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Abstract

Background Endogenous estrogen is cardio-protective in healthy premenopausal women. Despite this favorable
action of estrogen, animal models depict a detrimental effect of estradiol on vascular function in the presence of
diabetes. The present study sought to determine the role of endogenous estradiol on endothelial function in women
with type 1 diabetes.

Method 32 women with type 1 diabetes (HbA, . =8.6+1.7%) and 25 apparently healthy women (HbA,.=5.2+0.3%)
participated. Flow-mediated dilation (FMD), a bioassay of nitric-oxide bicavailability and endothelial function was
performed during menses (M) and the late follicular (LF) phase of the menstrual cycle to represent low and high
concentrations of estrogen, respectively. In addition, a venous blood sample was collected at each visit to determine
circulating concentrations of estradiol, thiobarbituric acid reactive substances (TBARS), and nitrate/nitrite (NOXx),
biomarkers of oxidative stress and nitric oxide, respectively. Data were collected in (1) 9 additional women with type
1 diabetes using oral hormonal birth control (HBC) (HbA, =83 +2.1%) during the placebo pill week and second
active pill week, and (2) a subgroup of 9 demographically matched women with type 1 diabetes not using HBC
(HbA,.=8.9%2.1%).

Results Overall, estradiol was significantly increased during the LF phase compared to M in both type 1 diabetes
(Aestradiol=75+86 pg/mL) and controls (Aestradiol=714+76 pg/mL); however, an increase in TBARS was only
observed in patients with type 1 diabetes (ATBARS =3+ 13 uM) compared to controls (ATBARS=0+4 uM). FMD was
similar (p=0.406) between groups at M. In addition, FMD increased significantly from M to the LF phase in controls
(p=0.024), whereas a decrease was observed in type 1 diabetes. FMD was greater (p=0.015) in patients using HBC
compared to those not on HBC, independent of menstrual cycle phase.

Conclusion Endogenous estradiol increases oxidative stress and contributes to endothelial dysfunction in women
with diabetes. Additionally, HBC use appears to be beneficial to endothelial function in type 1 diabetes.
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Introduction

Cardiovascular disease (CVD) remains the leading cause
of death throughout the world [1], and there are vari-
ous health disparities related to the prevalence of CVD.
Specifically, the rate of developing CVD is lower in pre-
menopausal women compared to age-matched men [2].
Moreover, type 1 diabetes increases the prevalence of
CVD [3]. In fact, individuals with type 1 diabetes can
have up to an 8 times greater risk of CVD compared to
their age-matched healthy counterparts [4].

In general, apparently healthy premenopausal women
are protected against CVD compared with men and
postmenopausal women, a benefit that is likely due to
the presence of circulating estrogens [5]. Interestingly,
this cardio-protective benefit of female sex appears to
be lost in the presence of diabetes. In fact, women with
type 1 diabetes are 2—3 times more likely to develop CVD
compared to their male counterparts [6]. Additionally,
women with type 1 diabetes have a 40% higher rate of all-
cause mortality compared to men with type 1 diabetes
[7], albeit exhibiting a more favorable cardio-metabolic
risk factor profile [8].

During a regular menstrual cycle, circulating concen-
trations of estradiol are low during menses and peak
in the late follicular phase just prior to ovulation [9].
Activation of estrogen receptors (o and p) and GPR30
receptors within the endothelium not only facilitate the
endothelial release of nitric oxide (NO), downstream sig-
naling pathways via genomic and non-genomic effects
[10] contribute to further smooth muscle relaxation
and promote additional vasodilatory properties [11]. In
addition, estrogens have antioxidant properties [12] that
reduce oxidative stress and contribute to increases in
NO bioavailability. The flow-mediated dilation (FMD)
test is recognized as a bioassay of NO bioavailability and
can predict future CVD and cardiovascular events [13].
Accordingly, although the increase in FMD from menses
to the late follicular phase of the menstrual cycle has been
observed in healthy women [14—18] and has been attrib-
uted to the increases in estradiol [11], others have found
no difference in FMD across the menstrual cycle [19].
In addition, data from animal models of type 1 diabetes
have demonstrated a vasoconstrictive response to estra-
diol that is mediated by an increase in oxidative stress
[20]. Despite the epidemiological and experimental data,
the role of estradiol on vascular endothelial function in
women with type 1 diabetes has yet to be investigated.

In the United States, 88% of women ages 15 to 44 years
have used at least one form of hormonal birth control
(HBC) throughout their lifetime [21]; approximately 22%
of whom specifically use oral contraceptives as their pre-
ferred method of HBC [22]. HBC works by delivering a
low dose of exogenous estrogen and/or progesterone
[23], which reduces follicle-stimulating hormone (FSH)
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and luteinizing hormone (LH), and prevents the increase
in endogenous estradiol and subsequent ovulation [23].
Although there is scant evidence that healthy, premeno-
pausal women using HBC may be at a greater risk for
developing cardiovascular complications compared to
women not using HBC [24], the role of suppressing cir-
culating concentrations of estradiol using HBC on vas-
cular endothelial function in women with type 1 diabetes
has yet to be elucidated.

