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The effect of sex on endothelial function responses
to clamped hyperglycemia in type 1 diabetes

Ronnie Har, Vesta Lai and David Cherney

Although the female sex is associated with renal protection in non-diabetic nephropathy, men and women with type 1 diabetes

mellitus (T1D) have a similar risk of developing nephropathy. As hyperglycemia is associated with exaggerated effects on blood

pressure and renal hyperfiltration in women versus men with T1D, we examined the influence of clamped hyperglycemia on flow

mediated vasodilatation (FMD) to determine if this parameter contributes to sex-related differences in the vascular function.

After a controlled diet for seven days, blood pressure, ultrasound derived FMD and circulating renin angiotensin system

mediators were measured in men (n¼30) and women (n¼28) with T1D during clamped euglycemia and hyperglycemia. Men

and women were similar in pre-study dietary parameters, age, diabetes duration, body mass index, HbA1c, renal function and

proteinuria. The systolic blood pressure (SBP) was higher in men during clamped euglycemia (121±2 vs. 108±2mm Hg,

Po0.0001) and hyperglycemia (121±2 vs. 111±2mm Hg, Po0.0001), as were the circulating levels of angiotensin II

(Po0.05). SBP increased in response to hyperglycemia in women but not in men. Consistently with differences in blood

pressure during clamped euglycemia, FMD was higher in women than in men (8.06±0.55 vs. 4.15±0.52%, Po0.0001). In

contrast, between-group differences in FMD during clamped hyperglycemia did not reach significance owing to a decline in

FMD in women, versus men, in response to clamped hyperglycemia (P¼0.040 for between-group change in FMD). Clamped

hyperglycemia suppresses FMD in women, but not in men, with uncomplicated T1D, which may contribute to the relative loss

of protection against renal disease progression in women with T1D.
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INTRODUCTION

In non-diabetic renal disease, the female sex is protective against the
development of end-stage renal disease (ESRD), but this protection
is diminished in diabetes mellitus (DM).1–6 The mechanisms
responsible for this loss of protection in women with DM have not
been fully elucidated. In addition to sex differences, poor glycemic
control is a risk factor for the development and progression of
diabetic nephropathy through hyperglycemia-mediated activation of
the renin-angiotensin aldosterone system (RAS).7 Accordingly, in our
previous work, we examined the differential effect of acute clamped
hyperglycemia on the renal hemodynamic function and demonstrated
that moderate hyperglycemia induces an exaggerated hyperfiltration
response in women, compared with men.8

In addition to effects in the renal microcirculation, women exhibit
differences in the macrovascular function. For example, large-vessel
stiffness is increased in young women with type 1 diabetes mellitus
(T1D) compared with healthy controls, a finding that was not
observed in men, suggesting that DM preferentially increases arterial
stiffness in women after puberty.9–11 Similar findings have been
reported in patients with pre-diabetic conditions.12 To clarify the
interaction between hyperglycemia and the differential effect of sex on

arterial stiffness, we have measured arterial stiffness under conditions
of clamped euglycemia and hyperglycemia. Surprisingly, arterial
stiffness did not change in either group, despite significant increases
in blood pressure in women, compared with men, suggesting that
changes in arterial stiffness were not responsible for between-group
differences in blood pressure.

To further elucidate the mechanisms that contribute to sex-
dependent differences in the vascular function, we examined the
effect of clamped hyperglycemia on blood pressure and the nitric
oxide (NO) system. Similar to studies involving non-DM healthy
individuals among whom blood pressure is lower in women,13 we
demonstrated lower blood pressures in women with uncomplicated
type 1 DM, compared with a similar group of men.14 We also
reported that clamped hyperglycemia induces small but significant
increases in systolic blood pressure in women, compared with men,
possibly because of exaggerated reductions in NO bioavailability.14

