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pogonadal men alters the HDL proteome but not HDL cho-
lesterol effl ux capacity.  J. Lipid Res.  2012.  53: 1376–1383.   
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  Men exhibit an increased risk of cardiovascular disease 
(CVD) relative to premenopausal women ( 1 ), and it has 
been postulated that testosterone contributes to this ele-
vated risk ( 2 ). Exogenous testosterone administration can 
decrease serum concentrations of HDL cholesterol (HDL-C) 
( 2 ). Because low HDL-C correlates with increased CVD risk, 
this decrease could contribute to the presumed adverse car-
diovascular effects of testosterone. In contrast, recent data 
demonstrate that low circulating androgen levels in men 
are associated with increased risk of CVD and mortality 
( 3, 4 ), challenging the assumption that testosterone ad-
versely impacts cardiovascular health in men. 

 Part of this apparent discrepancy regarding the impact 
of androgens on CVD may derive from the historical fo-
cus on HDL-C concentration as the sole indicator of 
HDL-associated CVD risk. Notably, recent intervention 
trials have failed to demonstrate CVD risk reduction with 
pharmacologic therapies that raise HDL-C. The choles-
terol ester transfer protein (CETP) inhibitor torcetrapib 
substantially raised HDL-C but was associated with in-
creased incidence of cardiovascular events and mortality 
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(1% transdermal gel) with or without the 5 � -reductase in-
hibitor dutasteride. At baseline and after three months of 
treatment, we determined fasting lipid concentrations, HDL 
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cholesterol (HDL-C) concentrations but conferred signifi -
cant increases in HDL-associated paraoxonase 1 (PON1) 
and fi brinogen  �  chain (FGA) ( P  = 0.022 and  P  = 0.023, re-
spectively) and a decrease in apolipoprotein A-IV (apoA-IV) 
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serum dihydrotestosterone (DHT). Testosterone dosing was ad-
justed to achieve physiologic serum concentrations (500–1,000 ng/
dl) as described previously ( 15 ). Fasting blood for lipid analyses was 
obtained at baseline and at the three-month study visit. Forty-six sub-
jects completed all study procedures, and 23 subjects (11 T-only, 12 
T+D) were included in the present analysis on the basis of  i ) suffi -
cient sample availability at desired time points,  ii ) achievement of 
serum testosterone level > 300 ng/dl at three months, and  iii ) exclu-
sion of subjects on niacin or fi brate therapy. 

 Laboratory assessments 
 Serum sex steroids were measured using liquid chromatogra-

phy-tandem mass spectrometry (LC-MS/MS), and gonadotropins 
and sex hormone binding globulin (SHBG) were assessed by im-
munofl uorometric assay ( 15 ). Free testosterone was calculated 
using the Södergard equation ( 16 ). Fasting serum lipids were 
measured at the Northwest Lipid Research Center (Seattle, WA) 
using standard methods ( 17 ). Serum apoA-I levels were deter-
mined by nephelometry on a Siemens BN-II automated clinical 
instrument using a Siemens apoA-I reagent ( 18 ). 

 HDL protein composition 
 The HDL proteome was determined by LC-MS/MS as previ-

ously described ( 10, 19 ). Low abundance proteins (mean spec-
tral count < 5 for >50% of subjects) were excluded from the fi nal 
analysis, yielding a total of 42 HDL-associated proteins. 

 Serum HDL cholesterol effl ux capacity 
 The cholesterol effl ux capacity of apolipoprotein B (apoB)-

depleted serum was determined with the method of Khera   et al. 
( 7 ), as previously described ( 19 ). The presented values refl ect 
the fraction of total [ 3 H] cholesterol released into the medium 
after subtraction of values obtained following serum-free incuba-
tion. Cholesterol effl ux capacity was determined in a single assay 
from serum collected from all subjects at both time points. All 
samples were run in duplicate. 

 Statistical analysis 
 Comparisons at baseline and three months were made for 

both treatment groups (T-only, T+D) individually. As our princi-
pal aim was to investigate the impact of increased serum testoster-
one on HDL, we also performed comparisons on the entire study 
population to increase statistical power. Statistical analyses were 
performed using Prism 5 (GraphPad, La Jolla, CA). Comparisons 
between all values at baseline and three months were made using 
a Wilcoxon sign rank test. Comparisons between treatment 
groups were made using a Mann-Whitney test. Correlations were 
determined by calculating Spearman R values. 

