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Abstract

Heightened inflammation and immune activation are associated with lower bone mineral density (BMD) and lean
body mass (LBM) among HIV-infected persons. We hypothesized that a reduction in inflammation with rosu-
vastatin would be associated with improvements in BMD and LBM. HIV-infected participants on stable anti-
retroviral therapy without statin indication and with heightened immune activation (‡19% CD8+CD38+HLA-DR+

T cells) or inflammation (hsCRP ‡2 mg/liter) were randomized to rosuvastatin 10 mg daily or placebo for 96 weeks.
Among 72 participants randomized to rosuvastatin and 75 to placebo, there were no significant differences in the
relative changes in BMD ( p > 0.29) or in fat ( p ‡ 0.19). A trend toward increased LBM ( p = 0.059) was seen in the
rosuvastatin arm without differences in creatinine kinase or self-reported physical activity ( p ‡ 0.10). In a multi-
variable regression model, rosuvastatin was associated with a significant positive effect on LBM after adjusting for
age, sex, race, smoking status, and detectable HIV-1 viral load. Higher baseline sCD163 correlated with increases in
LBM from weeks 0 to 96 ( p = 0.023); greater changes in total and leg lean mass were seen among statin users with
higher compared to lower baseline IP-10 levels (LBM 1.8 vs. -0.3%; p = 0.028 and leg lean mass 2.9 vs. -1.7%;
p = 0.012). Rosuvastatin is associated with an absence of toxicity on BMD and a potential benefit on LBM over 96
weeks of therapy. The preservation of LBM in the rosuvastatin arm over the 2 years of the study is of major clinical
relevance in delaying loss of muscle mass with aging.

Introduction

Despite effective antiretroviral therapy (ART),
many inflammation and immune activation markers

persist at higher levels in HIV-infected compared to HIV-
uninfected persons.1,2 This low-grade but persistent inflam-
mation is associated with a greater incidence of comorbid
conditions and, in some studies, a greater risk of mortality.1,3,4

The antiinflammatory effect of HMG-CoA reductase inhibitors,
or statins, has led to a growing interest in the use of statins to
attenuate the low-grade inflammation and immune activation
observed in treated HIV infection.5–7 In addition to reductions in
inflammation, cardiovascular events, and mortality, statins have
been shown to have a beneficial effect on bone mineral density
(BMD)8,9 and lean body mass (LBM)10,11 in some studies of
older, HIV-uninfected cohorts. With the heightened inflamma-
tion and activation and lower BMD and LBM seen among HIV-
infected persons, we hypothesized that rosuvastatin therapy

would be associated with an improvement in BMD and gain in
LBM compared to placebo. We recently published the interim
week 48 results of the changes in BMD, LBM, and fat mass.12

Briefly, at 48 weeks, we observed modest relative increases in
trochanter and total hip BMD in the statin arm that were sig-
nificantly greater than placebo, a trend toward increased leg lean
mass that did not reach statistical significance, and no significant
difference in total body, trunk, and limb fat changes between
arms. Here we present the final, week 96 results with results that
differed from those of the interim analyses.

Materials and Methods

Study design and participants

The SATURN-HIV (Stopping Atherosclerosis and Treating
Unhealthy bone with RosuvastatiN in HIV) study is a random-
ized, double-blinded, placebo-controlled trial designed to mea-
sure the impact of daily rosuvastatin at 10 mg on cardiovascular
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disease and skeletal health, as previously described.5,13–15 This
report details the results of the completed BMD, fat, and LBM
changes from baseline to week 96. Enrollment occurred be-
tween March 2011 and August 2012. Eligible participants were
HIV-infected adults ‡18 years of age with a fasting low-density
lipoprotein (LDL) cholesterol of £3.37 mmol/liter (130 mg/dl)
and either a high sensitivity C-reactive protein (hsCRP) level
of ‡19.05 nmol/liter (2 mg/liter) and/or ‡19% activated CD8+

T cells (CD8+CD38+HLA-DR+). Additional eligibility criteria
included receipt of stable ART for ‡12 weeks with cumulative
ART duration of ‡6 months, HIV-1 RNA £1,000 copies/ml, and
no history of fragility fractures. Participants were excluded for
an active or chronic inflammatory condition (besides HIV), prior
myocardial infarction, pregnancy/lactation, receipt of systemic
chemotherapy or steroids, diabetes mellitus or uncontrolled
thyroid disease, or use of anabolic agents, growth hormone,
>81 mg aspirin daily, bisphosphonates, or teriparatide. Supple-
ments including vitamin D were permitted, but participants were
instructed not to change supplement doses or frequency. The
study is registered on clinicaltrials.gov (NCT01218802) and was
approved by the Institutional Review Board of University
Hospitals Case Medical Center (Cleveland, OH). Written in-
formed consent was provided by all participants.

