance has been
shown by us and other®' to be associated with impaired
EDV, one would have predicted reduced LBF responses to
both L-NMMA and Mch in women. Further studies will be
necessary to determine whether fat distribution could account
for these differences, because dual x-ray absorptiometry as
used in this study does not quantify intra-abdominal adipos-
ity. Nevertheless, our data support the notion that sex has a
major modulating effect on endothelial function independent
of obesity.

The precise mechanism(s) for the enhanced NO-dependen
endothelial vasodilation in premenopausal nondiabetic
women is unknown. Obviously, sex differences in sex hor-
mones may be one explanation for the differences in NO
production/release. In endothelial cell cultures, estrogen, the
predominant female sex hormone, has been shown to stimu-
late NO synthesi& Vascular strips from female rats were
found to release more NO in response to acetylcholine than
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vascular strips from male rat&2” In humans, estrogen both men and women. In this context, it is interesting that the
replacement restored the blunted blood flow response to results of the UK Prospective Diabetes Stéfdshowed only
acetylcholine in women who underwent ovariectéfand in marginal effects of glycemic control alone (without amelio-
postmenopausal womeéh.These data suggest that estrogen ration of insulin resistance) on macrovascular disease. Unfor-
may directly stimulate NO production/release in women. tunately, an analysis examining sex differences in these
Conversely, the predominant male sex hormone testosteroneoutcomes has yet to be presented.
(or other androgens) may cause decreased NO production/ In summary, obesity/insulin resistance is associated with
release, as suggested by Herman and collea§ugbe impaired endothelial function (reduced NO release) in both
independent contributions of estrogens and androgens to thesexes, but this effect is remarkably more pronounced in men.
control of endothelial function in normal and pathophysio- Given the vasoprotective properties of endothelium-derived
logical states remains to be fully elucidated. NO, this relative preservation of endothelial function may
In addition, differences in insulin sensitivity between men explain, at least in part, the decreased incidence of hyperten-
and women may also account for higher rates of NO sion and cardiovascular disease in nondiabetic premeno-
production/release in women. Several reports have demon-pausal women. Importantly, the development of severe endo-
strated that women display nearly 50% higher insulin sensi- thelial dysfunction in women with type Il diabetes could
tivity than men when matched for age and body mass explain the epidemiological finding that type Il diabetic
index?223 suggesting that sex modulates the association women and men display similar elevated cardiovascular risk.
between body fat content and insulin sensitivity. 3\éad
otherg* have shown that insulin sensitivity correlates posi- Acknowledgments
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