Thus, the present study sought to test the hypoth-
eses that (1) the increase in estradiol from menses to
the late follicular phase of the menstrual cycle would
impair endothelial function in women with type 1 dia-
betes compared to an improvement in endothelial func-
tion observed in healthy controls, and (2) the use of HBC
would prevent the increase in endogenous estradiol and
contribute to a higher endothelial function in women
with type 1 diabetes compared to women with type 1 dia-
betes who do not use HBC.

Methods

Experimental design

All participants reported to the Laboratory of Integrative
Vascular and Exercise Physiology (LIVEP) in the Geor-
gia Prevention Institute at Augusta University for a pre-
liminary screening visit that consisted of the informed
consent process, body composition assessments, blood
pressure, and anthropometric measures. A single stick
blood draw was performed to obtain C-reactive pro-
tein (CRP), glycated hemoglobin (HbA, ), and a lipid
panel using standard core laboratory techniques (Labo-
ratory Corporation of America Holdings, Birmingham,
AL). Height and mass were determined using a stadi-
ometer and standard platform scale (CN20, DETECTO,
Webb City, MO), respectively, and were used to calculate
body mass index (BMI). Total body fat was determined
using dual energy X-ray absorptiometry (QDR-4500 W;
Hologic, Waltham, MA).

Following the preliminary visit, all participants
returned for two experimental visits: during the menses
and late follicular phase of the menstrual cycle, which
coincided with low and high concentrations of endog-
enous estradiol, respectively. At the cessation of the first
experimental visit (menses), participants were given
an ovulation predictor kit (OPK, Clearblue, Procter &
Gamble, Cincinnati, OH) to help predict the luteiniz-
ing hormone (LH) surge and scheduling of their second
experimental visit (late follicular phase). Based on the
manufacturer’s recommendations, participants informed
the study staff when they received a flashing smiley face
from the OPK and were scheduled for testing at the
LIVEP the following day. Patients with type 1 diabetes
(n=9) and controls (n=5) who did not receive a smiley
face were tested during days 13-16 of their menstrual
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cycle to try to capture the physiological increase in circu-
lating concentrations of estradiol.

For each experimental visit, participants arrived at
the LIVEP in the morning following an overnight fast
and having abstained from caffeine, smoking or any
tobacco use, or moderate-to-vigorous exercise for at least
12 h prior to testing. Patients with type 1 diabetes were
instructed to maintain their basal insulin regimen dur-
ing each visit to avoid variations between visits. On each
experimental day, a venous blood sample was collected to
assess circulating concentrations of insulin and various
sex hormones including estradiol, LH, and progesterone
(Laboratory Corporation of America Holdings, Birming-
ham, AL). Biomarkers of oxidative stress and NO were
also assessed, and blood glucose was determined using a
point-of-care glucometer (Accu-Chek, Indianapolis, IN).

Patients that were currently using HBC were recruited
to test the effects of suppressing the endogenous produc-
tion of estradiol. For the HBC (+) group, the first experi-
mental visit was scheduled during the placebo pill week,
and the second experimental visit was scheduled during
the second active pill week. This length of time between
experimental visits was consistent with the time between
visits in the HBC (-) group. For the subgroup analysis,
the first experimental visit (menses/placebo pill week)
will be represented as M/P and the second experimental
visit (late follicular/active pill week) will be represented
as LF/A.

Participant characteristics

Thirty-two premenopausal women with a clinical diag-
nosis of type 1 diabetes were recruited from the Depart-
ment of Endocrinology at Augusta University or from the
community via word of mouth. In addition, 25 appar-
ently healthy, premenopausal women that were recruited
from the community participated in this study. All par-
ticipants were required to have a normal menstrual cycle
interval of 25-35 days for at least three previous cycles,
to not only assist with the timing of the second visit, but
also to exclude women with irregular menstrual cycles.
In addition, to provide proof-of-concept that suppress-
ing endogenous production can be vascular protective,
a subgroup of 9 additional women with type 1 diabe-
tes who were currently using oral forms of HBC (HBC
(4)) were recruited and demographically matched to 9
women with type 1 diabetes not using HBC (HBC (-))
from the main study. Participants were excluded if they
reported a history of hepatic, renal, or overt CVD, uncon-
trolled hypertension (i.e., systolic/diastolic>140/90 mm
Hg), polycystic ovary syndrome, oligomenorrhea based
on self-report, or proteinuria. Participants using any
medications that interacted with estrogen metabolism
(other than HBC) were excluded. In addition, women
who were pregnant or those trying to become pregnant
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were excluded from the study. Women experiencing any
vascular-related complications of diabetes or those with
an HbA,  of >12% were also excluded. All study proto-
cols were approved by the Institutional Review Board at
Augusta University and this study was registered on clini-
caltrials.gov (NCT03436992).

