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Abstract

Background—Exogenous testosterone decreases serum concentrations of high-density
lipoprotein cholesterol (HDL-C) in men, but whether this alters cardiovascular risk is uncertain.

Objective—To investigate the effects of testosterone and estradiol on HDL particle concentration
and metrics of HDL function.

Methods—We enrolled 53 healthy men, 19-55 years of age, in a double-blinded, placebo-
controlled, randomized trial. Subjects were rendered medically castrate using the GnRH receptor
antagonist acyline and administered either 1) placebo gel, 2) low-dose transdermal testosterone gel
(1.62%, 1.25 g), 3) full replacement dose testosterone gel (1.62%, 5 g) or 4) full replacement dose
testosterone gel together with an aromatase inhibitor for 4 weeks. At baseline and end-of-
treatment, serum HDL total macrophage and ABCAZ1-specific cholesterol efflux capacity (CEC),
HDL particle concentration and size, and HDL protein composition were determined.

Results—Significant differences in serum HDL-C were observed with treatment across groups
(p=0.01 in overall repeated measures ANOVA), with increases in HDL-C seen after both complete
and partial testosterone deprivation. Medical castration increased total HDL particle concentration
(median[IQR] 19.1[1.8] nmol/L at baseline vs. 21.3[3.1] nmol/L at week 4, p=0.006). However,
corresponding changes in total macrophage CEC and ABCA1-specific CEC were not observed.
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Change in serum 17pB-estradiol concentration correlated with change in total macrophage CEC
(p=0.33 per 10 pg/mL change in serum 17p-estradiol, p=0.03).

Conclusions—Testosterone deprivation in healthy men leads to a dissociation between changes
in serum HDL-C and HDL CEC. Changes in serum HDL-C specifically due to testosterone
exposure may not reflect changes in HDL function.
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Introduction

Low circulating testosterone concentrations associate with increased cardiovascular disease
(CVD) risk in men,! but whether this association reflects a causal relationship remains
uncertain. Similarly, the impact of testosterone replacement therapy (TRT) on CVD risk is
unclear and particularly controversial with regard to its use in older men with late-onset
hypogonadism.1-2 Concern stems in part from the observation that exogenous testosterone
administration to men often modestly lowers serum concentrations of high-density
lipoprotein cholesterol (HDL-C),3 a well-established negative risk factor for CVD.#

Measurement of HDL-C concentrations may have limited utility as a predictor of CVD risk.
Despite the strong, inverse association between HDL-C and CVD risk in epidemiologic
studies, recent clinical trials have demonstrated that pharmacologic treatments designed to
increase HDL-C have failed to confer cardiovascular protection despite substantially raising
HDL-C concentrations.>8 Thus, the possibility exists that TRT also could result in a
dissociation between HDL-C and CVD risk. Increasingly, alternative metrics of HDL
composition and function have been employed as indices of the relationship between HDL
and CVD.” The use of these alternative metrics may offer key insights into HDL-associated
mechanisms through which testosterone may influence CVD risk in men.

The best characterized function for HDL is its role in reverse cholesterol transport (RCT),
the process by which cholesterol from peripheral cells is transferred by HDL to the liver for
excretion in the bile. HDL mediates RCT both directly by delivering the cholesterol to liver
via scavenger receptor class B type 1 (SR-BI), as well as indirectly, through transfer of
cholesterol to apolipoprotein B-containing particles and delivery via LDL receptor.8 In
addition to RCT, HDL can also deliver cholesterol to steroidogenic cells, adipocytes, and
endothelial cells through interaction with SR-BI.%19 HDL cholesterol efflux capacity (CEC),
the ability of HDL to accept cholesterol from macrophages — the first critical step of RCT -
can be quantified in clinical samples using cell-based assays.1? Importantly, serum HDL-C
concentrations are dissociated from HDL CEC; HDL-C accounts for less than half of the
variance in HDL CEC,! underscoring the limitations of serum HDL-C as a measure of
HDL function.12 Furthermore, HDL CEC has been shown to be a predictor of both prevalent
and incident coronary artery disease independent of HDL-C concentrations.13-14 HDL
particles of different sizes have been shown to preferentially mediate cholesterol efflux
through discrete pathways,1516 and large HDL subclasses in particular have been associated
with lower CVD prevalence and severity although these findings have not been uniform
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across studies.1” Further, lower total HDL particle concentration has been associated with
prevalent cerebrovascular disease and incident cardiovascular events.18-21 HDL particle
concentration and size distribution have been shown to more closely associate with CVD
than HDL-C.1819 Thus, quantifying changes in these alternative HDL metrics may generate
important new insights into the relationship between testosterone and HDL and thereby into
the relationship between testosterone and CVD risk in men.

