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Abstract
Mitochondrial dysfunction may contribute to the development of insulin resistance and type 2
diabetes. Nucleoside reverse transcriptase inhibitors (NRTIs), specifically stavudine, are known to
alter mitochondrial function in human immunodeficiency virus (HIV)-infected individuals, but the
effects of stavudine on glucose disposal and mitochondrial function in muscle have not been
prospectively evaluated. In this study, we investigated short-term stavudine administration among
healthy control subjects to determine effects on insulin sensitivity. A secondary aim was to
determine the effects of stavudine on mitochondrial DNA (mtDNA) and function. Sixteen
participants without personal or family history of diabetes were enrolled. Subjects were
randomized to receive stavudine, 30 – 40 mg, twice a day, or placebo for 1 mo. Insulin sensitivity
determined by glucose infusion rate during the hyperinsulinemic euglycemic clamp was
significantly reduced after 1-mo exposure in the stavudine-treated subjects compared with placebo
(−0.8 ± 0.5 vs. +0.7 ± 0.3 mg· kg−1 · min−1, P = 0.04, stavudine vs. placebo). In addition, muscle
biopsy specimens in the stavudine-treated group showed significant reduction in mtDNA/nuclear
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DNA (−52%, P = 0.005), with no change in placebo-treated subjects (+8%, P = 0.9). 31P magnetic
resonance spectroscopy (MRS) studies of mitochondrial function correlated with insulin
sensitivity measures (r2 = 0.5, P = 0.008). These findings demonstrate that stavudine
administration has potent effects on insulin sensitivity among healthy subjects. Further studies are
necessary to determine whether changes in mtDNA resulting from stavudine contribute to effects
on insulin sensitivity.
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Recent data suggest that mitochondrial dysfunction precedes the development of diabetes in
insulin-resistant offspring of patients with type 2 diabetes mellitus (DM) (15). Resistance to
insulin action at the skeletal muscle is the earliest abnormality in such patients. Evaluation
of gene expression in muscle samples from individuals with type 2 DM and impaired
glucose tolerance has identified alterations in several genes involved in mitochondrial
oxidative phosphorylation (12, 14). For example, both peroxisomal proliferator activator
receptor-γ coactivator (PGC1) and nuclear respiratory factor (NRF) are reduced in
prediabetic and diabetic human muscle tissue. These data suggest that both individuals with
diabetes and those in the prediabetic state without the clinical effect of hyperglycemia show
diminished gene expression of elements essential for the mitochondrial respiratory chain
oxidative phosphorylation.

Animal and human models of DM suggest that mitochondrial dysfunction is significantly
related to the development of insulin resistance. Analysis of the muscle tissue from the
insulin-resistant obese ob/ob mice compared with thin ob/+ littermates revealed a reduction
in the expression of a subunit of mitochondrial ATP synthase (20). In addition, data from
Kelley et al. (6) and others (1, 19) have shown a reduction in mitochondrial size, number,
and activity associated with a reduction in insulin-stimulated glucose disposal. Petersen et
al. (15) demonstrated a 30% decrease in mitochondrial oxidative phosphorylation and an
80% increase in intramyocellular lipid content in insulin-resistant lean adult relatives of
patients with type 2 DM, suggesting that a decrease in mitochondrial function leads to
decreased lipid oxidation, increased intramyocellular lipid (IMCL) accumulation, and
insulin resistance.