Vascular endothelial function

During both experimental visits, the primary outcome
was endothelial-dependent vasodilation and was deter-
mined using the brachial artery flow-mediated dilation
(FMD) test in accordance with the most recent guidelines
[25]. Briefly, participants laid in a rested, supine posi-
tion for at least 15 min to ensure stable blood flow and a
hemodynamic steady state. Using a 12 MHz linear trans-
ducer, simultaneous B-mode and blood velocity pro-
files (duplex mode) of the brachial artery were obtained
(Logiq 7, GE Medical Systems, Milwaukee, WI). After
30 s of baseline data collection, the forearm occlusion cuff
(E-20 rapid cuff inflator; D.E. Hokanson) that was placed
immediately distal to the medial epicondyle was rapidly
inflated to 250 mm Hg. Following 5 min of forearm occlu-
sion, the cuff was released, and brachial artery diameter
and blood velocity were continuously recorded for 2 min.
R-wave gating (Accusync 72, Accusync Medical Research
Corporation, Milford, CN) was utilized to capture end-
diastolic arterial diameters for automated oftline analysis
of brachial artery vasodilation (Medical Imaging Applica-
tions, Coralville, lowa). FMD (%) is reported as the per-
cent of maximal brachial artery dilation diameter from
baseline diameter. Cumulative shear rate (s™!, area under
the curve, AUC) was determined using the trapezoidal
rule, every 4 s for the first 20 s following cuff release, and
every 5 s thereafter for the remainder of the 2-min data
collection period. Following completion of the FMD test,
baseline measurements were taken for 30 s before 0.4 mg
of sublingual nitroglycerin (NTG) (Perrigo, Allegan, MI)
was administered. Endothelial-independent vasodila-
tion of the brachial artery was continuously recorded
for 8—10 min to ensure the peak response was obtained,
and the percent of maximal brachial artery dilation from
baseline was used to represent NTG (%). All measure-
ments were made by a reviewer that was blinded to the
group/menstrual cycle phase.

Blood processing and biomarkers of oxidative stress

Following an overnight fast, venous blood samples (~30
mL) were collected into EDTA Vacutainer™ systems
(BD, Franklin Lakes, NJ) at each visit. All blood samples
were centrifuged at 3000 rpm at 4 °C for 10 min to sep-
arate plasma. Plasma samples were stored at -80 °C for
future analysis. Thiobarbituric acid reactive substances
(TBARS) and nitrate/nitrite (NOx) were assessed in
plasma as secondary endpoints to determine biomarkers
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of lipid peroxidation and circulating concentrations of
NO, respectively. The Malondialdehyde-Thiobarbitu-
ric Acid (MDA-TBA) adduct formed by the reaction of
MDA and TBA under high temperature (90-100 °C) and
acidic conditions was measured colorimetrically between
530 and 540 nm according to the manufacturer’s speci-
fications (Cayman Chemicals, Ann Arbor, MI). In addi-
tion, total NOx concentration was determined using a
two-step process according to the manufacturer’s specifi-
cations (Cayman Chemicals, Ann Arbor, MI). The detec-
tion range for TBARS and NOx was between 0.0625 and
50 uM and 5-35 uM, respectively.

Table 1 Participant Characteristics and Clinical Laboratory

Values
Variable Type 1 Controls  p-value
Diabetes
(n=32) (n=25)
Demographics
Age (y) 25+6 24+6 0.365
Time Since Diagnosis (y) 13+7
Height (cm) 1635+70 1654+58 0273
Weight (kg) 728+176 684+158 0336
BMI (kg/mz) 272+57 245+4.7 0.060
MAP (mm Hg) 87+8 83+7 0.069
Clinical Laboratory Values
CRP (mg/L) 54+83 12+£13 0.008
TC (mg/dL) 178 +41 163+35 0.161
HDL (mg/dL) 58+17 53+13 0.228
LDL (mg/dL) 98+42 88+39 0337
TRIG (mg/dL) 76+45 63+28 0.158
TC/HDL ratio 32+1.1 32+08 0.788
HbATc (%) 86+17 52+03 <0.001
FBG (mg/dL) — Menses 153+79 85+9 <0.001
FBG (mg/dL) - Late Follicular 168 +95 85+10 <0.001
Insulin (ulU/mL) — Menses 3.1+98 81+46 0.015
Insulin (ulU/mL) - Late Follicular 29+78 94+58 <0.001
Estradiol (pg/mL) — Menses 40425 30+£15 0.084
(9-114) (8-72)
Estradiol (pg/mL) - Late Follicular 115+82% 100+84* 0521
(25-356) (17-391)
LH (mIU/mL) — Menses 6+4(1-21) 7+2((3-14) 0.783
LH (mIU/mL) - Late Follicular 12+7% 16+13* 0.099
(3-36) (7-56)
Progesterone (ng/mL) - Menses 04+04 03+02 0469
(0.1-1.5) (0.1-0.8)
Progesterone (ng/mL) - Late 09+15 1.0+£1.6* 0.799
Follicular (0.1-7.0) (0.1-6.3)

Data are presented as mean+SD (Range); independent samples t test. Bold
values indicate statistically significant differences between groups. *Significant
difference from Menses within group. BMI=Body Mass Index, MAP=Mean
Arterial Pressure, CRP=C-Reactive Protein, TC=Total Cholesterol, HDL=High-
Density Lipoprotein, LDL=Low-Density Lipoprotein, TRIG=Triglycerides,
HbAlc=Hemoglobin Alc, FBG=Fasting Blood Glucose, LH=Luteinizing
Hormone
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Statistical analysis