 For analysis of changes in HDL-associated protein abundance, 
correction for multiple comparisons was performed using a modi-
fi ed Bonferoni method ( 20 ) based on Spearman R values and a 
threshold of 0.8. The adjusted threshold value for signifi cance was 
 P  < 0.029. For all other analyses,  P  < 0.05 was considered statistically 
signifi cant. To examine the potential interaction between statin 
use and testosterone replacement, spectral count data were nor-
malized by log transformation, and 2-way ANOVA was performed. 

 RESULTS 

 Study participants 
 Of 53 subjects enrolled in the study, 46 completed all 

study procedures ( 15 ), and 23 were included in the present 
analysis. Thirty-one subjects had suffi cient sample volume; 4 

( 5 ). Similarly, niacin conferred a signifi cant increase in 
HDL but failed to reduce cardiovascular event rate, leading 
to early termination of the Atherothrombosis Intervention 
in Metabolic syndrome with low HDL/high triglycerides: 
Impact on Global Health outcomes (AIM-HIGH) trial ( 6 ). 

 Because raising HDL-C does not uniformly appear to 
reduce CVD risk, recent investigations have focused on al-
ternative methods to assess HDL function and composi-
tion, as these may prove more reliable indicators of 
differential risk or risk modifi cation ( 7, 8 ). HDL particles 
comprise a complex assembly of lipid and protein compo-
nents. We recently have demonstrated that HDL protein 
composition differs in populations with and without CVD 
( 9, 10 ), and these differences in protein cargo likely affect 
HDL function. HDL particles play a pivotal role in the 
atheroprotective processes of endothelial repair and re-
verse cholesterol transport ( 11–13 ). Endothelial cells gen-
erate the anti-infl ammatory and vasodilatory signaling 
molecule nitric oxide (NO) through eNOS activity, which 
is stimulated by HDL-associated apolipoprotein A-I 
(apoA-I) and possibly sphingosine-1 phosphate (S1P) 
( 14 ). Reverse cholesterol transport describes the process 
by which HDL transports cholesterol from peripheral tis-
sues to the liver, including removal of cholesterol from 
foam cells within the artery wall ( 11 ). In vitro, effl ux of 
cholesterol from macrophages by serum HDL is lower in 
individuals with established coronary artery disease (CAD). 
Importantly, HDL effl ux capacity may be a better predic-
tor of CAD than HDL-C alone ( 7 ). Thus, assessment of 
HDL protein composition and function are proving im-
portant strategies for enhancing our understanding of the 
relationship between HDL and CVD risk. 

 To provide further insights into the effects of testoster-
one on HDL and atherogenesis in men, we examined 
the impact of testosterone replacement on HDL function 
and composition. Previously, we performed a double-blind, 
randomized intervention trial in older hypogonadal 
men to evaluate the effects of testosterone replacement, 
with or without the 5 � -reductase inhibitor dutasteride, 
on the prostate ( 15 ). We used a subset of fasting sam-
ples from this study to perform a secondary analysis ex-
amining the effects of testosterone therapy on HDL 
cholesterol effl ux capacity and protein composition in 
hypogonadal men. 

 MATERIALS AND METHODS 

 Study protocol 
 Older men (age  �  50 years) with low baseline testosterone lev-

els ( � 280 ng/dl or  � 300 ng/dl on two separate occasions) were 
recruited as described previously ( 15 ). Exclusion criteria included 
history of prostate cancer; use of either androgen or anti-androgen 
therapy within the prior year; severe systemic illness, including dia-
betes; and weight > 300 lbs. The Institutional Review Board of the 
University of Washington approved all study procedures, and in-
formed consent was obtained from all subjects. 