Nucleoside reverse transcriptase inhibitors (NRTIs) have been shown to impair
mitochondrial function by molecular quantification and functional assay in individuals
infected with human immunodeficiency virus (HIV) (5, 9). Cote et al. (3) demonstrated a
68% reduction in mitochondrial DNA (mtDNA)/nuclear DNA levels in peripheral white
blood cells from NRTI-treated patients. Several investigators have demonstrated a reduction
in mtDNA copies per cell in fat biopsies from HIV-infected patients treated chronically with
NRTIs (13, 22). Moreover, a recent investigation of NRTI administration in healthy non-
HIV-infected patients demonstrated significant inhibitory effects on mitochondrial gene
expression in fat after 2 wk of combined NRTI therapy (10). Other studies have suggested
that respiratory chain activity, an index of mitochondrial function, is reduced in
lipodystrophic patients receiving NRTIs (23). The effects of NRTIs, specifically zidovudine
(AZT), have also been shown using 31P magnetic resonance spectroscopy (MRS) in vivo.
Steady-state exercise resulted in a greater depletion in gastrocnemius muscle
phosphocreatine in the AZT-treated patients compared with non-AZT-treated HIV-infected
patients and healthy controls (18).
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Although prior studies suggest a potent effect of NRTIs on mitochondrial function in
peripheral blood mononucleated cells (PBMCs) and adipocytes, these studies have neither
investigated insulin resistance and glucose disposal nor prospectively investigated the
effects of NRTIs on mitochondrial function in muscle. In addition, the role of NRTIs may be
confounded by HIV itself, other causes of insulin resistance, and metabolic abnormalities.
For example, Reeds et al. (16) demonstrated reduced mtDNA in muscle among HIV-
infected patients compared with non-HIV-infected patients, independent of treatment status,
in a recently reported cross-sectional study. In contrast, administration of such agents to
healthy subjects may be a useful model to prospectively determine the effects of
mitochondrial dysfunction on insulin resistance, independent of confounding factors such as
family history of DM, hyperglycemia, and related metabolic disorders. The current study
was therefore designed to prospectively investigate the hypothesis that NRTI-induced
altered mitochondrial function leads to insulin resistance, using a randomized, double-
blinded, placebo-controlled design in healthy non-HIV-infected patients. Mitochondrial
function was evaluated by both mtDNA quantitation in muscle biopsy and phosphocreatine
recovery with the use of 31P-MRS to investigate the relationship of mitochondrial function
to insulin sensitivity.

METHODS
Study Design

The single-site placebo-controlled study was approved by the Partners (Massachusetts
General Hospital) and the Massachusetts Institute of Technology (MIT) Institutional Review
Boards. Written informed consent was obtained from all participants, and the investigation
was conducted according to the principles of the Declaration of Helsinki. Participants were
recruited by local advertisements over a 1-yr period from April 2005 to April 2006. All
participants were healthy individuals, aged 20–55 yr old, without chronic medical illness,
and with a body mass index (BMI) between 18 and 27 kg/m2. Participants were excluded for
a history of anemia or renal or liver disease; personal or family history of DM; or
hyperinsulinemia, impaired fasting glucose, glucose intolerance, or diabetes based on a 2-h
oral glucose tolerance test. The use of medications known to alter glucose metabolism,
significant alcohol use, pregnancy, or lack of a barrier contraceptive method were also
exclusion criteria.

After signing consent, all qualified participants underwent a screening evaluation, which
included a complete medical and family history, physical examination, baseline laboratory
testing of complete blood count, liver and renal function, insulin, lipid panel, lactate, and
HIV antibody status. In addition, baseline and 2-h post-75-g glucose load glucose values
were obtained. Participants were enrolled in the baseline evaluation if they were found to
have normal glucose tolerance and were without laboratory abnormalities.

Baseline evaluation included repeat fasting laboratory studies, hyperinsulinemic-euglycemic
clamp to evaluate insulin sensitivity, muscle biopsy for mitochondrial analysis, 31P-MRS
studies to evaluate mitochondrial function via phosphocreatine recovery rates, 1H-MRS
studies to evaluate intramyocellular lipid content, and densitometry for body composition. In
addition, activity questionnaires were completed. Participants were subsequently
randomized to receive stavudine at the standard therapeutic dose of 30 – 40 mg twice daily,
depending on baseline weight, or matching placebo for 1 mo. Weekly safety and compliance
visits were completed. An end-of-study visit at 1 mo was performed, repeating the
procedures from the baseline visit. Randomization was blinded to subjects and investigators.
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Hyperinsulinemic Euglycemic Clamp
A primed infusion of regular insulin (40 mU × m2 × min−1) was given over 2 h. The priming
dose (200 mU × m2 × min−1) was for 2 min. A variable infusion of 20% dextrose was used
to maintain plasma glucose concentrations at the euglycemic value of 5 mmol/l (90 mg/dl).
Arterialized blood samples collected from a retrograde IV catheter in a warmed hand vein
were obtained for blood glucose determinations every 10 min during the 30 min before the
insulin infusion and every 5 min during the 2-h clamp. The analysis of the glucose infusion
rate, GIR (mg· kg−1 · min−1 of glucose infusion), was performed during the final hour of the
clamp procedure. We did not specifically investigate hepatic insulin resistance and do not
know the effects of stavudine on hepatic glucose production.

