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Abstract

Vascular endothelial dysfunction may contribute to the increase in cardiovascular events during HIV-1 infection
and its treatment. Antiretroviral therapy (ART), metabolic factors, lipodystrophy, and HIV infection itself may
be involved. Ninety-six HIV-infected subjects were evaluated for endothelial function by measurement of bra-
chial artery flow-mediated dilation (FMD) by ultrasound, single-slice CT of the abdomen and mid-thigh, whole-
body dual x-ray absorptiomety (DXA) scans, and metabolic evaluations in a cross-sectional study. The median
age was 40 years; 28% were female, 38% black, 3% Hispanic, and 59% white. Forty-nine (51%) were receiving
ART, which included a PI in 28 (57%) and was non-PI based in 21 (43%). FMD (£SD) in subjects not on ART was
5.5 £4.3%, PI-ART 5.3 £ 3.6%, and non-PI-ART 5.5 £ 4.1% (p = 0.9). Age, race, CD4 cell count, and HIV RNA did
not correlate significantly with FMD. Among ART-treated subjects in the lowest tertile of thigh subcutaneous fat
area (range 3-31cm?), FMD was 4.4 +3.5% and in the highest tertile (range 67-237 cm®) FMD was 6.8 +3.6%
(p=0.07, t-test). However, in multivariate analyses, no body composition measure showed a significant asso-
ciation with FMD for either the group as a whole or in ART-treated subjects. ART use, PI use, CD4 cell count,
and HIV RNA levels were not associated with endothelial dysfunction by brachial FMD. A definitive association
with measures of adiposity was not detected in multivariate analysis, suggesting that lipoatrophy may not be an

important contributor to endothelial dysfunction in HIV-infected individuals on ART.

Introduction

C OMBINATION ANTIRETROVIRAL THERAPY for HIV infection
is associated with an increased risk of myocardial in-
farction, particularly with the use of HIV-1 protease inhibitors
(PIs)!* and possibly also the nucleoside reverse transcriptase
inhibitors abacavir’* and didanosine.® Prospective data sug-
gest that Pl-associated lipid disorders alone do not explain all
of this increased risk." Endothelial dysfunction is a critical
initial step of atherogenesis that contributes to the progression
and clinical manifestations of atherosclerosis.”” It is possible
that PI-related endothelial dysfunction may be responsible for
increased cardiovascular events under PI therapy that is not
merely due to Pl-associated lipid changes. Long-term use of
Pl-based antiretroviral regimens has been associated with
significant endothelial dysfumc’cion,8 but body composition
and insulin resistance variables were not measured in that
study. Conversely, in a prospective study of antiretroviral-
naive subjects, combination antiretroviral therapy (ART)

improved endothelial dysfunction over 24 weeks regardless
of the ART regimen used,’ suggesting that in the short term
ART improves HIV-associated endothelial dysfunction even
when PIs are used.

Four weeks of administration of the HIV-1 PI indinavir
significantly impaired endothelial function in healthy HIV-
uninfected subjects in three different studies.'®'* However,
indinavir is now seldom used in clinical practice and the
newer PIs atazanavir and the fixed-dose combination of
lopinavir-ritonavir had no effect on endothelial function in
healthy, HIV-uninfected subjects.'® Successful treatment of
HIV infection, in the short-term, improved endothelial func-
tion regardless of whether the PI lopinavir-ritonavir was
used.’ Furthermore, more contemporary studies in which few
subjects received indinavir have failed to confirm a role for PI-
containing antiretroviral regimens in endothelial dysfunc-
tion.™*

Factors other than PI use that may contribute to endothelial
dysfunction in HIV-infected patients include HIV infection
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itself,” treatment-associated lipid changes,*'* and the lipo-

dystrophy syndrome—possibly mediated by its association
with insulin resistance,>” lipid disorders,'*' a persistent
inflammatory state,'>'® or adipokine alterations.'®>* Physi-
cian-defined lipodystrophy was associated with an increased
risk of myocardial infarction in a recent large prospective
study.> However, formal body composition measures have
not been included in any study of endothelial function in HIV-
infected patients. In the present study, our primary objective
was to determine the relationship of formal body composition
measurements to endothelial dysfunction in a large cross-
section of HIV-infected subjects. Metabolic variables, markers
of inflammation, HIV disease indicators, and, in particular,
ART use and PI use were examined as potential explanatory
variables.