 Subjects were randomized to receive daily 7.5 g transdermal 1% 
testosterone gel (AndroGel 1%; Abbott Laboratories, Abbott Park, 
IL) with daily oral placebo (T-only) or 0.5 mg dutasteride (T+D) 
(Avodart; GlaxoSmithKline, Philadelphia, PA) to selectively decrease 
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analysis, no signifi cant differences in HDL-associated pro-
tein abundance were evident between the T-only and T+D 
groups, either at baseline or after three months of testoster-
one replacement (data not shown). Consequently, all subjects 
were included in whole-group analysis to increase statistical 
power. Five HDL-associated proteins changed signifi cantly 
with testosterone replacement therapy ( Table 3 ). HDL-associ-
ated paraoxonase 1 (PON1) and fi brinogen  �  chain (FGA) 
increased, whereas apolipoprotein A-IV (apoA-IV), apolipo-
protein C-I (apoC-I), and paraoxonase 3 (PON3) decreased 
after three months of exogenous testosterone. After correc-
tion for multiple comparisons, the changes in PON1, apoA-IV, 
apoC-I, and FGA remained signifi cant. 

 As lipid-lowering medications have been associated with 
changes in HDL protein composition ( 22 ), further analy-
sis was conducted to determine the potential effects of sta-
tin therapy on observed changes in HDL-associated 
proteins. For the fi ve proteins that changed with testoster-
one replacement, no signifi cant differences were found in 
relative protein abundance among subjects on statin ther-
apy and those not on lipid-lowering medications, either at 
baseline or after three months of testosterone therapy 
(supplementary Table II). No signifi cant interactions were 
observed between statin therapy and testosterone replace-
ment (supplementary Table III). Testosterone therapy 
most robustly contributed to the observed variance in the 
relative abundance of apoA-IV (17.8%,  P  = 0.008). Al-
though the effect of statin use on apoC-I relative abun-
dance did not achieve statistical signifi cance ( P  = 0.08), 
the degree of variance attributable to statin use was greater 
than that associated with testosterone therapy (11.3% ver-
sus 3.9%, respectively). Statin use did not contribute sig-
nifi cantly to the observed variance in PON1, apoA-IV, 
FGA, or PON3 relative abundance, accounting for <1.0% 
of the variance in each of these HDL-associated proteins. 
Thus, the changes in PON1, apoA-IV, and FGA both 
achieved statistical signifi cance and appeared consequent 
specifi cally to testosterone exposure. 

 For the HDL-associated proteins that changed, no cor-
relations were observed between the magnitude of changes 
in protein abundance and those in sex steroid levels (data 
not shown). After three months of testosterone therapy 
(but not at baseline), a negative correlation was found be-
tween total testosterone concentration and apoA-IV abun-
dance ( R  =  � 0.48,  P  = 0.02) (data not shown). 

subjects were excluded due to serum testosterone levels < 
300 ng/dl at month 3, and 4 were excluded due to concur-
rent niacin or fi brate therapy. Of the included subjects, 11 
(4 T-only and 7 T+D) were not on lipid-lowering therapy, 
and 12 (7 T-only and 5 T+D) were on statin monotherapy. 
Selected subjects were representative of the overall study 
population with regard to age, weight, body mass index 
(BMI), and sex steroid levels ( 15 ) (supplementary Table 
I). Subjects had a baseline BMI of 32.2 ± 5 kg/m 2 , and no 
signifi cant changes in body weight or BMI were evident 
over the study period. No serious adverse events occurred, 
and all safety data were reported previously ( 15 ). 

 Sex steroid concentrations 
 Among subjects in the present analysis, serum testosterone 

rose signifi cantly, and levels in the physiologic range were 
achieved uniformly (  Table 1  ).  Estradiol levels also were sig-
nifi cantly higher at three months compared with baseline. As 
expected, luteinizing hormone (LH) and follicle-stimulating 
hormone (FSH) production were suppressed with exoge-
nous testosterone administration. No changes in SHBG or 
serum DHEA were observed. As anticipated, subjects who re-
ceived dutasteride had signifi cantly lower DHT levels than 
subjects who received testosterone alone. At three months, 
subjects in the T+D group also had higher serum estradiol 
levels than subjects in the T-only group, but the difference 
was not statistically signifi cant ( P  = 0.21). As these differences 
could contribute to changes in HDL particle composition or 
function, subgroup and whole-group analyses were per-
formed for all study measures. 

 Fasting lipid profi les and serum apoA-I 
 At baseline, fasting lipid levels across study subjects 

were notable for low HDL-C and mild hypertriglyceridemia 
(  Table 2  ).  No signifi cant differences were found between the 
T-only and T+D groups at baseline or after three months of 
testosterone therapy. In both the subgroup and whole-group 
analyses, no changes in lipid profi les were observed after 
three months of testosterone therapy. Further, testosterone 
replacement with or without dutasteride coadministration 
did not alter serum concentrations of apoA-I. 