Clinical assessments

Demographics and medical and HIV treatment history
were obtained by self-report and confirmed by medical re-
cords. The targeted physical examination included height and
weight measurements; body mass index (BMI) was calcu-
lated as kg/m2. Blood samples were collected after a 12-h
fasting period. Minutes per 2 weeks of physical activity was
collected by the AIDS Clinical Trials Group Physical Ac-
tivity Assessment.16

Dual-energy X-ray absorptiometry

Dual-energy X-ray absorptiometry (DXA) of the whole
body, lumbar spine (L1–4), and left hip was performed in an
anteroposterior view using the Lunar Prodigy Advance ma-
chine (GE Healthcare, Madison, WI). Peripheral fat depot
(limb fat) and central fat depots (trunk fat) from whole body
DXA were used in the analysis. Total LBM was defined as
fat-free, bone-free mass as measured by DXA, with leg LBM
that in the lower extremities only. Technicians used the same
machine on the same subject throughout the study. DXA
scans were read at Case Medical Center by an experienced
radiologist blinded to study information. Osteopenia was
defined by a t-score £ -1 and osteoporosis by a t-score £ -2.5
at either the total hip or lumbar spine.17

Measurement of soluble markers in plasma and serum

Concentrations of interleukin-6 (IL-6), interferon gamma-
inducible protein 10 (IP-10 or CXCL10), soluble tumor ne-
crosis factor receptor (sTNFR)-1 and 2, soluble vascular cell
adhesion molecule-1 (sVCAM), and intracellular adhesion
molecule-1 (sICAM) were determined by quantitative sand-
wich ELISAs (R&D Systems, Minneapolis, MN). Plasma
lipoprotein-associated phospholipase A2 (Lp-PLA2) con-
centrations were measured with an ELISA (PLAC Test;
diaDexus, South San Francisco, CA). Hs-CRP concentration
was determined by particle enhanced immunonepholometric

assays on a BNII nephelometer (Siemens, Munich, Ger-
many). Serum levels of soluble (s) CD14 and sCD163 were
measured as markers of monocyte immune activation using
Quantikine ELISA kits (R&D Systems). The interassay
and intraassay coefficients of variance were <5% and <9%,
respectively.

Statistical analysis

This was a prespecified, preplanned analysis to assess
changes from baseline to 96 weeks in BMD, fat, and LBM
and was powered accordingly for change in spine BMD.
Continuous measures were described by medians and inter-
quartile ranges and nominal variables with frequencies and
percentages. Nominal variables were compared using v2

analysis or Fisher’s exact test. For between-group and within-
group comparisons (at baseline and baseline to 48 week
changes), normally distributed variables were compared
using the t test or paired t test, respectively; nonnormally
distributed variables were compared using the Wilcoxon
rank-sum test or the signed-rank test, respectively. Correla-
tions were assessed using Spearman’s nonparametric rho. A
multivariable linear regression model including age, sex,
race, smoking status, and HIV-1 RNA above/below the limit
of detection was constructed to examine the effect of cov-
ariates on the association between statin and relative LBM
change. No adjustments were made for multiple analyses.
Analyses were performed with SAS version 9.2 and 9.4 (SAS
Institute, Cary, NC).

Results

One-hundred and forty-seven HIV-infected persons en-
rolled and were assigned to receive rosuvastatin (72 partici-
pants) or placebo (75 participants). The median age was 47
years, the median BMI was 26.7 kg/m2, and the majority of
participants were male, African American, smokers, and
taking tenofovir-containing ART regimens. The treatment
and placebo groups were similar in demographic and clinical
characteristics (all p ‡ 0.18; Table 1).