Materials and Methods
Subjects

A total of 96 subjects were enrolled between January 2006
and March 2007 (Table 1). Studies were approved by the
Indiana University-Purdue University and Clarian Health
Partners Institutional Review Board, and all volunteers gave
written informed consent. Subjects were recruited from local
primary HIV care clinics without regard to antiretroviral
use or signs of lipodystrophy. Antiretroviral use was se-
lected by individual practitioners in routine clinical care.
Major inclusion criteria included documented HIV infection,
age 18-65 years, and fasting serum glucose <126 mg/dl.
Major exclusion criteria included a history of diabetes mel-
litus, active untreated opportunistic infection, known car-
diovascular disease, uncontrolled hypertension, serum
creatinine more than two times the upper limit of normal,
liver aminotransferase level more than five times the upper
limit of normal, need for systemic cytotoxic chemotherapy,
current use of lipid-lowering medications, chronic systemic
glucocorticoids, and active drug or alcohol use or psychi-
atric illness expected to interfere with adherence to study
requirements.

Procedures

Subjects were studied as outpatients on the Indiana Uni-
versity General Clinical Research Center after an overnight
fast. Fasting blood samples were obtained for HIV disease
measures, hepatic function tests, complete blood count, and
metabolic and inflammatory variables. Then, a 2-h oral glu-
cose tolerance test (OGTT) was performed using a standard
75 g oral glucose load, with sampling at —10, -5, 30, 60, 90, and
120 min for glucose and insulin levels and to calculate area
under the curve (AUC). Blood tests were performed on the
day of ultrasound imaging and other imaging studies were
accomplished within 2 weeks.

Imaging studies. Single-slice CT of the abdomen at L4-5
was obtained for measurement of subcutaneous and visceral
fat areas in addition to psoas muscle attenuation® using
standardized techniques. Single-slice CT of the mid-thigh was
obtained at the radiographic midpoint of the femur on the
subject’s right side for measurement of subcutaneous fat area.
Whole-body dual x-ray absorptiometry (DXA) scans were
obtained with regional body composition analysis (Lunar
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DPX-L; Lunar Corp., Madison, WI, system software 4.6b).
Total limb fat was the sum of arm and leg fat mass. All im-
aging studies, measurements, and calculations were per-
formed by technicians who were unaware of subject’s
antiretroviral treatment status.

Brachial artery ultrasound. The primary outcome mea-
sure in this study was brachial flow-mediated dilation
(FMD). Brachial artery reactivity testing was performed
according to established guidelines.”® Measurements were
made after subjects rested supine for at least 10min in a
temperature-controlled (68-71°F) room during the morning
of the study visit. Subjects were instructed not to use
tobacco-containing products or eat or drink anything be-
sides water for 12h prior to the study. An Acuson CV70
ultrasound system with a 10-MHz linear-array vascular
probe was used to visualize the brachial artery 1-2 cm above
the antecubital fossa. FMD was estimated as the larger
percent increase in brachial artery diameter measured at
60 and 90 s after release of a blood pressure cuff (which had
been inflated to 250 mm Hg for 5min around the forearm)
compared to the resting baseline value. Fifteen minutes
after cuff deflation, 0.4 mg of sublingual nitroglycerin (NTG)
was administered; NTG-mediated dilation (NTGMD) was
estimated as the percent increase in brachial artery diameter
3 min after the administration of NTG compared to the pre-
NTG value. Brachial artery diameters were measured in
triplicate at end-diastole with digital calipers (AccessPoint
2004 software; Freeland Systems, Inc., Indianapolis, IN).
All ultrasound procedures were performed by a single
technician (J.S.W.), and all vascular measurements were
made by a single investigator (S.K.G.), who was unaware
of treatment group or body composition measurements.
The intraclass correlations for reproducibility for baseline
diameter and FMD measured in 12 healthy volunteers in
our laboratory under these conditions were 0.97 and 0.73,
respectively.