To investigate the relationship between testosterone and HDL, we measured pre-specified
HDL-associated metrics using serum samples collected during a randomized, double-blind
clinical intervention study in which healthy, eugonadal men underwent sex steroid
manipulation for a 4-week treatment period. At baseline and end-of-treatment, serum HDL
CEC, and HDL particle concentration, size distribution, and protein composition were
quantified in order to comprehensively characterize the effects of testosterone on HDL in
men.

Materials and Methods

Study design and subjects

A total of 53 subjects with normal baseline serum testosterone concentrations were enrolled.
Of these, 45 completed all study visits and study-related procedures and were included in the
analyses. As described elsewhere,22 enrolled subjects were healthy, eugonadal men between
19-55 years of age. Exclusion criteria included a history of diabetes, uncontrolled
hypertension, body mass index >33 kg/m?, and current or recent use of testosterone,
glucocorticoids, or lipid-lowering medications including statins.22

The GnRH receptor antagonist acyline (300 pg/kg body weight) 23 was administered by
subcutaneous injection to all subjects at baseline and study week 2. Subjects were
randomized to receive one of the following regimens administered daily over the 4-week
treatment period: 1) placebo transdermal gel and placebo tablets (Castrate group), 2) low-
dose testosterone gel (1.25¢g of 1.62% gel; AndroGel, Abbvie Inc; Chicago, IL) and placebo
tablets (Low T/E group), 3) full replacement dose testosterone gel (59 of 1.62% gel) and
placebo tablets (Normal T/E group), or 4) full replacement dose testosterone gel and the
aromatase inhibitor letrozole to confer selective estrogen deprivation (Apotex Corporation;
Ontario, Canada) (Normal T/Low E group). Double-blinded randomization to treatment
groups was performed with a block size of 4. At baseline and end-of-treatment (study week
4), serum HDL CEC was measured by 2 methods with serum depleted of apolipoprotein B
(apoB)-containing particles. Total HDL particle concentration (HDL-Pima) and particle size
distribution were quantified by calibrated ion mobility analysis.18 This study was approved
by the University of Washington Institutional Review Board and registered at
ClinicalTrials.gov (ID NCT01686828). Written informed consent was obtained from all
subjects before any study procedures were performed.

Sample collection and processing

Serum sex steroids were measured by liquid chromatography-tandem mass spectrometry as
previously described.?2 For measurement of fasting lipid concentrations and HDL analyses,
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whole blood was collected and allowed to clot for 15 minutes on ice. Samples were then
centrifuged at 3000 rpm at 4°C for 10 minutes and immediately stored at —80°C. Samples
were kept at —80°C until batched and analyzed together after a single thaw. Fasting lipid
concentrations were measured at the Northwest Lipid Metabolism and Diabetes Research
Center (NWLMDRC; Seattle, WA) using established, validated methods.24