Statistical analyses were performed using SAS 9.4. All
data are expressed as meantstandard error of mean
(SEM) unless otherwise noted. Descriptive statistics for
demographic and baseline clinical variables were deter-
mined during menses and the follicular phase of the
menstrual cycle. For demographic and baseline clinical
variables, chi-square tests or two-sample t-tests were
used to examine differences. To examine differences in
estradiol, FMD, NTG, TBARS, and NOx during menses
and the late follicular phase of the menstrual cycle, mixed
models were used to determine changes over time and
differences between groups. Fixed effects in each model
included group status (type 1 diabetes vs. control) and
menstrual cycle phase (menses vs. late follicular phase)
and the two-factor interaction between group and men-
strual cycle phase. Post hoc pairwise comparisons using
the two-factor interaction of group and menstrual cycle
phase were performed within group, between menstrual
cycle phase, and within menstrual cycle phase between
groups using a Bonferroni adjustment to the overall alpha
level for the number of comparisons. A similar set of
analyses were performed for estradiol, FMD, and NTG
on a subset of women with type 1 diabetes who were
using HBC (HBC (+)) or not using HBC (HBC (-)). Effect
sizes for differences in FMD and TBARS are reported
as Cohen’s d values to represent small (Cohen’s d=0.2),
medium (Cohen’s d=0.5), and large (Cohen’s d=0.8)
effect sizes [26]. Statistical significance was set at p<0.05.

Results

Participant demographics and clinical laboratory val-
ues for the main analysis are presented in Table 1. The
average age of diabetes diagnosis was 1216 years (range
3-27 years). A similar (p=0.213) proportion of Black
participants were enrolled in each group. As expected,
HbA . and fasting blood glucose was higher (p<0.001) in
patients compared to controls. Importantly, fasting blood
glucose (p=0.261) and circulating concentrations of insu-
lin (p=0.619) were similar throughout the menstrual
cycle in patients with diabetes. Additionally, women with
type 1 diabetes exhibited significantly higher (p=0.008)
CRP compared with healthy controls. No significant dif-
ferences in any other participant demographics or labo-
ratory values were observed between groups.

Estradiol and endothelial function during the menstrual
cycle in type 1 diabetes and controls

Testing during the M and LF phases occurred during days
4+1 and 14+2, respectively for healthy controls and 4+1
and 14£2, respectively for individuals with type 1 diabe-
tes. Figure 1A illustrates the circulating concentration of
estradiol across the menstrual cycle in both type 1 diabe-
tes and healthy controls. No differences in the estradiol
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Fig. 1 (A) Circulating concentrations of estradiol across the menstrual cycle in women with type 1 diabetes (open circle) and healthy controls (closed
circle); n=57 (Type 1 Diabetes=32, Controls=25). Vascular endothelial function across the menstrual cycle in women with type 1 diabetes and healthy
controls using (B) Flow-mediated dilation; n=57 (Type 1 Diabetes=32, Controls=25) and (C) Nitroglycerin dilation; n=34 (Type 1 Diabetes=19, Con-
trols=15). * indicates a significant time main effect. t indicates a significant difference from menses. # indicates a significant difference from type 1

diabetes during the late follicular phase. Repeated measures ANOVA

response between groups was observed; however, there
was a significant increase in estradiol (p<0.001) during
the LF phase in both groups. In addition, a significant
time main effect (»<0.001) for both LH and progesterone
was observed. LH and progesterone increased signifi-
cantly (p<0.007) from menses to the late follicular phase
of the menstrual cycle in both groups. No differences (all

p>0.05) in LH or progesterone were observed between
groups (Table 1). Figure 1B illustrates the FMD response
during the menstrual cycle in women with type 1 diabe-
tes and healthy controls. A significant group by menstrual
cycle interaction (p=0.042) was observed. Specifically,
FMD was similar between groups at menses (p=0.406);
however, healthy controls exhibited a significantly higher
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(p=0.024; Cohen’s d=3.56) FMD during the late follicular
phase when compared to a decrease in FMD throughout
the menstrual cycle in type 1 diabetes. The parameters of
the FMD test in patients with type 1 diabetes compared
to controls are presented in Table 2. There were no dif-
ferences (all p>0.05) in baseline diameter, peak diam-
eter, and shear rate between groups. Similar to the FMD
response, a significant group by menstrual cycle interac-
tion (p=0.038) was observed for FMD/Shear. Specifically,
a significant increase in FMD/Shear from menses to the
late follicular phase was observed in controls, whereas a
decrease was observed in type 1 diabetes during the late
follicular phase. Figure 1C illustrates the vasodilatory
response to NTG across the menstrual cycle in women
with type 1 diabetes and healthy controls. No differences
(p=0.557) in endothelial-independent vasodilation were
observed between groups or throughout the menstrual
cycle.