 HDL protein composition 
 As expected, apoA-I was the most abundant protein iden-

tifi ed in HDL at both time points ( 21 ) and was unchanged 
with testosterone replacement (  Table 3  ).  In subgroup 

 TABLE 1. Hormone concentrations at baseline and after three months of testosterone replacement 

Baseline Three Months Baseline Three Months Baseline Three Months

Both groups (n = 23) T+D (n = 12) T-only (n = 11)

Total testosterone (ng/dl) 222 ± 81 597 ± 307  c  226 ± 81 576 ± 254  c  219 ± 85 621 ± 368  c  
Free testosterone (ng/dl) 4.5 ± 1.7 14.3 ± 6.2  c  4.9 ± 2.0 14.2 ± 6.9  c  4.1 ± 1.3 14.4 ± 5.6  c  
Estradiol (pg/ml) 15.3 ± 9.7 25.0 ± 10.9  c  17.0 ± 9.8 28.4 ± 11.5  b  13.5 ± 9.8 21.3 ± 9.3  a  
DHT (ng/dl) 24 ± 10 95 ± 127  a  25 ± 9 13 ± 7  b  24 ± 11 184 ± 137  c  
DHEA (ng/ml) 1.0 ± 0.6 1.3 ± 1.2 1.2 ± 0.6 1.4 ± 1.1 0.9 ± 0.5 1.2 ± 1.3
SHBG ( � g/ml) 3.2 ± 1.2 2.9 ± 1.5 2.8 ± 1.3 2.9 ± 1.2 3.5 ± 1.7 3.0 ± 1.8

Values expressed as mean ± SD.
  a   P < 0.05.
  b   P < 0.01.
  c   P < 0.001.
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HDL proteome, supporting a role for sex steroids in deter-
mining HDL protein composition. However, this protein 
remodeling was not associated with a reduction in serum 
HDL-mediated cholesterol effl ux from macrophages. 
These fi ndings suggest that testosterone replacement in 
older hypogonadal men may not impair HDL ability to ef-
fl ux cholesterol from macrophages but may affect other 
HDL-mediated functions. 

 Substantial controversy exists regarding the clinical in-
dications for testosterone replacement therapy, particu-
larly in the management of age-related hypogonadism. 
Reluctance to consider replacement stems in part from 
concern that testosterone might augment cardiovascular 
risk in men. Testosterone replacement in older men was 
associated with an increased incidence of cardiovascular 
events compared with placebo in a recent trial ( 1 ). How-
ever, the men in this study had signifi cant mobility limita-
tions and multiple comorbidities, possibly limiting the 
extension of these fi ndings to healthy, aging men. In frail 
and healthy older men, testosterone replacement im-
proves strength, physical function, and quality of life, and 
these benefi ts have been observed in the absence of an 
increased cardiovascular event rate ( 23 ). Further, epide-
miologic data demonstrate increased CVD and mortality 
risk among men with low circulating testosterone levels ( 3, 
4 ), and a disproportionately elevated risk of CVD is evi-
dent among men who have undergone androgen depriva-
tion therapy for treatment of prostate cancer ( 24 ). These 
observations suggest that maintenance of eugonadal tes-
tosterone levels, in at least some populations of men, 
could exert health-promoting and possibly atheroprotec-
tive effects. 

 Serum HDL cholesterol effl ux 
 To determine whether changes in HDL protein cargo 

translated into altered HDL function, cholesterol effl ux ca-
pacity was quantifi ed by measuring the fraction of radiola-
beled cholesterol released from macrophages to serum HDL 
(apoB-depleted serum). Lower effl ux capacity as determined 
by this assay has been shown to correlate with the presence 
of CAD ( 7 ). No changes in serum HDL-mediated cholesterol 
effl ux were evident after three months of testosterone re-
placement (baseline mean: 9.9 ± 1.4%, three-month mean: 
9.9 ± 1.5%). The absence of change in effl ux was apparent in 
both the subgroup and whole-group analyses. A positive cor-
relation was observed between HDL-C and serum HDL cho-
lesterol effl ux as a trend at baseline, and it reached statistical 
signifi cance after three months of testosterone replacement 
(  Fig. 1A , B ).  No change in cholesterol effl ux capacity was evi-
dent after correction for HDL-C (data not shown). 