Muscle Biopsies
Muscle biopsies of the nondominant vastus lateralis were performed by a physician with
extensive experience in the percutaneous needle biopsy technique (4). The procedure was
performed using sterile technique and local xylocaine. Samples of ~100 mg of muscle were
obtained, and aliquots were stored frozen for DNA analysis. Both biopsies were done in the
same anatomic location and performed after the euglycemic hyperinsulinemic clamp had
been completed.

mtDNA Analysis
Muscle tissue was immediately frozen and stored at −80°C. Whole blood was collected in
CPT tubes (Becton Dickenson), and the PBMCs were washed several times at low speed
(300 g) to eliminate platelets before being stored frozen until used. Total DNA was extracted
using the QIAAmp DNA tissue kit with an overnight lysis step for muscle tissue or the
QIAAmp DNA kit for the PBMCs. The mtDNA-encoded COX1 gene was quantified, while
the accessory subunit of the polymerase-γ gene (ASPG) was amplified for the nuclear DNA
quantification, as described elsewhere (3). The assay was modified to include a plasmid-
based standard curve, and each gene was quantified by real-time PCR on a Roche
Lightcycler 480. Quantification of mtDNA in tissue samples and peripheral blood was
reported as the ratio of mtDNA to nuclear DNA.

31P-MRS Protocol
Mitochondrial function was determined using 31P-MRS to assess phosphocreatine
resynthesis following exercise. 31P-MRS was performed at the Massachusetts General
Hospital NMR Center using a 45-cm bore, Siemens 3.0 T magnet, with a 31P operating
frequency of 49.879 MHz. 31P spectra were obtained every 2 s over a 10-min period.
Maximum voluntary contraction (MVC) for the quadriceps was determined before
commencement of the exercise protocol, based on the maximum weight that could be lifted.
The exercise protocol consisted of 2 min of rest, followed by 3 min of repetitive bilateral
quadriceps contractions, lifting a predetermined, individualized load (30 – 40% MVC),
followed by 5 min of recovery. To standardize the protocol, subjects performed knee
extensions at a constant frequency of 0.5 Hz (every 2 s) during the 3 min of exercise.
Mitochondrial function was determined from the 31P-MRS by plotting the phosphocreatine
(PCr) peak integrated area vs. time during exercise recovery. The PCr recovery curves were
fit by a single exponential function to determine the recovery time constant (τPCr).
Intracellular pH (pHi) was calculated by comparing the chemical shift difference between
the PCr and inorganic phosphate (Pi) peaks in ppm, using the following equation: pHi = 6.85
+ log[(δ − 3.56)/(5.64 − δ)]. pHi determined at the start of the recovery phase immediately
postexercise did not differ between study days for patients with paired data available at
baseline and end of study. For validation, the linear slope of the PCr recovery curve in the
immediate postexercise period, during which the pH does not change significantly, was
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calculated using τPCr/3 as the time window duration. 31P-MRS spectroscopy could not be
performed on all subjects, as a software upgrade required the scanner to come off-line before
the study finished.

Dual X-Ray Absorptiometry
Whole body DEXA was performed using a Hologic QDR-4500 densitometer to determine
total body and regional fat and lean body mass.