Circulating biomarkers of oxidative stress and NO
concentration during the menstrual cycle in type 1
diabetes and controls

Figure 2A illustrates the NOx response as a measure
of circulating NO throughout the menstrual cycle in
both groups. A similar (p>0.05) increase in NOx was
observed from M to the LF phase of the menstrual cycle
in both women with type 1 diabetes and controls. Fig-
ure 2B illustrates the TBARS response as a measure of
oxidative stress throughout the menstrual cycle in both
groups. During both menses (p=0.002; Cohen’s 4=28.13)
and the late follicular phase (p<0.001; Cohen’s d=11.05)
of the menstrual cycle, TBARS was significantly greater
in women with type 1 diabetes compared to controls.
In addition, the change in TBARS from menses to the
late follicular phase in women with type 1 diabetes was
higher (p=0.133) (ATBARS=3%+13uM) compared to
controls (ATBARS=0x4uM).

Effects of HBC on estradiol and endothelial function in
women with type 1 diabetes

Patient demographics and clinical laboratory values for
the proof-of-concept subgroup analyses are presented in
Table 3. No differences (all p>0.05) in participant demo-
graphics were observed between groups. Importantly,
fasting blood glucose was similar across visits in both
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HBC (+) (»=0.502) and HBC (-) (p=0.337). In addition,
circulating concentrations of insulin were similar across
visits in HBC (4) (p=0.923) and HBC (-) (p=0.302). Test-
ing in the HBC (-) group during M/P and LF/A occurred
on days 3+1 and 16%2, respectively, and on placebo pill
day 4£2 and active pill day 11+1 for the HBC (+) group.
Figure 3A illustrates the significant group by menstrual
cycle interaction (p=0.015) for circulating estradiol
across the menstrual cycle in both HBC (+) and HBC
(-). Specifically, concentrations of estradiol were higher
in the HBC (-) group compared to HBC (+) during M/P
(»p=0.008) and LF/A (p=0.002). In addition, there was a
significant (p=0.001) increase in estradiol from M/P to
LF/A in the HBC (-) group, whereas no change (p=0.839)
was observed in the HBC (+) group. Further, a signifi-
cant (p=0.047) group x menstrual cycle interaction was
observed for LH. Specifically, LH was similar (p=0.203)
at M/P between groups; however, the HBC (-) group
exhibited a significantly (p=0.017) greater increase in
concentration of LH at the LF/A compared to the HBC
(+) group.

Figure 3B illustrates the FMD response across the men-
strual cycle/time in both HBC (+) and HBC (-). There
was a significant (p=0.016; Cohen’s d=0.683) group main
effect. FMD was overall higher in HBC (+) compared to
HBC (-), independent of menstrual cycle phase/time. In
addition, a significant menstrual cycle phase main effect
(p=0.010; Cohen’s d=0.632) was observed for FMD,
which indicated that FMD was significantly reduced
from M/P to LF/A, independent of birth control status.
The parameters of the FMD test in HBC (+) and HBC (-)
are presented in Table 4. There were no differences (all
p>0.05) in baseline diameter, peak diameter, and shear
rate between groups. FMD/Shear was greater (p=0.028;
Cohen’s d=0.582) in HBC (+) compared to HBC (-),
independent of menstrual cycle phase/time. In addition,
FMD/Shear was significantly lower (p=0.003; Cohen’s
d=0.829) during the LF/A phase compared to M/P, inde-
pendent of birth control status. Figure 3C illustrates the
vasodilatory response to NTG across the menstrual cycle
in HBC (+) and HBC (-). No differences in endothelial-
independent dilation were observed (all p>0.05) between
groups or over time.

Table 2 Parameters of the FMD test throughout the menstrual cycle in patients with Type 1 Diabetes and Controls

Variable Menses Late Follicular

Type 1 Diabetes Controls p-value Type 1 Diabetes Controls p-value
Baseline diameter (cm) 0.300£0.033 0.299+£0.029 0.831 0.301+£0.035 0.297+£0.033 0.690
Peak diameter (cm) 0.325+0.035 0.325+0.031 0.991 0.322+0.033 0.326+0.035 0.725
Shear (s™' AUC) 49,321+20,062 46,903 +15,194 0619 48,694 +16,337 47,949+15,270 0.861
FMD/Shear (%/s~' AUC) 0.182+0.068 0.206+0.100 0.284 0.155+£0.059 0.219+£0.110 0.007

Values are mean+SD. AUC=Area under the curve, FMD=Flow-mediated dilation. Bold values indicate between group significance at each menstrual cycle phase
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Fig. 2 Circulating concentrations of (A) NOx; n=54 (Type 1 Diabetes =29, Controls=25) and (B) TBARS; n=54 (Type 1 Diabetes =29, Controls=25) across
the menstrual cycle in women with type 1 diabetes (open circle) and healthy controls (closed circle). Repeated measures ANOVA. * indicates a significant

difference between groups

Effects of HBC on circulating biomarkers of oxidative stress
and NO concentration in type 1 diabetes

The increase in NOx across the menstrual cycle phase/
time was similar (p=0.514) between groups. Despite
this, the change in NO concentration appears to be
two-fold greater (p=0.817) in the HBC (-) group
(ANOx=0.995+5.704 puM) compared to the HBC (+)
group (ANOx=0.45313.889 uM). Additionally, there was
a significant time main effect (p=0.030; Cohen’s d=0.563)
for TBARS, such that a two-fold increase in TBARS was
observed in the HBC (-) group (ATBARS=6.7%+11.5 uM)
compared to the HBC (+) group (ATBARS=3.8+11.5
uM).