 A trend toward a negative correlation between serum 
total testosterone and cholesterol effl ux capacity was evi-
dent after three months of testosterone replacement ther-
apy ( R  =  � 0.38,  P  = 0.07) (  Fig. 2  ).  At baseline, a negative 
correlation existed between apoA-IV relative abundance 
and cholesterol effl ux capacity, but only after effl ux was 
corrected for HDL-C ( R  =  � 0.58,  P  = 0.004) (  Fig. 3A  ).  The 
observed changes in both PON1 and PON3 relative abun-
dance exhibited positive correlations with the changes in 
corrected cholesterol effl ux capacity ( Fig. 3B, C ). 

 DISCUSSION 

 In the current study, we demonstrate that testosterone 
replacement therapy in older hypogonadal men alters the 

 TABLE 2. Fasting lipid concentrations at baseline and after three months of testosterone replacement 

Baseline Three Months Baseline Three Months Baseline Three Months

Both groups (n = 23) T+D (n = 12) T-only (n = 11)

Total cholesterol (mg/dl) 187 ± 46 181 ± 40 187 ± 44 189 ± 44 186 ± 51 171 ± 36
VLDL cholesterol (mg/dl) 52 ± 40 50 ± 39 54 ± 44 61 ± 49 50 ± 38 39 ± 21
LDL-C (mg/dl) 101 ± 41 100 ± 36 94 ± 32 102 ± 41 108 ± 50 97 ± 33
HDL-C (mg/dl) 37 ± 11 35 ± 11 39 ± 11 36 ± 12 36 ± 11 34 ± 11
Triglycerides (mg/dl) 260 ± 202 251 ± 197 270 ± 220 304 ± 247 249 ± 191 193 ± 37
ApoA-I (mg/dl) 164 ± 28 157 ± 30 168 ± 22 165 ± 29 160 ± 34 150 ± 31

Values expressed as mean ± SD.

 TABLE 3. Relative abundance of HDL-associated proteins at baseline and after three months of 
testosterone therapy 

Protein Baseline Three Months  P 

ApoA-I 1801 ± 206 1862 ± 244 0.51
ApoA-II 682 ± 72 672 ± 88 0.51
PON1  153 ± 35  177 ± 45  0.022  a   
ApoA-IV  157 ± 64  116 ± 30  0.016  a   
SAA4 130 ± 19 124 ± 22 0.07
ApoE 116 ± 20 119 ± 28 0.78
ApoC-II 119 ± 27 111 ± 30 0.14
ApoC-I  91 ± 17  85 ± 14  0.024  a   
ApoD 66 ± 12 68 ± 14 0.71
ApoM 61 ± 13 68 ± 15 0.09
FGA  24 ± 19  42 ± 23  0.023  a   
PON3  18 ± 5  22 ± 7  0.03 

Values   expressed as mean spectral count ± SD. SAA4, serum amyloid A4. Bold font indicates P < 0.05.
  a   P < 0.029.
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 Previously, we demonstrated that testosterone depriva-
tion in healthy, eugonadal men increased HDL-associated 
apoA-IV ( 19 ), data consistent with our current fi ndings. 
The roles of apoA-IV in HDL-mediated cholesterol effl ux 
and CVD remain unclear. In a transgenic mouse model, 
overexpression of human apoA-IV reduced atherosclerotic 
lesion area ( 32 ), and a common genetic variant of apoA-IV 
has been shown to exhibit enhanced cholesterol effl ux 
from macrophages ( 35 ). ApoA-IV further may attenuate 
atherogenesis, in part due to its anti-oxidative activity ( 33 ). 
In apparent contrast, HDL-associated apoA-IV was en-
riched in a clinical population with CAD compared with 
matched controls ( 9 ). 