1H-MRS and MRI Scanning
MRS of calf muscles was performed for determination of lipid concentrations in skeletal
muscle at the baseline and 1-mo visits. Scans were performed using a 1.5 Tesla system
(Signa LX, version 12.0; GE Medical Systems, Milwaukee, WI). 1H-MRS of tibialis anterior
and soleus muscles was performed after 8-h overnight fasting. Subjects were positioned feet
first in the magnet bore, and the right calf was placed in a standard radiofrequency transmit
and signal receive quadrature extremity coil. A triplane gradient echo localizer pulse
sequence with echo time (TE) of 1.6 ms and repetition time (TR) of 54.0 ms and axial T1-
weighted images (TR, 700 ms; TE, 14 ms; slice thickness, 4 mm; interslice gap, 1 mm) of
the calf was performed for voxel placement. The first axial slice was always placed at the
level of proximal fibular tip. Single-voxel MRS data were acquired using point-resolved
spatially localized spectroscopy (PRESS) pulse sequence with TE of 25 ms, TR of 3,000 ms,
32 acquisitions, and 8 number of excitations (NEX). In all cases, a 3.4-ml voxel was placed
on the largest cross-sectional area of the muscle, avoiding visible interstitial tissue, fat, or
vessels. To ensure consistent positioning in follow-up examination, the axial slice used for
voxel placement (counted from proximal fibular tip) was annotated in a logbook and screen-
captured with voxel overlays and x-y coordinates. Fitting of all 1H-MRS data was performed
using LCModel software (version 6.0-2, Stephen Provencher; Oakville, ON, Canada)
running on a Linux (Red Hat, Raleigh, NC) workstation. Metabolite quantification was
performed using eddy current correction and water scaling. The signal corresponding to
IMCL (1.3 ppm) methylene protons was automatically scaled to unsuppressed water peak
(W) (4.7 ppm), with values being expressed in institutional units (IU). Data for IMCL and
extramyocellular lipid (EMCL) are reported for the tibialis anterior {[T(IMCL/W)],
[T(EMCL/W)]} and the soleus {[S(IMCL/W)], [S(EMCL/W)]} muscles.

Axial T1-weighted single slices of the abdomen (at the level of L4 pedicle) and midthigh
(half-distance between acetabulum and medial femoral condyle) were obtained using a
water-suppressed fast spin-echo pulse sequence (TR 350 ms; TE 17.8 ms; echo train of 4;
5122 matrix; 1 NEX; 10-mm slice thickness; 40-cm field of view). The areas of visceral,
abdominal subcutaneous, and midthigh subcutaneous fat were determined using graphic
analysis software and expressed in square centimeters (Accuview, version 3.130;
AccuImage Diagnostics, San Francisco, CA).

Assays
Assays were performed at the MIT General Clinical Research Center (GCRC) core
laboratory facility. Serum insulin was measured using radioimmunoassay (RIA; Diagnostic
Products, Los Angeles, CA). Intra-assay and interassay coefficients of variation (CVs) range
from 3.1 to 9.3% and from 4.9 to 10.0%, respectively. TNF-α was measured by enzyme
immunoassay (R&D Systems, Minneapolis, MN) with intra-assay and interassay CVs of
±6.7 and ±13.4%, respectively, and a sensitivity of 1.2 pg/ml. Adiponectin was measured
using an RIA (Linco Research, St. Charles, MO). Intra-assay and interassay CVs range from
1.78 to 6.21% and from 6.90 to 9.25%, respectively. Serum leptin levels were determined
using an RIA kit (Linco Research; intra-assay CV, 3.4%; interassay CV, 3.0 – 6.2%;
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sensitivity, 0.5 ng/ml). Serum glucose, lipids, and chemistries were measured using standard
methodologies.

Statistical Analysis
Statistical analyses were performed using JMP SAS-based software. Student t-tests and
ANOVA were utilized to detect differences between placebo and stavudine-treated
participants, with a two-sided P value of <0.05 considered to indicate statistical significance.
Paired t-tests were performed for within-group changes. Data are expressed as means ± SE
unless otherwise indicated. For the GIRs, a single outlier who improved by >3 mg· kg−1 ·
min−1 was excluded from the analysis.