Previous work has not, however, to our knowledge determined
whether sex-dependent differences in NO bioactivity modify the
systemic endothelial function response to clamped hyperglycemia in
patients with uncomplicated type 1 DM. The elucidation of factors
responsible for the sex-equalizing effect of DM on cardiovascular and
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renal disease progression is important, since endothelial function can
be modified using vasoactive drugs.15

Accordingly, we examined the effect of clamped hyperglycemia on
endothelial function in patients with type 1 DM, analyzed on the basis
of sex. Owing to exaggerated effects of modest clamped hyperglyce-
mia on blood pressure and renal hyperfiltration in women, compared
with men, we hypothesized that hyperglycemia would suppress
brachial artery flow-mediated vasodilatation (FMD) to a greater
extent in women than in men.

METHODS

Participants
Thirty men and 28 women with type 1 DM participated in this study
(Table 1). Inclusion criteria were: duration of type 1 DM X5 years,
age X18 years, blood pressure o140/90 mm Hg, normoalbuminuria
on a 24-h urine collection, no history of renal disease or macro-
vascular disease or regular medications other than insulin, including
oral contraceptives. Female subjects were studied during the follicular
phase of the menstrual cycle, determined by cycle day and measure-
ment of 17�-estradiol levels. The Research Ethics Board at the
University Health Network approved the protocol, and all subjects
gave informed consent.

Assessment of hemodynamic parameters
Subjects adhered to a high-sodium (4150 mmol per day) and
moderate-protein (o1.5 g per kg per day) diet during the 7-day
period before each experiment, as previously described (Table 1).
Euglycemic (4–6 mmol l�1) and hyperglycemic (9–11 mmol l�1) con-
ditions were maintained on two consecutive days for 4 h preceding
and during all investigations, a period of time demonstrated to be
sufficient for the detection of changes in the vascular function.16 In all
phases of the experiment, blood glucose was maintained by a
modified glucose clamp technique, as previously described.17 A 16-
gauge peripheral venous cannula was inserted into the left antecubital
vein for infusion of glucose and insulin, and a second cannula was
inserted more distally for blood sampling. Blood glucose was
measured every 10–15 min, and the insulin infusion was adjusted to
maintain the desired glycemic level. All experiments were performed in
the same warm (25 1C), temperature- controlled room and in a dark,
quiet environment after 10 minutes of rest in the supine position.

Following completion of the clamp, plasma angiotensin II and NO
levels were obtained and glomerular filtration rate was measured
using previously described inulin clearance techniques.18,19 The
brachial artery endothelial function was determined by recording
diameter changes of the brachial artery in response to the increased
blood flow generated during reactive hyperemia (FMD). In brief, the

right brachial artery was scanned 2–5 cm above the antecubital
fossa using high- resolution B-mode vascular ultrasound (Vividi,
7–15 MHz linear array transducer; GE/Vingmed, Waukesha, WI,
USA). Longitudinal, electrocardiogram-gated, end-diastolic images
were acquired over six cardiac cycles; the brachial arterial diameter
was determined for each image using an integrated software, and the
results were averaged. Diameter measurements were taken from the
anterior to the posterior interface between the media and adventitia.20

After baseline images were recorded, the blood pressure cuff was
inflated around the forearm, distal to the elbow, to 200 mm Hg for
5 minutes. After cuff deflation, the increase in blood flow was
measured (reactive hyperemia), along with the change in vessel
diameter (endothelium-dependent dilatation), which was measured
for a further 5 minutes. FMD was defined as the maximal percent
changes in vessel diameter after reactive hyperemia. A single observer
(DZIC.) obtained all the measurements. The intra-observer variability
for repeated measurements of arterial diameters at flow-mediated
vasodilatation was 0.01±0.0.005 mm (absolute diameter)
or 0.26±0.01% (percentage of the absolute value of the brachial
artery at FMD), which is similar to that previously reported.20

Hemoglobin A1C was measured by using high-performance liquid
chromatography.