Twenty-eight participants withdrew prior to the week 96
analysis, including nine in the rosuvastatin arm and 19 in the
placebo arm. Eleven subjects were lost to follow-up; two
moved from the area and two were incarcerated: these par-
ticipants could not be evaluated for safety evaluations. Par-
ticipants who withdrew or were lost to follow-up were more
likely to be female ( p = 0.013); other baseline characteristics
were not significantly different. Twenty (71%) were smokers
and 23 (82%) were taking tenofovir-containing ART regi-
mens. Three cases of myalgias without rhabdomyolysis (two
placebo, one rosuvastatin) were reported within the first 48
weeks12; no further cases occurred between week 48 and 96.

Relative changes in BMD from baseline to week 96 were
not significantly different between the rosuvastatin and pla-
cebo arms at any site including total hip ( p = 0.52), femoral
neck ( p = 0.68), trochanter ( p = 0.29), or lumbar spine BMD
( p = 0.89; Fig. 1A). Total body, trunk, and limb fat increased
in both the rosuvastatin and placebo arm from weeks 0 to 96;
these changes were not significantly different between groups
( p = 0.28, 0.19, and 0.41, respectively; Fig. 1B).

The mean LBM increased by 0.8% (95% CI 0.5, 0.9%;
p = 0.091) in the rosuvastatin arm and decreased slightly in the
placebo arm (-0.5%; -1.5, 0.5%; p = 0.35); differences
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between arms did not reach statistical significance ( p = 0.059;
Fig. 1C). Changes in leg LBM were also not significantly
different between groups ( p = 0.12; Fig. 1C). No significant
correlation was detected between changes in weeks 48 or
96 leg LBM and changes in total hip BMD (all r £ 0.11, all
p ‡ 0.26). CPK increased by 23.5% (-8.5, 55.6%; p = 0.15)
in the rosuvastatin arm compared to 11.9% (-3.4, 27.3%;
p = 0.15) in the placebo arm; between-group differences were
not significant ( p = 0.91). Both the rosuvastatin (187.1%;
152.4, 218.0%) and placebo (248.2%; 135.5, 360.8%) arms
had significant increases in self-reported physical activity
( p = 0.017 and <0.0001, respectively), but no significant
difference was observed between groups ( p = 0.10).

The effects of rosuvastatin on 96 week LBM changes were
further investigated in a multivariable linear regression model
including age, sex, race, smoking status, and detectable HIV-
1 viral load. As shown in Table 2, rosuvastatin was associated
with a significant gain in LBM ( p = 0.026) and African
American race was associated with a loss in LBM ( p = 0.014).

Lastly, we explored whether the change in LBM was ex-
plained by the baseline levels of inflammation and immune
activation. Higher baseline levels of sCD163 and a trend to-

ward higher baseline sTNFR-1 correlated with increases in
LBM from weeks 0 to 96 (r = 0.21; p = 0.023 and r = 0.16;
p = 0.089, respectively) (Table 3). When restricted only to the
statin arm, significantly greater changes in total LBM (1.8%;
0.6, 3.0%; p = 0.028) and leg lean mass (2.9%; 0.7, 5.1%;
p = 0.012) were seen among participants with higher baseline
IP-10 levels (above the median) compared to lower levels
(LBM -0.3%; -1.7%, 1.1% and leg mass -0.3%; -2.2, 1.5%).

Discussion

Here, we present the final results from a 96-week ran-
domized placebo-controlled trial of rosuvastatin to assess its
impact on BMD, fat, and LBM among treated HIV-infected
adults with normal LDL cholesterol and increased levels of
inflammation or immune activation. In contrast to the small,
but significantly greater BMD at the hip and trochanter that
we previously reported after 48 weeks,7 the BMD in the ro-
suvastatin arm trended back toward baseline between weeks
48 and 96, and differences were no longer significant between
study arms by week 96. Outside of a trend for increased LBM
in the rosuvastatin arm, we were unable to detect significant
differences in peripheral or central fat, CK, or physical ac-
tivity between rosuvastatin and placebo.