Metabolic studies. Glucose was assayed in real time by
the glucokinase method using a YSI apparatus (Yellow
Springs Instruments, Yellow Springs, OH). All other samples
were stored at —80°C until assayed in batch. Plasma insulin
was measured by a radioimmunoassay insensitive to proin-
sulin (Linco Research, St. Charles, MO). Total and high-
density lipoprotein (HDL) cholesterol and triglycerides were
measured by standard enzymatic techniques and low-density
lipoprotein (LDL) cholesterol levels were calculated using the
Friedewald formula when triglycerides were <400 mg/ di.%e
Non-HDL cholesterol was calculated as total cholesterol mi-
nus HDL cholesterol. Advanced lipoprotein testing was per-
formed by nuclear magnetic resonance spectroscopy [Otvos,
2000 #827] (NMR Lipoprofile) and high sensitivity C-reactive
protein was measured using an immunometric assay (DPC
Immulite 2000) on EDTA plasma at LipoScience (Raleigh,
NCQ). Plasma adiponectin, leptin, resistin, interleukin-6, solu-
ble tumor necrosis factor receptor type 2 (sTNFr2), total
plasminogen activator inhibitor antigen (PAI-1), soluble
intercellular adhesion molecule-1 (SICAM-1), soluble vascular
cell adhesion molecule-1 (sVCAM-1), and e-selectin were
performed by a multiplex radioimmunoassay (Pierce Bio-
technology, Woburn, MA).
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Statistical analysis

Continuous variables are summarized by mean and stan-
dard deviation and categorical variables are summarized by
frequency and percentage. Analysis of variance (ANOVA)
was used to compare continuous variables among different
groups and the chi-square test was used to compare cate-
gorical variables. We also employed the Wilcoxon rank-sum
and Fisher’s exact test in scenarios when the validity of AN-
OVA or chi-square test is of concern due to limited sample
size. Statistical significance was defined as p < 0.05. Correla-
tions between continuous variables were assessed by Pearson
and Spearman’s correlation coefficients. Three multiple re-
gression models were constructed to identify factors associ-
ated with FMD. In model 1, variables that were found to be
statistically significant in the study by Stein et al. B namely sex,
baseline brachial artery diameter, heart rate, systolic blood
pressure, and type of ART (PI, non-PI, or not on drug), were
included. In model 2, body fat measures and insulin AUC
(variables that were not studied by Stein et al. 8) were added to
model 1 individually to ascertain the potential association of
body composition and insulin sensitivity to FMD. In model 3,
all other inflammatory markers, adipokines, and endothelial
activation variables that were associated with FMD with a
univariate p-value of <0.1 were added individually to model
1. All three models were performed for the study group as a
whole and for the group receiving ART. For all three models
we included sex, baseline diameter, baseline heart rate,
baseline systolic pressure, and type of drug regimen (PI, non-
PI, not on drug). All analyses were performed with the SAS
version 9.1 (SAS Institute, Cary, NC).

Results

Subject demographics and HIV disease variables are
shown in Table 1 for the group as a whole, for those not
currently receiving ART (N = 47), for those currently receiving
an ART regimen containing a PI (N =28), and for those cur-
rently receiving an ART regimen not containing a PI (N =21).

DUBE ET AL.

Among the subjects not receiving ART, 35 (75%) had never
received ART and 12 (25%) had prior ART experience (me-
dian time off of ART 31 months, range 7-144 months). Current
ART use is listed in Table 2. Subjects receiving a Pl-based
regimen had a significantly shorter total duration of ART than
those receiving a non-Pl-based regimen (31 months vs. 52
months, respectively, p=0.002). Brachial artery diameter,
NTGMD, and maximal FMD did not differ by treatment
group (Table 1). Among the 11 subjects who received abaca-
vir, FMD was not different from the subjects not treated with
abacavir. No subject was receiving didanosine.

Glucose metabolism

Insulin sensitivity estimated by HOMA-IR and by the in-
cremental AUC for insulin levels during the 2-h OGTT did not
differ between treatment groups (Table 1).

Lipids and lipoproteins

Subjects receiving either a Pl-based regimen or a non-PI-
based regimen had similar total cholesterol, LDL cholesterol,
and non-HDL cholesterol levels, but both groups were signifi-
cantly higher than subjects not receiving drugs (Table 1). Tri-
glyceride levels were not different between the groups. HDL
cholesterol levels were higher in the subjects who received
non-Pl-based regimens compared to those not on drug or on PI-
based regimens. Advanced lipoprotein testing by NMR Lipo-
profile showed results generally consistent with standard lipid
testing (data not shown). The total number of LDL particles was
similar in all groups while LDL size was greater in the non-PI
group (21.2 +£1nm) compared to the untreated and PI-treated
groups (20.5 £ 0.7 nm for both, p =0.003).