RESULTS
Subject Characteristics

Sixteen participants completed the baseline evaluation, and fifteen completed the 1-mo
study period. Ten women and six men, with a mean age of 31.3 ± 2.4 yr and a mean BMI of
22.9 ± 0.5 kg/m2, were enrolled (Table 1). Two participants were African American, one
was Asian, and thirteen were Caucasian. Participants had normal lipid profiles, glucose and
insulin values, liver function, and renal function at baseline. None of the subjects had
hypertension. Hyperinsulinemic-euglycemic clamp procedures were performed during the
baseline evaluation and demonstrated normal insulin sensitivity with a mean GIR during the
final hour of the clamp procedure of 8.0 ± 0.7 mg· kg−1 · min−1. Insulin sensitivity, body
composition, and mitochondrial content and function did not differ between the groups at
baseline.

Response to Stavudine
Insulin sensitivity—Insulin sensitivity was assessed by hyper-insulinemic-euglycemic
clamp. The majority of stavudine-treated participants had a reduction in insulin sensitivity at
the 1-mo time point. The change in GIR was significantly different between the groups over
this time period (−0.8 ± 0.5 vs. +0.7 ± 0.4 mg· kg−1 · min−1, P = 0.04, stavudine vs.
placebo, respectively; Fig. 1). When correcting for lean body mass, similar results were
obtained (−1.0 ± 0.7 vs. 1.0 ± 0.6 mg· kg lean−1 · min−1, stavudine vs. placebo, P = 0.056).
Individual data in all patients, pre- and poststavudine vs. placebo, are shown (Fig. 1).
Corresponding mean insulin levels during the clamp procedure are shown. There was no
difference in insulin levels between groups at baseline and the end of the study by
MMANOVA (Fig. 2). Normal insulin levels are defined as <15 μIU/ml, based on the 90th
percentile of available Framingham data (personal communication, Dr. James Meigs,
Massachusetts General Hospital, Boston, MA). Corresponding values for M/I (glucose
disposal adjusted for insulin) were − 0.03 ± 0.03 mg· kg−1 · min−1 · insulin−1 for stavudine
and +0.01 ± 0.01 mg· kg−1 · min−1 · insulin−1 for placebo.

Mitochondrial quantification—All the stavudine-treated participants showed a
reduction in mtDNA content in muscle biopsies. The stavudine-treated participants showed
a 52% reduction in mtDNA/nuclear DNA after the 1-mo study period, while the placebo-
treated participants showed a mean 8% increase. The change within the stavudine-treated
group was statistically significant (P = 0.005), whereas this was not the case among the
placebo-treated patients (P = 0.9) (Fig. 3). The change in mitochondrial quantification in
muscle biopsy tissues correlated with the change found in blood PBMCs (r2 = 0.6, P =
0.03), although the comparisons of mitochondrial changes in the PBMCs did not reach
statistical significance. The change in mtDNA was not significantly related to change in GIR
(r = 0.47, P = 0.24).
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31P-MRS studies—Data from spectroscopy studies were analyzed for PCr recovery.
Fifteen spectroscopy studies were performed on nine participants. Six participants had
completed studies at both the baseline and 1-mo visits. The PCr recovery period showed a
significant negative correlation to the measurement of insulin sensitivity by
hyperinsulinemic-euglycemic clamp during the final hour of the procedure (GIR = mg· kg−1

· min−1; time, 60 –120 min) when all observations, baseline and 1 mo, were evaluated (r2 =
0.50, P = 0.01). The negative correlation indicates that participants with a more rapid
recovery, and therefore better mitochondrial function, were more insulin sensitive.
Similarly, a reanalysis for confirmation, using a linear fit of the initial PCr recovery period,
as previously described (7), showed a significant positive correlation (r2 = 0.52, P = 0.008),
representing a more rapid recovery for more sensitive individuals (Fig. 4). Six participants
had analysis of PCr recovery rate by initial slope analysis at baseline and 1 mo. Subjects in
the placebo groups showed an increase in the slope recovery, whereas this was not seen
among patients receiving stavudine, and the difference between the two groups was
significant (0.1 ± 0.1 vs. 1.2 ± 0.2 s−1, P = 0.002, stavudine vs. placebo, respectively). The
PCr recovery curves on all subjects for whom paired data are available are shown (Fig. 5).