On first glance, the results are disappointing. When con-
sidering the detrimental reported effects of statins, including
myalgias and rhabdomyolysis, cognitive impairment, amino-
transferase elevations, and insulin resistance,12,18 however,
our results provide reassurance that rosuvastatin did not ap-
pear to exacerbate the impairments in BMD, fat distribution,
or LBM in HIV-infected persons. Despite the negative BMD
results, a few findings are noteworthy. First, the initial in-
crease in BMD at 48 weeks and then stabilization or decline
suggests a mechanistic pathway through inflammation and
immune activation, as it mirrored the initial decline and then
stabilization in several inflammation and immune activation
markers.12,19

Second is the association between rosuvastatin and in-
creased 96-week LBM. A recent qualitative review of 25
longitudinal, observation studies of middle-aged to older,
HIV-uninfected adults reported a median LBM loss of 0.5%
per year in men and 0.4% per year in women20; similar, aged-
expected declines were observed in our placebo arm. Al-
though the differences between rosuvastatin and placebo did
not reach clinical significance, rosuvastatin was a significant
predictor of LBM decline after adjusting for covariates in the
multivariable model; the preservation of LBM in the rosu-
vastatin arm over the 2 years of the study could be of major
clinical relevance in delaying loss of muscle mass with aging.

As has been shown in the Health, Aging, and Body
Composition study, among older, HIV-uninfected adults, the
loss of strength was approximately three times that of the loss
in muscle mass.21 As heightened inflammation is a strong
predictor for the loss of muscle mass and muscle function,22

those with the greatest inflammation prior to statin would
presumably benefit the most. Indeed, participants in the ro-
suvastatin arm with the highest IP-10 at baseline had the
greatest increase in LBM while on therapy. IP-10 is a Th1
chemokine with a pivotal role in inflammatory muscle dis-
eases; IP-10 secretion is induced by tumor necrosis factor
(TNF)-a, and further exaggerated by IL-6, both key cytokines
in the regulation of muscle mass and function.23

Table 1. Baseline Characteristics

of the Study Population

Characteristic Statin (n = 72) Placebo (n = 75)

Demographics
Age (years) 45.6 (41.1–51.4) 46.9 (39.2–53.6)
Male 58 (81%) 57 (76%)
African American 51 (71%) 52 (69%)
Current smoker 43 (60%) 54 (72%)

HIV-related characteristics
CD4+ lymphocyte

count (cells ·108/
liter)

6.1 (4.4–8.5) 6.3 (4.0–8.5)

Nadir CD4+ T cell
count (cells ·108/
liter)

1.7 (0.84–3.1) 1.9 (0.89–2.8)

HIV-1 RNA <50
copies/ml

56 (78%) 58 (77%)

Antiretroviral
therapy duration
(months)

63 (37–119) 71 (39–116)

Current protease
inhibitor-
containing
regimen

36 (50%) 36 (48%)

Current tenofovir-
containing

regimen

64 (89) 66 (88)

Hepatitis C 5 (7%) 7 (9%)

Clinical characteristics
Body mass index

(kg/m2)
26.6 (23.4–30.0) 27.2 (23.5–30.5)

Hip T-score <-1 18 (25%) 17 (22%)
Lumbar spine

T-score <-1
19 (26%) 13 (17%)

Fat mass (kg) 23.3 (14.3, 32.0) 22.4 (14.0, 32.2)
Lean body

mass (kg)
56.3 (50.6, 61.9) 57.2 (48.9, 61.3)

LDL (mmol/liter) 2.49 (1.97, 2.77) 2.51 (1.99, 3.13)

Values presented as median (25th, 75th percentile) or number (%).
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Two rodent studies utilizing a cancer24 or motor neuron
disease model25 provide support for the relationship between
inflammation and LBM response to statins: compared to
placebo, simvastatin and atorvastatin, respectively, were as-
sociated with an increase in total body weight, muscle
weight, and muscle fiber diameter among diseased rodents;
no statin-related changes were seen among healthy rodents.
In older adults, statin use was associated with less decline in
lower extremity strength among the oldest women in the
Women’s Health Initiative,10 better chair rise performance
among statin-using older veterans,26 and less impairment
in gait speed or on a standard performance battery among
statin users with peripheral artery disease.11,27 Even among

relatively healthy older adults, statin use was associated with
improved lower-extremity blood flow28 and greater gain in
lean body mass with initiation of resistance exercise train-
ing.29 Although we did not obtain an objective measure of
muscle function, the changes in LBM suggest that rosuvas-
tatin has a positive effect on muscle function. Whether the

FIG. 1. Relative changes in bone mineral density (BMD) and the total hip, femoral neck, trochanter, and lumbar spine
(A); relative changes in total body, trunk, and limb fat (B); relative changes in total lean body mass and leg lean mass (C).
Changes in the rosuvastatin arm are indicated by circles at weeks 48 and 96 with a solid connecting line; the placebo arm is
indicated by squares and a dashed connecting line.