Adipokines, vascular, and inflammatory markers

Subjects receiving either a PI-based regimen or a non-PI
based regimen had significantly lower levels of sTNFr2 and
sVCAM-1 compared to subjects not receiving ART. All other
variables were similar between treatment groups (Table 1).

TABLE 2. CURRENT ANTIRETROVIRAL TREATMENT

All treated subjects

Nonprotease

Protease inhibitor-based inhibitor-based

(N=49) regimens (N =28) regimens (N =21)
N (%) N (%) N (%)
Nucleoside reverse transcriptase inhibitors
Abacavir 11 (22%) 6 (21%) 5 (24%)
Emtricitabine 12 (24%) 9 (32%) 3 (14%)
Lamivudine 28 (57%) 15 (54%) 13 (62%)
Stavudine 2 (4%) 1 (4%) 1 (5%)
Tenofovir 20 (41%) 13 (46%) 7 (33%)
Zidovudine 21 (43%) 11 (39%) 10 (48%)
Protease inhibitors
Atazanavir 6 (12%) 6 (21%) 0
Fosamprenavir 2 (4%) 2 (7%) 0
Lopinavir-ritonavir 20 (41%) 20 (71%) 0
Nelfinavir 5 (10%) 5 (18%) 0
Ritonavir-boosted PI 20 (41%) 20 (71%) 0
Nonnucleoside reverse
transciptase inhibitors
Efavirenz 19 (39%) 0 19 (91%)
Nevirapine 1 (2%) 0 1 (5%)
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TABLE 4. UNIVARIATE CORRELATIONS OF MAXIMUM
PERCENT FLOW-MEDIATED DILATION (FMD,,,.,) WITH
DemoGraprHIC, METABOLIC, BODY COMPOSITION, AND HIV
DiSEASE VARIABLES —SUBJECTS RECEIVING ART, N =49

TABLE 3. UNIVARIATE CORRELATIONS OF MAXIMUM
PERCENT FLOW-MEDIATED DILATION (FM,.x) WITH
DemocGrarHIC, METABOLIC, BODY COMPOSITION, AND
HIV DiseasE VARIABLES—ALL SUBJECTS N =96