1H-MRS studies—Alterations in the IMCL content of the soleus and tibialis muscles were
evaluated by proton-based MRS. The association between IMCL and GIR tended to be
significant (r = 0.35, P = 0.08), such that higher IMCL tended to be associated with lower
insulin sensitivity in a combined analysis of all subjects (Fig. 4). However, the changes in
IMCL were not significantly different in the stavudine and placebo-treated groups (Table 2).
Similarly, EMCL did not change between the two groups.

Body composition—As anticipated, because of the short duration of the study, there were
no changes in body composition by densitometry, including total fat mass, total lean mass,
and percent body fat mass, nor were there changes in visceral adipose tissue (VAT),
abdominal subcutaneous adipose tissue (SAT), or midthigh SAT. In addition,
anthropomorphic measurements, such as waist-to-hip ratio, were unchanged in both groups.
Thus the changes noted in insulin sensitivity and mitochondrial quantification were not the
result of changes in weight or fat distribution (Table 2).

Biochemical indexes—No significant changes between the groups were seen in lipid
levels, free fatty acids, adiponectin, TNF-α, or leptin (Table 2).

Safety—No medication-related adverse events were reported during the 1-mo study.
Participants had weekly safety visits and midstudy laboratory analysis. One participant
required a dose reduction, to once daily, for complaints of dizziness and headache. However,
the participant was randomized to placebo group. There were no significant between-group
differences in levels of lactate, lipid parameters, blood pressure, renal or liver function, red
blood cell count, hematocrit, or hemoglobin (Table 2).

DISCUSSION
Data from this prospective, randomized study demonstrate that short-term administration of
stavudine, an NRTI, reduces insulin sensitivity in healthy subjects. In addition, stavudine
results in a significant 52% reduction in muscle mtDNA within the treated subjects. Petersen
et al. (15) demonstrated a decrease in mitochondrial function of 30% in the insulin-resistant
offspring of individuals with type 2 DM, suggesting that mitochondrial dysfunction might
contribute to the insulin resistance. The current investigation expands this area of inquiry by
prospectively assessing the effects of a drug previously shown to result in mitochondrial
depletion in peripheral white blood cells and in fat (3, 10, 13, 22). To our knowledge, this is
the first prospective report of the effects of stavudine on insulin sensitivity and mtDNA in
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muscle. Importantly, we show this effect after a brief administration in healthy volunteers
with no confounding by HIV, diabetes, family history of diabetes, or other disease states.
These data support the hypothesis that altered mitochondrial function in muscle may be an
important factor in the development of insulin resistance.

In this study, mtDNA decreased by 52% in those receiving stavudine, but our sample size
was too small to show that changes in mtDNA were associated with insulin resistance. In
addition to assessing mtDNA content in muscle, we utilized spectroscopy as a functional
measure of mitochondrial activity to examine phosphocreatine recovery rates to a
standardized exercise challenge (2, 17). Using 31P-MRS, we demonstrated a significant
linear relationship between mitochondrial function and insulin sensitivity measured by
euglycemic clamp among study participants. This technique has been used to evaluate
mitochondrial function in muscle and is based on the principle that phosphocreatine
recovery will be delayed in proportion to mitochondrial dysfunction. Our data utilizing
spectroscopy suggested that mitochondrial dysfunction and insulin sensitivity were linked
among study participants.

In contrast, our data do not suggest that mitochondrial dysfunction was associated with
increased muscle fat. We studied the slow twitch oxidative soleus and the fast twitch tibialis
anterior muscles by spectroscopy and found no changes in IMCL. This result does not rule
out an effect on IMCL oxidation that may take longer than 4 wk to observe but does suggest
that early alterations in insulin sensitivity may occur via other mechanisms. Furthermore, the
sample size may have been too small to detect such changes, although trends in this
direction were not observed. Tibialis IMCL tended to correlate inversely with insulin
sensitivity, indicating that it is a reasonable surrogate for the measurement of muscle
adiposity, with biological relevance. However, IMCL measures of vastus lateralis or
biopsies from tibialis anterior and soleus might potentially provide better data that could be
correlated to changes in mitochondrial function and insulin sensitivity.