Statistical analysis
The data were analyzed on the basis of gender. Results are presented
as means±s.d. A P-value p0.05 was considered statistically signi-
ficant. On the basis of our previous work, which revealed a standard
deviation of 6% in the DFMD from baseline in response to
physiological maneuvers, 24 subjects per group were required to
detect a between-group difference of 5% (80% power, 5% type I
error).15,16,19 The sample size was therefore adequately powered to
detect differences in the endothelial function. Between-group
comparisons of all parameters at baseline were made using
parametric methods, except in the case of NO and angiotensin II
levels, which were not normally distributed and therefore analyzed
using non-parametric tests. Between-group and within-group
differences in all responses to hyperglycemia were determined using
repeated measures analysis of variance (ANOVA), and Bonferroni’s
correction was used to correct for multiple comparisons. All statistical
analyses were performed using the statistical package SPSS (SPSS for
graduate students, Version 14.0).

RESULTS

Baseline clinical characteristics and vascular parameters during
clamped euglycemia
Men and women were similar at baseline in terms of age, diabetes
duration, HbA1c, body mass index, and pre-study sodium and
protein intake and renal function (Table 1). The population was
predominantly Caucasian—one woman was of African descent, one
was of East Asian descent and one man was Hispanic. Estrogen levels
in women were consistent with the late follicular phase of the
menstrual cycle. Clamped glycemic conditions were successfully
maintained during the studies (Figure 1). In this cohort, 13 of 30
men (43%) and 11 of 28 women (39%) exhibited renal hyperfiltra-
tion, defined as a GFR X135 ml min�1 per 1.73 m2).21

As expected from our previous work,22,23 during clamped
euglycemia, systolic blood pressure and circulating angiotensin II
levels were higher in men, whereas plasma NO was lower in men
(Table 2, Figure 2). FMD was significantly higher in women than in
men during clamped euglycemia (8.06±0.55 vs. 4.15±0.52%,
Table 2, Figure 3, Po0.0001).

Table 1 Baseline clinical characteristics

Men Women
Parameter (n¼30) (n¼28)

Age (years) 20±1 21±1

Diabetes duration (years) 16.4±1.0 15.8±1.6

Body mass index (kg m�2) 24±1 25±1

Glomerular filtration rate (ml min�1 per 1.73 m2) 144±10 133±5

Sodium excretion (mmol per day) 218±14 197±14

Protein intake (mmol per day) 1.05±0.05 0.92±0.06

Hemoglobin A1C (%) 8.8±0.3 8.6±0.4

Estradiol in women (pmol l-1) N/A 175±25

Values are means±s.d.; n¼ no. of subjects.
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Vascular parameters and the response to clamped hyperglycemia
As expected, systolic blood pressure (SBP) increased significantly in
women, but not in men, in response to clamped hyperglycemia
(between-group effect, P¼ 0.007, Table 2, Figure 2). Circulating
angiotensin II levels remained higher in men, and plasma NO
remained lower in men during clamped hyperglycemia (Table 2).
Even though circulating levels of NO remained higher in women
during clamped hyperglycemia suggesting a state of elevated NO
production, FMD declined, compared with men (8.06±0.55 to
6.91±0.70%, P¼ 0.040 for the change in FMD vs. men, Figure 4).
Owing to this decrease in FMD in women in response to clamped
hyperglycemia, between-group FMD differences were no longer
significant.

DISCUSSION

Previous studies of patients with type 1 DM have demonstrated that
compared with men, women exhibit different acute blood pressure
and renal hemodynamic responses to moderate clamped hyper-
glycemia.8,22 To clarify the role of the endothelial function in the
pathogenesis of sex-dependent blood pressure differences in the
response to high glucose, we measured FMD in young men and
women with uncomplicated type 1 DM during clamped euglycemia
and hyperglycemia. Our first major finding was that during clamped
euglycemia, blood pressure was lower and FMD was higher in women
than in men. Second, these between-group sex differences were no

Figure 1 Glucose clamp levels in men and women with type 1 diabetes

(mean±s.d.). m Men—euglycemia, ’ Women—euglycaemia, K Men—

hyperglycemia, . Women—Hyperglycemia.