N with N with
available  Pearson available Pearson
Variable® data r p Value  Variable® data r p Value
Age 94 —0.01 0.94 Age 48 —-0.05 073
Height 94 —-0.36 0.0003 Height 48 -026  0.08
Weight 94 —-0.05 0.60 Weight 48 0.07  0.62
Body mass index 94 0.14 0.19 Body mass index 48 024 011
Subjective 88 0.04 0.69 Duration on ART 48 015 0.29
loss of facial fat Cumulative 48 -0.05 074
Subjective 89 0.19 0.07 time on thymidine analogs
gain of bel{y fat Subjective loss of facial fat 48 -0.04 0.80
Current CD4 93 —0.10 0.34 Subjective gain 45 0.09 0.56
cell count of belly fat
Nadir CD4* 91 —0.16 0.14 Current CD4* 47 020 0.18
cell count cell count
HIV RNA 88 —0.02 0.83 Nadir CD4™" 45 -029  0.05
Limb fat mass (DXA) 94 0.08 0.43 cell count
Trunk fat mass (DXA) 88 0.07 0.48 HIV RNA 44 —-0.12 046
Limb fat/total 94 —0.11 0.30 Limb fat mass (DXA) 48 027 0.06
body fat % (DXA) Trunk fat 46 0.09 0.21
Total body lean 94 —0.25 0.02 mass (DXA)
mass (DXA) Limb fat/total body 48 0.18 0.22
Visceral fat area (CT) 89 0.06 0.55 fat % (DXA)
Abdominal subcutaneous 89 0.18 0.10 Total body lean 48 -019 021
fat area (CT) mass (DXA)
Thigh subcutaneous 88 0.19 0.07 Visceral fat 45 013 039
fat area (CT) area (CT)
Systolic blood pressure 63 0.14 0.26 Abdominal subcutaneous 45 023 013
Diastolic blood pressure 63 0.08 0.55 fat area (CT)
Baseline brachial 94 —041 <0.0001 Thigh subcutaneous 44 029  0.06
artery diameter fat area (CT)
Total cholesterol 88 —0.02 0.87 Systolic blood pressure 37 0.35  0.03
Triglycerides 93 0.07 0.52 Diastolic blood pressure 37 014 042
LDL cholesterol 87 0.02 0.88 Baseline brachial artery diameter = 48 -0.33  0.02
HDL cholesterol 88 —0.01 0.92 Total cholesterol 44 —-0.11 048
LDL particle number 91 0.03 0.78 Triglycerides 47 0.02  0.90
LDL particle size 91 —0.08 0.47 LDL cholesterol 44 002 092
HDL particle number 91 0.00 0.99 HDL cholesterol 44 0.02 092
HDL particle size 91 0.03 0.78 LDL particle number 48 —-0.02 092
Adiponectin 91 —-0.07 0.49 LDL particle size 48 0.00 099
Leptin 91 0.20 0.05 HDL particle number 48 -0.03  0.85
Resistin 91 -0.05 0.67 HDL particle size 48 010 048
Plasminogen activator 91 0.03 0.55 Adiponectin 48 010 048
inhibitor-1 Leptin 48 0.28  0.06
Soluble tumor necrosis factor 91 —0.04 0.68 Resistin 48 013  0.39
receptor-2 Plasminogen 48 0.21 0.15
Interleukin-6 91 0.03 0.76 activator inhibitor-1
High sensitivity 89 0.10 0.36 Soluble tumor 48 019  0.20
C-reactive necrosis factor receptor-2
protein Interleukin-6 48 -0.08 057
Vascular cell 91 -0.13 0.20 High sensitivity 47 -0.01 095
adhesion molecule-1 C-reactive protein
E-selectin 91 —-0.10 0.33 Vascular cell adhesion 48 -0.02  0.90
Fasting plasma glucose 88 0.05 0.63 molecule-1
Two-hour insulin 92 0.25 0.02 E-selectin 48 013 039
area under the curve Fasting plasma glucose 44 022 0.16
Two-hour insulin 47 0.38  0.07

“LDL, low-density lipoprotein; HDL, high-density lipoprotein.
Bold represents those variables with p value of <0.1 that are used

in multivariable models.

area under the curve

“LDL, low-density lipoprotein; HDL, high-density lipoprotein.
Bold represents those variables with p value of <0.1 that are used

in multivariable models.
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Association of variables with FMD

In univariate analyses shown in Tables 3 and 4, brachial
artery diameter correlated negatively with maximal FMD in
all subjects (Table 3) and in ART-treated subjects (Table 4), as
expected. Height correlated strongly with maximal FMD for
the group as a whole. Greater insulin area under the curve
(consistent with a greater degree of insulin resistance) unex-
pectedly correlated with greater FMD in the whole group and
in ART-treated subjects.

In ART-treated subjects, thigh subcutaneous fat area and
DXA limb fat mass had borderline univariate correlations
with maximal FMD (Pearson r=0.29 and 0.27, respectively,
p=0.06 for each). Among ART-treated subjects in the lowest
tertile of thigh subcutaneous fat area (range 3-31 cm?), FMD
was 4.4+3.5% and in the highest tertile (range 67-237 cm?)
FMD was 6.8 £3.6% (p =0.07, t-test, Fig. 1).

In multivariate analysis model 1, only baseline brachial
artery diameter was significantly associated (positive corre-
lation), whereas sex, heart rate, systolic blood pressure, and
type of drug (PI, non-PI, not on drug) were not associated
with FMD. After adding the nadir CD4 cell count to model 1,
nadir CD4 is not significant (p=0.35). In model 2, limb fat
mass, trunk fat mass, limb fat/total body fat percentage, total
body lean mass, visceral fat area, thigh subcutaneous fat area,
and insulin AUC from OGTT were each added to the model
individually. No body composition measures were associated
with FMD. Limb fat/total body fat percentage (p=0.09,
negative correlation) and insulin AUC (p=0.05, positive
correlation) were marginally associated with FMD. In model
3, no other metabolic, inflammatory, vascular, or HIV disease
variables were associated with FMD.