Serum HDL CEC measurement

Serum HDL capacity to efflux cholesterol from macrophages was determined using the
methods developed by Rothblat and colleagues,® which we have employed previously.25:26
Briefly, plasma was converted to serum by addition of Ca2* and depleted of apoB-containing
particles by polyethylene glycol precipitation (serum HDL). Serum HDL in DMEM medium
(1.1% serum) was incubated for 4 hours with cells loaded with radiolabeled [3H]-
cholesterol. Total serum HDL CEC (total macrophage CEC) was determined using cCAMP-
stimulated J774 cells treated with an acyl-coenzyme A:cholesterol acyltransferase inhibitor.
13 CEC mediated specifically by ABCA1 (ABCA1 CEC) was quantified using BHK-1 cells
transfected with mifepristone-inducible human ABCA1 transporter.27-28 CEC was quantified
as the % of [3H]-cholesterol in the medium relative to all labeled cholesterol in the culture
system (cells and medium) after subtraction of values obtained after serum-free incubation.
ABCAL CEC was determined by subtracting basal CEC (BHK-1 cells not stimulated with
mifepristone) from mifepristone-stimulated CEC in BHK-1 cells. All samples were assayed
in duplicate, and mean values are presented. Assays for each cell type were done on the
same day, and the coefficient of variation for macrophage CEC was 7.9%, and ABCA1 CEC
6.7%.

Quantification of HDL particle size and concentration

HDL particle concentration (HDL-Pima) and size distribution were measured using
calibrated ion mobility analysis (cIMA).18:28 This method yields a stoichiometry of apoA-I
and sizes and relative abundances of HDL subclasses that are in excellent agreement with
those determined by non-denaturing gradient gel electrophoresis and analytical
ultracentrifugation.18:29 Particle concentration was calibrated using glucose oxidase and
validated using external, well characterized plasma samples. Four species of HDL particles
were detected by cIMA analysis and classified as extra small (xs-HDL-Pima, average
diameter 7.8 nm), small (s-HDL-Pima, average diameter 8.4 nm), medium (m-HDL-Pima,
average diameter 9.5 nm), or large (I-HDL-Pima, average diameter 10.8 nm). Total HDL
particle (t-HDL-Pima) concentration was calculated as the sum total of all 4 particle sizes.
Intra-assay coefficients of variation averaged 11.2% (6.7-18.2%), and inter-assay values
averaged 11.1% (3.8-18.8%).

Quantification of HDL-associated proteins

The abundance of HDL-associated proteins was quantified by MS using a targeted
proteomics strategy to measure 34 proteins as described previously.30 HDL proteins were
spiked with 15N-apoA-1 as an internal standard, denatured, reduced and alkylated, and
digested with trypsin. Tryptic digests of HDL were chromatographed using a nanoAquity
UPLC (Waters, MA) with a C18 trapping column (Reprosil C18 100 A, 5 um, 0.1 x 40 mm;
Dr. Maisch, Germany) (trapping flow rate 4 uL/min), a capillary analytical column (Reprosil
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C18 100 A, 5 um, 100%0.075 mm; Dr. Maisch, Germany), and a 30 min linear gradient of
acetonitrile, 0.1% formic acid (7-35%) in 0.1% formic acid in water at a flow rate of 0.6 pL/
min. The NanoAquity UPLC was connected to a Thermo TSQ Vantage triple-quadrupole
mass spectrometer with electrospray ionization. The instrument was operated in SRM mode
with 10 ms dwell time and the peptides were monitored with collision energies optimized to
maximize the signal. Peak areas were integrated using Skyline software.3!