 Our data also demonstrate a signifi cant increase in 
HDL-associated PON1 after testosterone replacement 
therapy. Recently, HDL particles isolated from patients 
with CAD were shown to stimulate less NO release from 
endothelial cells than HDL from healthy controls, a dif-
ferential effect ascribed to PON1 damage mediated by 
products of lipid peroxidation ( 36, 37 ). PON1 has been 
proposed to scavenge lipid oxidation products, and apoA-I 
modifi ed by these products loses its ability to promote cho-
lesterol effl ux through the ABCA1 pathway ( 31, 32 ); thus, 
PON1 may be critical for protecting HDL particles from 
oxidative damage. In future studies, it will be important 
to verify whether androgens affect PON1 abundance and 
activity and to determine whether testosterone replace-
ment affects the capacity of HDL to stimulate endothelial 
cell NO production or scavenge oxidative byproducts. 

 In our study, no changes in HDL-C or serum apoA-I 
were evident with the restoration of physiologic testoster-
one levels in older hypogonadal men. An HDL-C lowering 
effect of exogenous testosterone has been observed, al-
though this fi nding is not universal ( 25 ) and is largely lim-
ited to studies in younger men and those that administered 
supraphysiologic or oral testosterone doses ( 26 ). The im-
portance of route of administration is underscored by 
fi ndings from direct comparison of oral and parenteral 
regimens of anabolic-androgenic steroids in male athletes 
( 27 ). The absence of changes in HDL-C or serum apoA-I 
in our study consequently could refl ect both the older 
study population and the use of transdermal administra-
tion. In postmenopausal women, oral hormone replace-
ment therapies have been shown to alter HDL-C and 
serum apoA-I levels, cholesterol effl ux capacity, and the 
abundance of HDL-associated proteins ( 28–31 ). There-
fore, oral regimens of testosterone replacement therapy 
could confer substantial changes in lipoprotein-related 
endpoints not captured in the current study. 

 Animal models and in vitro data demonstrate that modifi -
cation of HDL-associated proteins can alter a variety of HDL 
functions, with associated effects on atherogenesis ( 32, 33 ). 
Further, enrichment of specifi c HDL-associated proteins has 
been identifi ed in clinical populations with CVD and CVD 
risk factors ( 9, 10, 33, 34 ). It is therefore of interest that we 
found changes in three HDL-associated proteins that re-
mained signifi cant after correcting for multiple comparisons 
and assessing for interaction with concurrent statin use. 

  Fig.   1.  A positive correlation between HDL-C and HDL cholesterol effl ux capacity was evident as a trend 
at baseline (A) and achieved signifi cance after three months of testosterone replacement (B).   

  Fig.   2.  No correlation was evident between serum testosterone and effl ux capacity at baseline (A), but a 
negative correlation between effl ux capacity and serum testosterone levels existed as a trend after three 
months of testosterone replacement (B).   
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include CETP, which was detected only in two subjects, 
and will require targeted investigation employing methods 
of absolute protein quantifi cation. Similarly, as for other 
HDL-associated enzymes, metrics that assay enzymatic ac-
tivity in addition to protein levels will be crucial for better 
delineating the relationship between sex steroids and 
HDL. 

 As testosterone is converted to estradiol by aromatiza-
tion, exogenous testosterone therapy conferred concur-
rent increases in serum estradiol. Our study therefore 
cannot discriminate between androgen- and estrogen-
mediated effects underlying the observed changes in HDL 
protein cargo. The absence of differences noted between 
men who received testosterone alone and those who also 
received dutasteride indicates that the observed changes 
were not contingent on circulating levels of DHT. Further-
more, the absence of differences between the two treat-
ment groups suggests that the modestly higher serum 
estradiol levels evident among men who received dutas-
teride did not confer substantial effects on HDL protein 
composition. However, the men who received dutasteride 
had higher estradiol concentrations at baseline, rendering 
the net changes in serum estradiol comparable in both 
treatment groups. This baseline difference likely is conse-
quent to our small sample size and underscores further 
the need for dedicated investigation of the respective ef-
fects of androgens and estrogens on the HDL proteome. 

 Many lines of evidence indicate that HDL mediates pleio-
tropic effects, suggesting the importance of assessing HDL 
function in the prediction of CVD risk ( 44–46 ). A principal 
means by which HDL is thought to confer atheroprotection 

The positive correlations observed between changes in 
both PON1 and PON3 abundance and HDL-mediated 
cholesterol effl ux further suggest the need for future stud-
ies to investigate the relationship between HDL-associated 
paraoxonase protein levels and HDL effl ux capacity. 