Discussion

Recent data from the large multinational cohort D:A:D
study suggest that a physician diagnosis of lipodystrophy
was associated with an increased incidence of myocardial

DUBE ET AL.

infarction.®> Detailed measurements of regional body fat,
however, were not performed in that study. Our data sug-
gested a possible relationship between fat distribution and
endothelial function measured by FMD, but on multivariate
analysis no measure of body composition by CT or DXA was
independently associated. It is possible that a significant as-
sociation of limb fat loss and endothelial dysfunction would
have been detected with a greater sample size or with mea-
surement of longitudinal changes over time. Fat distribution
pattern may present an avenue for further exploration in HIV
lipodystrophy-associated cardiovascular risk.

A large variety of metabolic, inflammatory, lipid, and HIV
disease variables were examined in the current study and
similar to the results of others”'* no single laboratory measure
was strongly correlated with endothelial function. A recent
study found a potential association between heightened cir-
culating inflammatory markers and markers of endothelial
activation,?” but our study using brachial FMD showed no
such associations with inflammatory markers. Indeed, we did
not show a correlation of circulating markers of endothelial
activation with our physiologic measure of endothelial func-
tion. We speculate that circulating markers may not reliably
reflect physiologic function in HIV-infected patients. It is
possible that the local inflammatory processes in the vessel
wall that lead to impaired endothelial function in HIV are
associated with circulating marker changes that are over-
whelmed by systemic production of inflammatory markers.
Indeed, our group demonstrated that brachial FMD improved
significantly in HIV-infected subjects treated with the antiin-
flammatory agent salsalate, in spite of no improvement in
circulating inflammatory markers.?®

We were unable to confirm a role for the PI class in inducing
endothelial dysfunction. Human data®'*'? and experimental
models* > have implicated PIs as a cause of endothelial
dysfunction. The mechanism appears to include impaired
nitric oxide bioavailability.'**° Stein and colleagues® docu-
mented dyslipidemia and severe endothelial dysfunction in a

FMD %
i

3-31 em2

FIG. 1.
(N =44). p=0.07 across groups, t-test.

31-62 cm2

67-237 em2

Percentage flow-mediated dilation (+SD) by tertile of mid-thigh subcutaneous fat area among ART-treated subjects
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cross-sectional observational study of subjects who received
long-term Pl-based ART (mean 70 total months, which
included 31 months on a PI), but not in those treated for HIV
without a PI. Importantly, half of their Pl-treated subjects
received the P indinavir.? Interestingly the PI-treated subjects
in that study tended to have greater waist-to-hip ratios and
BMI (p=0.09 and p=0.07, respectively), suggesting that
lipodystrophy may have been more prevalent among the PI-
treated subjects, although formal measurements of adiposity
were not performed.® More contemporary studies in which
few subjects received indinavir have failed to confirm a role
for Pl-containing antiretroviral regimens in endothelial dys-
function' or endothelial activation.”” In fact, there was a
nonsignificant trend for better endothelial function measured
by brachial FMD among subjects receiving PIs (predomi-
nantly nelfinavir and lopinavir-ritonavir) in the study of
Solages and colleagues.'* Similarly, use of the PI lopinavir-
ritonavir was the strongest predictor of better endothelial
function by brachial FMD in a small cross-sectional study.**

Although not all PIs have been examined in this manner, in
studies in healthy subjects only indinavir has been implicated
as a cause of endothelial dysfunction'®™? and thus this effect
may be agent specific. When studied in a manner similar to
indinavir in healthy subjects, the PIs atazanavir and lopinavir-
ritonavir do not cause endothelial dysfunction.'®> Consistent
with our results, lopinavir-ritonavir administration to six
healthy subjects for 4 weeks actually led to nonsignificant
percentage increases in endothelium-dependent vasodila-
tion.” In experimental models only indinavir and ritonavir
have been consistently implicated in endothelial dysfunction.
As is the case with glucose and lipid metabolism effects,'”
different PIs appear to have divergent effects on endothelial
function. As such, any potential effects of antiretroviral
medications on endothelial function must be individually
assessed rather than attributed as a class effect.

In conclusion, we did not find that measures of fat distri-
bution, measures of insulin resistance, adipokines, or circu-
lating markers of inflammation and endothelial activation
were associated with physiologically measured endothelial
function in HIV-infected patients. Additional study is needed
to understand the underlying mechanisms for HIV-related
endothelial dysfunction.
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