Statistical analyses

Results

All variables were tested for normality using the Shapiro-Wilk test, and non-normally
distributed variables were log-transformed. Repeated measures ANOVA (RM-ANOVA) was
performed to determine whether time-by-treatment group interactions existed for each of the
endpoints except for HDL-associated proteins. Within-group differences over the 4-week
treatment period were assessed with Wilcoxon signed rank tests using non-log transformed
values. Baseline differences among treatment groups were determined by ANOVA. For
HDL-associated proteins, peak area values for each protein were log-transformed and
standardized using Z-scores. Differences in the change in protein abundance across
treatment groups were determined using one-way ANOVA. To examine associations
between changes in serum sex steroid concentrations and HDL-associated endpoints,
multistep linear regression analyses were used, with all study subjects analyzed as a single
cohort. For fasting lipoprotein concentrations, dependent variables were changes in serum
testosterone and 17p-estradiol concentrations, which were treated as ordinal variables (per
3.47 nmol/L [1 ng/mL] change in serum testosterone or per 36.7 pmol/L [10 pg/mL] change
in serum 17B-estradiol). For HDL CEC and HDL particle concentrations, dependent
variables included changes in serum testosterone and 17p-estradiol concentrations as well as
change in serum HDL-C concentration, which was treated as a continuous variable. For
HDL-associated proteins, dependent variables included changes in serum testosterone and
17p-estradiol concentrations, total macrophage CEC, and the fractions of large and small
HDL particles. Only significant variables were included in the final models for all regression
analyses. A p-value threshold of <0.05 defined statistical significance except for analysis of
HDL-associated protein abundance for which an adjusted p-value threshold of <0.0015
(Bonferroni adjustment) was used to correct for multiple comparisons. Data are presented as
median[interquartile range (IQR)] or mean£SD as indicated, and standardized p-coefficients
are shown. Statistical analyses were performed using SPSS 25 (IBM Corporation, Armonk,
New York), and graphs were generated using GraphPad Prism 5 (GraphPad Inc., La Jolla,
CA).

Study subjects and serum sex steroid concentrations

A total of 45 subjects completed all study visits and procedures and met criteria for study
drug adherence established a priori and consequently were included in the current analyses.
Subjects were healthy men with normal baseline serum testosterone concentrations, and
detailed enrollment data and baseline characteristics have been reported previously.22 On-
treatment serum sex steroid concentrations were achieved as intended for all 4 treatment
groups (Figure 1), with highly significant differences in serum testosterone and 17p-
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estradiol concentrations seen across groups during treatment (p=0.0002 for both in overall
RM-ANOVA).

Testosterone deprivation increases serum concentrations of HDL-C

At baseline, none of the lipid parameters differed significantly among groups. No significant
treatment effects were found for any of the serum lipid parameters except HDL-C, for which
a significant effect was observed (p=0.01 in overall RM-ANOVA, Figure 2). A single subject
in the Normal T/Low E had a very high baseline serum HDL-C concentration (3.81
mmol/L). Exclusion of this subject in sensitivity analysis did not affect the findings, and the
time-by-group interaction for serum HDL-C concentration remained significant and
unchanged (p=0.01).

Significant treatment-induced increases in serum HDL-C concentration were evident for
both groups deficient in testosterone, the Castrate group (1.19[0.19] mmol/L at baseline vs.
1.35[0.22] mmol/L at week 4, p=0.006) and the Low T/E group (1.09[0.49] mmol/L at
baseline vs. 1.30[0.60] mmol/L at week 4, p=0.007). In contrast, no changes in serum HDL-
C were observed in the 2 treatment groups that received full-dose testosterone (Normal T/E
and Normal T/Low E groups). A significant inverse correlation was found between change
in serum testosterone concentration and change in serum HDL- C across all study subjects
(B=-0.39 per 3.47 nmol/L change in serum testosterone, p=0.009). Change in serum 17p-
estradiol concentration did not associate with changes in HDL-C nor any of the other serum
lipid parameters (data not shown).

Testosterone deprivation does not increase serum HDL CEC

The CEC of serum HDL (apoB-depleted serum) was measured to determine whether
increases in HDL-C consequent to testosterone deprivation showed attendant changes in
HDL efflux capacity. Changes in total macrophage HDL CEC did not differ among groups
over the treatment period (p=0.65 in overall RM-ANOVA, Figure 3A). Despite a significant
increase in serum HDL-C concentrations among subjects in the Castrate group, total
macrophage CEC remained unchanged (14.1[3.4]% at baseline vs. 15.7[5.3]% at week 4,
p=0.13). No changes in total macrophage CEC were found in the other 3 treatment groups.
These findings were unchanged by adjustment for the serum HDL-C concentration in the
RM-ANOVA models (data not shown).