 Finally, we found a signifi cant increase in HDL-associ-
ated FGA. To date, no clear role has been identifi ed for 
FGA in HDL function, atherogenesis, or CVD risk. The 
observed increase in PON3 relative abundance lost statisti-
cal signifi cance after correction for multiple comparisons, 
and statin use may have played a confounding role in the 
changes evident in apoC-I abundance. ApoC-I is impli-
cated strongly in triglyceride metabolism, as it can inhibit 
CETP and may regulate both hepatic lipase and LCAT ac-
tivity ( 38–40 ). VLDL apoC-I content has been positively 
correlated with fasting triglyceride concentrations and ca-
rotid plaque area ( 41 ), whereas HDL-mediated apoC-I 
transport rates were inversely correlated with plasma trig-
lyceride levels ( 42 ). The apparent infl uence of statin ther-
apy on apoC-I abundance in our study is supported by in 
vitro fi ndings that statin treatment suppressed hepatocyte 
secretion of apoC-I ( 43 ). Nonetheless, subjects who were 
not on statin therapy also exhibited decreases in HDL-as-
sociated apoC-I, and changes in serum apoC-I have been 
observed consequent to hormone replacement therapy in 
women ( 28 ). Thus, the possible regulation of both apoC-I 
and PON3 by sex steroids warrants further investigation in 
larger studies. Finally, our current analytical strategy has 
limited sensitivity for detecting changes in lower abun-
dance proteins that are known to play pivotal roles in de-
termining HDL composition and function. Such proteins 

  Fig.   3.  A negative correlation existed between corrected effl ux capacity and apoA-IV relative abundance at 
baseline (A), and positive correlations were observed between changes in corrected effl ux capacity and 
changes in PON1 (B) and PON3 (C) relative abundance after three months of testosterone replacement.   
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is reverse cholesterol transport, whereby HDL accepts cho-
lesterol from peripheral tissues, including macrophages, 
and transports it to the liver for excretion ( 11 ). This un-
loading of lipid from macrophages could reduce foam cell 
formation and thereby attenuate atherogenesis. Notably, 
Khera et al. (7)   have developed an assay of serum HDL-
mediated cholesterol effl ux from macrophages and dem-
onstrated a signifi cant, negative correlation between effl ux 
capacity and extant CAD in a cross-sectional analysis. In 
our population of older hypogonadal men, we found no 
signifi cant change in effl ux capacity consequent to testos-
terone replacement. The absence of change in HDL-C 
partially may underlie the absence of change in choles-
terol effl ux capacity, as these have been shown to correlate 
signifi cantly ( 7 ). Alternatively, this negative fi nding might 
refl ect our limited sample size or the concurrent increases 
in serum androgen and estrogen concentrations, which 
could produce differential or offsetting effects on HDL-C 
and HDL function. Accordingly, further study is required 
to determine whether the selective restoration of normal 
physiologic levels of circulating androgens or estrogens af-
fects HDL cholesterol effl ux capacity. Notably, cholesterol 
effl ux represents only one of a growing number of func-
tions now recognized for HDL particles ( 12, 33, 47 ), and 
continued research is warranted to determine how testos-
terone replacement may affect additional HDL-mediated 
functions. 

 Our fi ndings indicate that in older hypogonadal men, 
the restoration of testosterone levels to those found in 
healthy young men alters HDL protein composition but 
does not appear to change the cholesterol effl ux capacity 
of serum HDL. Testosterone replacement also conferred 
signifi cant increases in HDL-associated PON1 and FGA 
and a decrease in apoA-IV. Given the absence of a func-
tional correlate, the net effects of these changes on HDL 
function or CVD risk remain unclear. Our fi ndings there-
fore underscore the need for assessment of additional 
HDL functions after exogenous testosterone therapy but 
suggest that sterol effl ux to HDL is not impaired by testos-
terone replacement. Further, our fi ndings indicate the 
need for continued investigation of both the roles of indi-
vidual HDL-associated proteins in atherogenesis and the 
utility of various metrics of HDL function for predicting 
cardiovascular risk. Such broadened understanding is es-
sential to better interpret the role of sex steroids in choles-
terol metabolism and attendant risk of CVD in men.  
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