Table 2 Hemodynamic and neurohormal parameters in men and

women with type 1 diabetes during clamped hyperglycemia

(mean±s.d.)

Euglycemia Hyperglycemia

Type 1 DM—Men (n¼30)

Hemodynamic parameters

Heart rate (beats per minute) 71±3 65±2

Systolic blood pressure (mm Hg) 121±2 121±2

Diastolic blood pressure (mm Hg) 68±2 64±2

FMD (%) 4.15±0.52 5.22±0.40

Neurohormones

Nitric oxide (mmol l�1) 35±2 35±3

Angiotensin II (pmol l�1) 3.2±0.6 2.1±0.2

Type 1 DM—Women (n¼28)

Hemodynamic parameters

Heart rate (beats per minute) 75±3 73±2

Systolic blood pressure (mm Hg) 108±2a 111±2a,b

Diastolic blood pressure (mm Hg) 66±1 63±1

FMD (%) 8.06±0.55a 6.91±0.70c

Neurohormones

Nitric oxide (mmol l�1) 48±5d 53±6d

Angiotensin II (pmol l�1) 1.5±0.2d 1.3±0.1d

aPo0.0001 for SBP and FMD in men vs. women at the corresponding study time point.
bP¼0.007 for the rise in blood pressure in women in response to clamped hyperglycemia.
cP¼0.04 for the change in FMD in men vs. women in response to clamped hyperglycemia.
dPo0.02 for levels of plasma nitric oxide and angiotensin II in men vs women at the
corresponding study time point.

Figure 2 Systolic blood pressure (SBP) in men and women with

uncomplicated type 1 diabetes (mean±s.d.). *Po0.0001 for difference in
FMD in men compared with women.

Figure 3 Flow mediated vasodilatation (FMD) in men and women with

uncomplicated type 1 diabetes (mean±s.d.). *Po0.0001 for difference in

FMD in men compared with women.

Figure 4 Change in flow mediated vasodilatation (FMD) in response to

clamped hyperglycemia men and women with uncomplicated type 1

diabetes (mean±s.d.). *P¼0.04 for between-group effect of clamped

hyperglycemia on FMD in men compared to women.
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longer significant under conditions of moderate clamped hyper-
glycemia owing to a decline in FMD in women, compared with men.

Consistently higher values for FMD in healthy pre-menopausal
women compared with age-matched men may protect against renal
and cardiovascular disease progression. After menopause, however,
FMD declines rapidly, which may contribute to the increased risk
of vascular disease in older women.24–26 Interestingly, this age-
dependent decline in FMD after menopause can be corrected with
estrogen replacement therapy,27,28 and similar benefits have been
observed with estrogen therapy in male-to-female transsexual
patients.29 Furthermore, as estrogen enhances NO production in
experimental models and in humans, it has been hypothesized that
enhanced estrogen-mediated NO activity is responsible for greater FMD
in women, as well as renal and vascular protective effects observed in
non-DM women.30–33 Estrogen may also improve the vascular function
through suppression of vasoconstrictors such as endothelin-1.34

In addition to the effect of estrogen, other sex steroids can exert
significant effects on the vascular function. Progesterone, for example,
is natriuretic, although the resulting effects on blood pressure low-
ering vary based on the hormone formulation.35,36 Progesterone is
also associated with vascular relaxation and facilitates similar
estrogen-mediated effects, although these interactions are not
consistent, as reviewed by others.37 Male sex hormones are also
associated with effects on the blood pressure and vascular function,
and may have contributed to our results. For example, testosterone
activates the RAAS and increases salt-sensitivity, leading to elevations
in blood pressure.38,39 Although testosterone can also induce
endothelium dependent vasorelaxation in some studies, the increase
in blood pressure seen with testosterone in most studies suggests that
effects on FMD are relatively minor and do not prevent the higher
blood pressures that are typical for men.40