Discussion

The cardiovascular protection observed in healthy pre-
menopausal women has been linked, in part, to the vas-
cular protective properties of circulating concentrations

of estrogens [5]. Despite this beneficial role of estrogens,
animal models have demonstrated that estradiol can
promote vasoconstriction in the presence of diabetes
[20]. Present findings in healthy, premenopausal women
are consistent with previous reports that demonstrate
the increase in estradiol across the menstrual cycle is
accompanied by an improvement in vascular endothe-
lial function. However, this investigation is the first to
report, in humans, that endogenous production of estra-
diol contributes to lower endothelial function during
the late follicular phase of the menstrual cycle in pre-
menopausal women with type 1 diabetes, which is the
opposite response observed throughout the menstrual
cycle in healthy controls. Perhaps most important, the
increase in estrogen appears to coincide with increases
in TBARS, rather than a decrease in circulating concen-
trations of NO, which provides mechanistic insight into
the impaired FMD throughout the menstrual cycle in
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Table 3 Subgroup Patient Characteristics and Clinical Laboratory

Values
Variable HBC (+) HBC (-) p-value
(n=9) (n=9)
Demographics
Age (y) 25+7 23+3 0.308
Time Since Diagnosis (y) 1510 13£6 0.658
Height (cm) 166.3+7.5 163.9+69 0484
Weight (kg) 80.2+187 679+183 0177
BMI (kg/m?2) 290+64 252+59 0214
MAP (mm Hg) 91+7 90+6 0.949
Clinical Laboratory Values
CRP (mg/L) 48+43 80+11.7 0.466
TC (mg/dL) 192+42 179+29 0460
HDL (mg/dL) 70+22 63+18 0444
LDL (mg/dL) 95+33 97+32 0.867
TRIG (mg/dL) 103+67 67+23 0.152
TC/HDL ratio 3.0+12 3.0+09 0.947
HbA1c (%) 83+2.1 89+2.1 0.509
FBG (mg/dL) - M/P 142+60 132+67 0.731
FBG (mg/dL) - LF/A 158+53 158+70 0.988
Insulin (ulU/mL) - M/P 13+1.5 70+183 0.386
Insulin (ulU/mL) - LF/A 14+1.7 554145 0419
Estradiol (pg/mL) - M/P 1714 42+£31 0.041
(5-45) (12-114)
Estradiol (pg/mL) - LF/A 21+35 108 +64* 0.002
(5-112) (28-210)
LH (mIU/mL) - M/P 3+3(1-11) 5+3(1-9)  0.203
LH (mIU/mL) — LF/A 5£5(0-12) 14%9* 0.017
(3-34)
Progesterone (ng/mL) - M/P 0.2+0.1 05+04 0.149
(0.1-04) 0.1-13)
Progesterone (ng/mL) - LF/A  0.2+0.1 1.1+£22 0.262
(0.1-0.3) (0.1-7.0)

Data are presented as mean+SD (Range); independent samples t test. Bold
values indicate statistically significant differences between groups. *Significant
difference from Menses within group. BMI=Body Mass Index, MAP=Mean
Arterial Pressure, CRP=C-Reactive Protein, TC=Total Cholesterol, HDL=High-
Density Lipoprotein, LDL=Low-Density Lipoprotein, TRIG=Triglycerides,
HbAlc=Hemoglobin Alc, FBG=Fasting Blood Glucose, LH=Luteinizing
Hormone

type 1 diabetes. Further, FMD appears to be higher in
patients with type 1 diabetes who use HBC compared
to women with type 1 diabetes who do not use HBC.
Taken together, these findings suggest that endogenous
production of estradiol throughout the menstrual cycle
has a negative impact on vascular endothelial function
in women with type 1 diabetes, and the use of HBC may
help in mitigating the estrogen-mediated vascular dys-
function in this patient population.

The role of estradiol and oxidative stress on vascular
endothelial function in type 1 diabetes