Whereas change in total macrophage CEC exhibited a modest, positive correlation with
change in serum HDL-C (B=0.30, p=0.05), no association was found between change in
total macrophage CEC and serum testosterone concentration. However, total macrophage
CEC exhibited a positive correlation with change in serum 17p-estradiol ($=0.37 per 36.7
pmol/L change in 17p-estradiol, p=0.02).

Similar to total macrophage CEC, no differences across treatment groups were observed for
ABCAL CEC (p=0.34 in overall RM-ANOVA, Figure 3B), regardless of correction for
changes in serum HDL-C concentration (data not shown). End-of-treatment ABCA1 CEC
also remained similar to baseline values among subjects in the Castrate group (5.8[1.7]% at
baseline vs. 6.2[1.6]% at week 4, p=0.38). However, selective estrogen deprivation led to a
small but significant increase in ABCA1 CEC (Normal T/Low E group, 5.3[2.0]% at
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baseline vs. 6.4[1.9]1% at week 4, p=0.047). No other significant within-group changes in
ABCAL CEC were found over the 4-week treatment period.

Change in ABCA1 CEC did not correlate with changes in serum testosterone or 17p-
estradiol concentrations or with change in serum HDL-C. In sensitivity analyses, exclusion
of the subject with very high HDL-C concentrations did not change the absence of
significant time-by-group interactions for either total macrophage or ABCA1 CEC (p=0.72
and p=0.39, respectively).

Testosterone and 17p-estradiol exposure both contribute to changes in HDL particle
subclass distribution

Across the groups there was no significant difference in total HDL particle concentration (t-
HDL-Pima) (p=0.42 in overall RM-ANOVA, Figure 4). However, a significant, ~10%
increase in t-HDL-Pima was found in the Castrate group (19.1[1.8] nmol/L at baseline vs.
21.3[3.1] nmol/L at week 4, p=0.006). Further supporting a relationship between serum
testosterone and t-HDL-Pima, a significant inverse correlation was seen between changes in
serum testosterone concentration and t-HDL-Pima (=-0.36 per 3.47 nmol/L change in
serum testosterone, p=0.01). However, when serum HDL-C concentration was included in
the model as a covariate, the inverse correlation between testosterone and t-HDL-Pima was
lost due to association of change in serum HDL-C with change in t-HDL-Pima (=0.58,
p<0.0001).

Relative fractions of HDL particle subclasses were calculated, with extra-small, small,
medium, and large particles expressed as a % of t-HDL-Pima. No differences were observed
across the groups for extra small HDL particles (xs-HDL-Pima), nor were within-group
differences observed over the treatment period (Figure 5A). In contrast, significant changes
in the fraction of small HDL particles (s-HDL-Pima) were found among the groups during
treatment (p=0.009 in overall RM-ANOVA, Figure 5B). In the 2 treatment groups rendered
testosterone deficient, s-HDL-Pima decreased, whereas s-HDL-Pima increased in the other 2
groups, with a statistically significant within-group decrease in s-HDL-Pima for the Low
T/E group (p=0.002, Figure 5B). The treatment-induced change in s-HDL-Pima exhibited an
inverse correlation with change in serum HDL-C concentration (B=-0.37, p=0.01) but did
not correlate with changes in serum sex steroid concentrations.