The current study expands our knowledge of the effects of stavudine, a potent NRTI agent
used in the treatment of HIV infection. This agent is known to result in mitochondrial
toxicity, possibly due to inhibition of γ-polymerases (8, 11). More recently, a mitochondrial
toxic effect secondary to intracellular depletion of uridine and metabolites has been
suggested (21). The evaluation of the specific effects of stavudine has been complicated by
the impact of HIV infection itself on mitochondrial function and insulin resistance. Mallon
et al. (10) investigated the effects of stavudine on adipocytes in healthy individuals and
found depletion in mitochondrial RNA, with upregulation of transcriptional regulators and
genes involved in fatty acid oxidation, while genes involved in adipose differentiation were
downregulated. In the current study, muscle tissue revealed a reduction in mtDNA/nuclear
DNA after a 1-mo exposure to stavudine in healthy adults in the absence of HIV infection.
These findings cannot be generalized to other NRTIs with potentially lesser effects on
mitochondria.

The study was limited to a relatively short duration and small sample size but involved the
use of detailed physiological techniques to provide novel information on the effects of
stavudine administration on insulin sensitivity and mitochondrial function. Because of the
complexity of the trial design, we could not obtain data for all participants for all endpoints;
e.g., 31P-MRS scanning was not available for a few patients because of the installation of
new software, and this limited the results of the study. Nonetheless, we were able to
demonstrate in a prospective, randomized study significant changes in insulin sensitivity by
hyperinsulinemic-euglycemic clamp in response to stavudine. Further studies are needed to
investigate the degree to which the changes in muscle mtDNA, as demonstrated in this
study, contribute to the rapid deterioration in insulin sensitivity seen with stavudine
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administration. The changes we observed were determined in healthy control subjects, with
normal insulin sensitivity at baseline and no potentially confounding diseases or family
history.

The current study provides prospective data demonstrating that a short course of therapy
with a drug that affects mitochondrial function will result in decreased insulin sensitivity.
The acquired alterations in mitochondrial number and function may contribute to worsening
insulin sensitivity. Furthermore, larger studies are needed to understand the time course and
mechanisms by which mitochondrial dysfunction and insulin resistance may be linked.
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Fig. 1.
Change in glucose infusion rate (GIR; determined from the euglycemic hyperinsulinemic
clamp) from baseline to the end of the study, shown for each participant in the placebo (A)
and the stavudine-treated groups (B). C: mean changes in GIRs during euglycemic
hyperinsulinemic clamp for each group (P = 0.04, stavudine vs. placebo). Results are means
± SE.
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Fig. 2.
Comparison of insulin levels in stavudine-treated and placebo groups during clamp at
baseline and 1 mo. P values for the difference between groups were P = 0.4 at baseline and
P = 0.3 at 1 mo, as determined by MMANOVA. Error bars represent SD.
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Fig. 3.
Change in mitochondrial DNA/nuclear DNA in muscle tissue. P = 0.005 for change in
stavudine group, and P = 0.9 for change in placebo group. Results are means ± SE. P = 0.15
for the change between groups.
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Fig. 4.
A: correlation of phosphocreatine (PCr) recovery slope by 31P magnetic resonance
spectroscopy (MRS) and GIR by hyperinsulinemic euglycemic clamp (r2 = 0.52, P = 0.008).
B: correlation of intramyocellular lipid (IMCL) of tibialis muscle and GIR by
hyperinsulinemic euglycemic clamp (r2 = 0.35, P = 0.08).
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Fig. 5.
PCr recovery curves for each participant at baseline and at 1 mo. The PCr recovery slope for
each patient is indicated.
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Table 1

Baseline demographics of participants

Placebo (n = 9) Stavudine (n = 7) P Value

Age, yr 31±4 32±3 0.81

Sex

 Male 3 (33%) 3 (43%) 0.70

 Female 6 (67%) 4 (57%)

Race

 Caucasian 6 (67%) 6 (86%) 0.47

 African American 1 (11%) 1 (14%)

 Hispanic 1 (11%) 0 (0%)

 Asian 1 (11%) 0 (0%)

BMI, kg/m2 22.7±0.8 23.0±0.5 0.77

Age and body mass index (BMI) values are presented as means ± SE. %Group in parentheses.
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