In healthy women, an increase in estradiol can help
reduce oxidative stress and increase NO production,
which can increase NO bioavailability and facilitate
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vasodilation [10, 11]. In addition, estradiol also has
immuno-enhancing properties that can help promote
angiogenesis [27, 28]. Further, estradiol exerts addi-
tional benefits on cellular health by not only stimulating
the expression and activity of a wide array of antioxi-
dant enzymes [12], but also reducing pro-inflammatory
pathways through increases in anti-inflammatory pro-
cesses [29]. Taken together, the overall improvement of
endothelial function and vascular health that has been
observed across the menstrual cycle in healthy, pre-
menopausal women likely contributes to the substan-
tial decrease in CVD risk. The data from the present
investigation are consistent with previous reports that
have documented that improvements in vascular func-
tion coincide with increasing concentrations of estradiol
throughout the menstrual cycle in healthy women. How-
ever, this study demonstrates, for the first time, that the
estrogen-mediated improvement in vascular endothelial
function is lost in the presence of type 1 diabetes, a find-
ing that persists after controlling for baseline differences
in systemic inflammation (i.e., CRP) and BMI between
groups. Importantly, no differences in fasting blood glu-
cose or insulin were observed between menses and the
late follicular phase of the menstrual cycle in patients
with diabetes. Accordingly, these data support that acute
glycemic management and glycemic control are not
confounding the vascular and oxidative stress results.
Nonetheless, future studies are needed to specifically
determine if estrogens play a role on glycemic control
and overall vascular health in type 1 diabetes.
Experimental data using animal models of type 1 dia-
betes indicate that estradiol may also signal an increase
in oxidative stress and subsequent decrease in NO bio-
availability [20]. Indeed, data from the present investiga-
tion demonstrate an increase in oxidative stress across
the menstrual cycle only in women with type 1 diabe-
tes, albeit a similar increase in circulating NO (Fig. 2).
Although determining the mechanism for why estro-
gen increases oxidative stress in the presence of diabe-
tes is beyond the scope of this initial clinical study, free
radicals have a high affinity for NO and can reduce NO
bioavailability. Accordingly, the increase in NO that was
observed throughout the menstrual cycle, coupled with
the estrogen-mediated increase in oxidative stress dur-
ing the late follicular phase of the menstrual cycle in
patients with type 1 diabetes, results in a decrease in NO
bioavailability, ultimately causing endothelial dysfunc-
tion and an increase in CVD risk. Given that the effect
sizes for the between group comparisons are robust, and
the fact that every 1% reduction in FMD coincides with
a 9% increase in future risk of CVD [30], these data sug-
gest that premenopausal women with type 1 diabetes
have a transient increase in CVD risk of 18% during the
late follicular phase of the menstrual cycle compared
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main effect. Repeated measures ANOVA

to controls. Although the endothelial dysfunction may
be transient, repeated impairment in vascular func-
tion every menstrual cycle could explain the overall
higher CVD risk observed in women with type 1 diabe-
tes compared to men with type 1 diabetes. Importantly,

the vasodilatory response to sublingual nitroglycerin
was similar between groups (Fig. 1C), which suggests
that endothelial-independent vasodilation, or vascular
smooth muscle cell function, is preserved in type 1 dia-
betes, and the estrogen-mediated vascular dysfunction is
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Table 4 Parameters of the FMD test throughout the menstrual cycle in patients with Type 1 Diabetes HBC (+) and HBC (-)

Variable M/P LF/A

HBC (+) HBC (-) p-value HBC (+) HBC () p-value
Baseline diameter (cm) 0.281+£0.032 0.306+£0.027 0.091 0.285+0.029 0.307+0.027 0.122
Peak diameter (cm) 0.316+£0.035 0.334+£0.032 0.269 0315+0.032 0.325+0.028 0471
Shear (s~! AUC) 51,487 +20,264 52,242+22,526 0.941 59,852+18,080 45,892+18,158 0.122
FMD/Shear (%/s~' AUC) 0.262+0.087 0.186+£0.057 0.045 0.186+0.084 0.131+£0.057 0.125

Values are mean+SD. AUC=Area under the curve, FMD=Flow-mediated dilation. Bold values indicate between group significance at each menstrual cycle phase

indeed endothelial-cell dependent. Taken together, ther-
apeutic approaches to mitigate the estrogen-mediated
increase in oxidative stress in type 1 diabetes are war-
ranted to increase NO bioavailability and decrease over-
all CVD risk in response to endogenous production of
estradiol across the menstrual cycle.

Effects of HBC on vascular endothelial function and
oxidative stress in women with type 1 diabetes

The use of HBC is widely used, and their impact on CVD
risk has been a topic of debate. Although there are data
to demonstrate that HBC does not cause any apparent
increase in CVD risk [31], contrasting data in healthy
women indicate that the use of HBC may have negative
cardiovascular consequences [24]. In support of the lat-
ter, a 2.5 relative increased risk in CVD has been reported
in apparently healthy users of HBC [32]. The present
study utilized HBC to provide proof-of-concept of the
effects of suppressing endogenous production of estra-
diol on endothelial function in type 1 diabetes. In fact,
use of HBC can also suppress estrogen receptor activa-
tion and contribute to a reduction in NO-mediated vaso-
dilation via the non-genomic pathway [33], which has
the opposite response to the estrogen-mediated vasodi-
lation and improvement in endothelial function typically
observed during a normal menstrual cycle [14-18]. In
support, concentrations of estradiol observed in the pres-
ent study were overall lower at M/P in the HBC (+) group
compared to the HBC (-) group. This finding is consistent
with the concept that the use of HBC does not allow for
a complete rebound of endogenous production of estra-
diol from its suppression during the active pill phase [34].
Despite the previously reported adverse data in healthy
women, findings from the present investigation provide
the first evidence to demonstrate that HBC may confer
a benefit to vascular endothelial function in women with
type 1 diabetes.