Table 2. Ninety-Six Week Relative Change in Lean

Body Mass by Multivariable Regression Models

Variable of interest
Estimate

(%)
95% confidence

interval (%) p-value

Intercept 2.77 -0.7, 6.3 0.12
Rosuvastatin 1.43 0.17, 2.7 0.026
Age -0.01 -0.07, 0.05 0.74
Male sex -1.61 -3.24, 0.02 0.053
African American -1.71 -3.07, -0.35 0.014
Smoking (current) -0.95 -2.26, 0.36 0.16
HIV-1 RNA >50

copies/ml (vs. <50)
-0.05 -1.63, 1.5 0.95

Table 3. Correlation Between Baseline

Inflammatory Markers and Relative Change

in Lean Body Mass Among All Participants

Inflammatory
marker Correlation coefficient (r) p-value

IL-6 -0.003 0.98
Lp-PLA2 0.04 0.71
IP-10 0.08 0.37
sCD14 -0.06 0.52
sCD163 0.21 0.02
sTNFR-1 0.16 0.09
sTNFR-2 -0.04 0.64
sVCAM 0.13 0.17
sICAM 0.08 0.37
hsCRP 0.08 0.42

IL-6, interleukin 6; Lp-PLA2, plasma lipoprotein-associated
phospholipase A2; IP-10, interferon gamma-inducible protein 10;
sTNFR, soluble tumor necrosis factor receptor; sVCAM, soluble
vascular cell adhesion molecule; sICAM, soluble intracellular cell
adhesion molecule; hsCRP, high sensitivity C-reactive protein.
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effect would continue over the often long-term duration
of statin therapy remains clinically important but an un-
answered question.

In routine clinical practice and in randomized studies, statins
are more often recognized for deleterious effects on muscle,
with reported myalgia or weakness occurring in approximately
5–15% of patients, and resulting rarely in rhabdomyolysis.30

Outside of the occurrence of myopathy, however, the effects
on muscle mass and physical function are less clear. A large
(N = 420) randomized, placebo-controlled trial of high-dose
atorvastatin was associated with muscle complaints and de-
creased physical activity, but no objective change in strength
or performance.31,32 In contrast, some observational studies
have found lower strength,33 lean mass,33,34 and self-reported
or objectively measured physical activity35 among statin users
compared to nonusers. A small (N = 37) randomized, but
nonblinded trial of overweight or obese adults randomized to
exercise training with or without high-dose simvastatin dem-
onstrated a blunted improvement in cardiovascular fitness and
skeletal muscle citrate synthase activity, a marker of mito-
chondrial content, but greater gain in LBM among the par-
ticipants randomized to high-dose simvastatin with exercise
training versus exercise training alone.36 Rosuvastatin was
well-tolerated in our study, with similar complaints of myal-
gias between the rosuvastatin (n = 1) and placebo (n = 2) arms.
The muscle safety of rosuvastatin in our study was further
substantiated by the lack of statistically significant differences
in CK or self-reported physical activity between study arms.

Our study is relatively small and limited in generalizability.
First, the effects of different statins can differ considerably, thus
our results should be considered specific for rosuvastatin and
may not be generalizable to other statins. The majority of par-
ticipants were less than 50 years of age, male, African Ameri-
can, on stable ART, and with a healthier phenotype (without
diabetes, and with normal BMD and normal LDL cholesterol),
which may have underestimated the effect of statins. Similarly,
some inflammatory markers may be higher in women, and the
correlations between inflammation and LBM may have been, in
part, confounded by sex. However, the double-blinded, ran-
domized assignment to rosuvastatin therapy, eliminating the
prescribing bias found in observational studies of statins, and the
study duration of nearly 2 years are clear strengths.

In summary, the absence of toxicity on BMD and the po-
tential benefit of rosuvastatin on LBM after 96 weeks of
therapy provide some reassurance as to the safety, as well as
potential mechanistic insight into the preservation of LBM in
an inflammatory state. The heightened risk of cardiovascular
disease and cardiovascular disease-related deaths in HIV-
infected persons despite effective ART has led to growing
interest in developing strategies to prevent cardiovascular
disease. A comprehensive understanding of statin risks, in-
cluding insulin resistance as previously shown in SATURN-
HIV,12 and potential cardiovascular and noncardiovascular
benefits, including effects on muscle, will inform treatment
decisions in HIV, particularly when determining the role of
statins in primary prevention.
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