No differences in the fraction of medium HDL particles (m-HDL-Pima), were found among
the treatment groups, nor were within-group changes observed for any group (Figure 5C).
However, change in m-HDL-Pima exhibited a significant inverse correlation with change in
serum 17p-estradiol concentration (f=-0.32 per 36.7 pmol/L change in 17p-estradiol,
p=0.045). Changes in the fraction of large HDL particles (I-HDL-Pima) differed among
groups over the treatment period (p=0.03 in overall RM-ANOVA, Figure 5D), with a
significant within-group decrease evident in the Normal T/Low E group (p=0.005).
Interestingly, the changes in I-HDL-Pima correlated significantly with change in both serum
testosterone and 17B-estradiol concentrations but with opposite relationships. Thus, change
in serum testosterone correlated negatively with change in I-HDL-Pima (f=-0.51 per 3.47
nmol/L change in testosterone, p=0.003, Figure 6A), whereas change in serum 17p-estradiol
showed a positive correlation with change in I-HDL-Pima ($=0.49 per 36.7 pmol/L change
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in 17p-estradiol, p=0.004, Figure 6B). In sensitivity analyses, significant treatment effects
persisted for s-HDL-Pima and I-HDL-Pima with exclusion of the subject with a very high
serum HDL-C concentration (p=0.004 and p=0.03 in overall RM-ANOVA, respectively).
Further, a subject in the Normal T/E group exhibited a very high increment in serum 17p-
estradiol concentration during the treatment period. However, the correlation between
changes in serum 17p-estradiol concentration and I-HDL-Pima remained significant though
attenuated when this subject was excluded (f=0.36 per 36.7 pmol/L change in 17p-estradiol,
p=0.02).

Change in the fraction of small HDL particles is the primary determinant of changes in the
abundance of HDL-associated proteins

The abundance of 34 HDL-associated proteins was determined at baseline and at the end of
the 4-week treatment period using targeted proteomics. Across treatment groups, no
significant differences were found for changes in the abundance of any HDL-associated
proteins after correcting for multiple comparisons (Supplementary Table 1). Consistent with
these negative findings in the primary analysis, changes in serum sex steroid concentrations
correlated with changes in the abundance of only 3 HDL-associated proteins. Change in
serum testosterone concentration showed a significant inverse correlation with change in
HDL-associated apolipoprotein L1 (APOL1) abundance ($=—0.36 per 3.47 nmol/L change
in testosterone, p=0.01). Change in serum 17p-estradiol concentration exhibited a strong
inverse correlation with change in abundance of HDL-associated apolipoprotein C4
(APOC4) (B=-0.41 per 36.7 pmol/L change in 17p-estradiol, p=0.004) and a weaker,
inverse correlation with change in abundance of HDL-associated apolipoprotein A-I
(APOAL) (p=—0.34 per 36.7 pmol/L change in 17p-estradiol, p=0.03). Of the HDL-Pima
metrics, the change in s-HDL-Pima was significantly, positively correlated with changes in
the abundance of 13 of 34 measured proteins, whereas change in I-HDL-Pima correlated
only with the change in abundance of prenylcysteine oxidase 1 (PCYOX1) (Supplementary
Table 2). Change in total macrophage CEC correlated significantly with changes in the
abundance of 3 HDL-associated proteins [clusterin, APOA1, and paraoxonase 3 (PON3)].

Discussion

We demonstrate that short-term testosterone deprivation increases serum concentrations of
HDL-C in healthy men but that these increases in HDL-C are not reflected by enhanced
HDL CEC. Change in serum testosterone did not associate with changes in total macrophage
or ABCAL CEC. In contrast, change in serum 17p-estradiol concentration correlated
positively with the change in total macrophage but not ABCA1 CEC. Changes in both serum
testosterone and 17p-estradiol concentrations were strongly associated with changes in HDL
particle concentration and subclasses. Medical castration but not partial testosterone
deprivation led to increases in total HDL particle concentration. Further, testosterone
deprivation associated with an increase in the fraction of large HDL particles, whereas
selective estrogen deprivation led to a decrease in the fraction of large HDL particles.
Collectively, these findings indicate discrete roles for androgens and estrogens in the
regulation of HDL particle size distribution and HDL function and highlight the dissociation
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between HDL-C concentrations and HDL function (serum HDL CEC) with sex steroid
manipulation.