The interaction between sex hormones and NO physiology is less
well understood in the context of DM, as hyperglycemia can impair
NO bioactivity. For example in streptozotocin-induced DM, induc-
tion of hyperglycemia attenuates NO synthase activity in female,
compared with male animals, suggesting that the typical increase in
NO bioactivity in non-DM states is blunted by the presence of DM.
In patients with type 2 DM, renal NO bioactivity is also increased,
possibly owing to suppressed ambient levels of reactive oxygen
species.32 More recently, in a smaller cohort of patients with
uncomplicated type 1 DM, we have demonstrated a similar increase
in baseline, euglycemic NO bioactivity with lower blood pressure
levels.14 Similar to observations in animal studies, in response to
clamped hyperglycemia, sex-based differences in blood pressure and
cGMP (a metabolic product of NO production) were abolished.
Moreover, administration of the NOS substrate L-arginine normalized
vascular function in women.

To further elucidate the mechanisms that contribute to the lack of
female protection in DM and the potential role of NO, we measured
FMD under clamped euglycemic and hyperglycemic conditions. Our
goal was to examine the effect of sex on endogenous NO production
under these two different ambient glycemic conditions. Perhaps not
surprisingly considering previous animal work, FMD was significantly
higher in women during clamped euglycemia. In conjunction with
these functional vascular differences, NO was significantly higher in
women than in men.

In contrast, under conditions of clamped hyperglycemia, FMD
declined in women, compared with the response in men. Despite
declines in FMD in women, compared with men, plasma NO
remained higher in women. Our results therefore suggest that
hyperglycemia exerts a preferential suppression of FMD in women,

compared with men, with uncomplicated type 1 DM, and that this
may be owing to reduced NO bioavailability rather than a decline in
NO production. Accordingly, future work should determine whether,
for example, hyperglycemia is associated with an exaggerated increase
in the conversion of NO to reactive oxygen species such as
peroxynitrite, which could account for the functional decline in FMD.

Our results may have several clinical implications for patients with
type 1 DM. First, several agents, including ACE inhibitors, can
influence vascular remodeling and FMD.15,41 Furthermore, ACE
inhibitors exert greater renal hemodynamic and renal protective
effects in women than in men, possibly because of synergistic intera-
ctions with estrogen.8,42,43 Whether these preferential protective effects
of ACE inhibitors in women are in part related to the changes in FMD
or to responses to hyperglycemia is unknown and should be
investigated in future work. In addition, in light of the important
physiological effect of exogenous estrogen on FMD and declines in
vascular function after menopause, novel methods of improving FMD
in older women should be investigated in future work. For example, in
contrast with oral estrogen, topical estrogen preparations reduce blood
pressure and do not activate the renin angiotensin system.44 Whether
topical estrogens mediate this potentially protective phenotype
through improved FMD or through changes in vascular responses to
clamped hyperglycemia requires additional study.

This study has important limitations. We minimized the effect of
the small sample size by utilizing homogeneous study groups and by
careful pre-study dietary preparation. The effect of variations of
estrogen on the hemodynamic function in female subjects was
minimized by only studying those who were pre-menopausal, non-
users of oral contraceptive medications. We also decreased variability
by using a study design that allowed each subject to act as his or her
own control. Although the effect of age on FMD differences in women
is important, our results cannot be extrapolated to post-menopausal
women, in whom the vascular effects of estrogen are reduced.

In conclusion, higher FMD levels are acutely blunted by modest
hyperglycemia in women with type 1 DM compared with men. Our
results suggest that the effects on FMD may contribute to sex-based
blood pressure differences within the normal range in patients with
uncomplicated type 1 DM. Finally, persistently higher levels of plasma
NO despite FMD suppression during clamped hyperglycemia in
women suggest a decline in NO bioavailability. Further work is
required to clarify the role of factors such as reactive oxygen species
that may contribute to the pathogenesis of sex-dependent differences
in NO bioavailability.
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