In the current study, FMD was overall higher in women
with type 1 diabetes using HBC compared to those not
using HBC (Fig. 3B), albeit both groups exhibiting a
reduction in FMD from visit 1 (M/Placebo Pills) to visit
2 (LF/Active Pills). In fact, the higher FMD observed in
the HBC (+) group was similar to the value observed in
healthy controls (p=0.105, data not shown) suggesting
that HBC can potentially preserve endothelial function in

women with type 1 diabetes. Importantly, no differences
in fasting blood glucose or insulin were observed between
patients who use and do not use HBC. Indeed, oxidative
stress appears to increase over time in both the HBC (+)
and the HBC (-) groups; however, the percent increase
in TBARS was more than double that observed in the
HBC (-) group, providing further support to an estro-
gen-mediated increase in oxidative stress in the pres-
ence of diabetes. In addition, a two-fold greater increase
in NO concentration was also observed in the HBC (-)
group, compared to the HBC (+) group. Although the
greater increase in NO observed in the HBC (-) group
may be related to the increase in endogenous produc-
tion of estradiol, the estradiol-related increases in oxida-
tive stress observed in this group likely plays a key role
in reducing NO bioavailability and could provide insight
into the lower FMD observed in the HBC (-) compared
to the HBC (+) group. Nonetheless, given the increase
in oxidative stress in both groups, future studies are cer-
tainly needed to determine alternative mechanisms that
contribute to improvements in vascular health in patients
with type 1 diabetes using HBC. Although the current
study was unable to determine the exact mechanisms
by which HBC protects vascular endothelial function
in type 1 diabetes, the present data provide proof-of-
concept that endogenous production of estrogen may
play a negative role. It is important to note that both
groups exhibited a similar progesterone profile; how-
ever, the HBC (+) group did not have an increase in LH
during the LF/A visit as expected. Additionally, partici-
pants were taking a variety of oral HBC, and the results
are inclusive of all four generations together. Therefore,
future studies should investigate the differences between
each generation of HBC and how they individually affect
endothelial function. Although the LH surge can pro-
mote vasodilation in the ovarian vasculature [35], studies
are certainly warranted to determine the role of systemic
concentrations of LH on vascular health in type 1 dia-
betes. Further, there are data to support that the change
in FMD throughout the menstrual cycle may not be due
to the specific concentration during that phase. Rather,
the vascular protection from endogenous production of
estradiol may be due to the overall chronic cycling effect
of estrogens [14] throughout multiple consecutive men-
strual cycles. Although use of HBC prevents this cyclic
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pattern of sex-steroid hormone production, investiga-
tions that provide mechanistic insight into the higher
FMD observed in patients with type 1 diabetes who use
HBC are certainly warranted. Nonetheless, findings from
the present investigation support the idea that suppress-
ing circulating concentrations of endogenous estradiol
may offer a cardiovascular benefit in women with type 1
diabetes; however, future randomized clinical trials are
certainly warranted.

Experimental considerations

It is important to acknowledge the relatively small sam-
ple size used for the main and sub-group analysis in the
present study. Equally important; however, are the robust
effect sizes that are presented for the primary outcomes
in both analyses, which should reduce the potential con-
cern of a small sample size. Nonetheless, given that this
is the first study in humans to provide insight into the
negative role of estradiol on endothelial function in the
presence of diabetes, larger studies are certainly needed
to expand and confirm the reported findings. In addition,
the present investigation cannot determine cause and
effect, and the precise mechanistic impact of estrogens
on vascular health in type 1 diabetes remains elusive.
Importantly, FMD was the primary outcome of the pres-
ent investigation, and the present investigation was not
powered to detect differences in circulating biomarkers
of oxidative stress and/or concentrations of NO. In fact,
we acknowledge that circulating biomarkers may be diffi-
cult to interpret in some cases and may not always reflect
what is happening at the cellular level [14]. Nonetheless,
the present findings do provide some mechanistic insight
for the negative role of estrogen on oxidative stress in the
presence of diabetes. Future bench and back-to-bedside
mechanistic studies are certainly needed to elucidate
how estrogens increase oxidative stress and contribute
to impaired vascular health in the presence of diabetes.
Moreover, the present study was conducted in young
adult women with type 1 diabetes whose diabetes was
relatively well-controlled. Accordingly, whether increas-
ing age and advancing disease severity impacts estrogens
effects on vascular health could not be answered with the
present study and warrants further investigation.

Conclusion

In conclusion, present findings are consistent with previ-
ous reports that indicate that there is an increase in FMD
across the menstrual cycle in healthy, premenopausal
women. However, for the first time in humans, the pres-
ent investigation demonstrates that women with type 1
diabetes have an opposite response. Specifically, endog-
enous production of estradiol during the late follicular
phase of the menstrual cycle contributes to an increase
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in oxidative stress that is accompanied by a reduction in
FMD in women with type 1 diabetes. In addition, endo-
thelial function appears to be higher in women with type
1 diabetes who use HBC compared to those women with
type 1 diabetes who did not use HBC. These data sup-
port a negative role of estradiol on vascular function in
the presence of diabetes. Future investigations providing
treatment modalities that will reduce the estrogen-medi-
ated increase in oxidative stress and improve vascular
endothelial function in women with type 1 diabetes are
certainly warranted.
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