Serum HDL CEC is strongly associated with both prevalent and incident CVD,13.14
suggesting it could prove both an important therapeutic target and a clinical metric of CVD
risk.32 However, the positive association between CEC and CVD risk has not been a
universal finding. For example, pharmacologic inhibition of cholesteryl ester transfer protein
(CETP) markedly increased HDL CEC but failed to reduce incident CVD.33 Higher serum
HDL CEC also has been found in subjects with familial hypertriglyceridemia and metabolic
syndrome relative to healthy controls,343% findings that may result from the positive
association between serum triglyceride and pre-B1-HDL concentrations.36

To date, only a few studies have examined the relationship between sex steroids and
alternative HDL -associated metrics in men. Whereas we previously found that short-term
medical castration in men led to increased total macrophage CEC,25 in both the previous and
the present studies, we consistently observed an increase in HDL-C with medical castration
that was not reflected by proportionate increases in CEC. Conversely, in an earlier study of
hypogonadal older men, testosterone replacement did not significantly change serum HDL-
C concentrations or total macrophage CEC.26 These negative findings are most likely due to
the fact that subjects had only mild, age-associated hypogonadism, and serum concentrations
of both testosterone and estradiol rose only modestly with testosterone replacement.

Interestingly, change in serum 17B-estradiol concentration exhibited a positive association
with the change in total macrophage but not ABCA1-mediated CEC. Previous work
demonstrated that in the J774 model system, total macrophage CEC comprises pathways
mediated by ABCA1, ABCG1, and SR-BI and passive diffusion.3” Thus, our findings
suggest that estradiol may increase cholesterol efflux via ABCG1- and/or SR-Bl-mediated
pathways, possibly by changing the distribution of HDL particle subclasses. In this study,
estradiol exposure associated strongly with an increase in large HDL particles, and a recent
clinical study identified a strong, positive association between large HDL particles and SR-
Bl-mediated efflux.3¢ Finally, a significant increase in ABCA1 CEC was observed
exclusively among subjects rendered estrogen deficient. Mechanisms underlying this
observation are unknown, but this finding underscores the importance of measuring pre-p1-
HDL and plasminogen in future studies, as these may be significant contributors to ABCA1-
specific efflux by serum HDL.11.16

HDL particle size has been shown to influence HDL function and to associate with CVD
risk. The smaller HDL particles predominantly mediate cholesterol efflux through the
ABCAL1-dependent pathway, whereas larger HDL particles preferentially mediate efflux
through ABCG1- and SR-BI-dependent pathways.®38 Our finding of a positive correlation
between changes in serum 17p-estradiol concentration and the fraction of large HDL
particles is consistent with previous studies in women that have shown positive correlations
between serum estradiol and large HDL subclasses.3940 Further, an increase in the larger,
more buoyant, HDL, subclass was found after 8 weeks of transdermal estrogen therapy in a
small cohort of men undergoing androgen deprivation for treatment of prostate cancer.4! In
contrast to estrogen-mediated effects, change in serum testosterone exhibited a negative
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correlation with change in the relative fraction of large HDL particles. These opposite
associations of testosterone and estradiol with large HDL particle concentration likely
explain why no significant within-group changes in the fraction of large HDL particles were
found for the Castrate or Low T/E groups, which underwent simultaneous androgen and
estrogen deprivation. The opposing effects of testosterone and estradiol on large HDL
particles may also explain the variable findings from past studies that have examined
changes in HDL particle size consequent to testosterone replacement therapy.4243 Both
testosterone and estradiol play roles in the regulation of hepatic lipase, 4344 an effect that
may prove a key mechanism whereby sex steroids contribute to the remodeling of HDL
particles. Testosterone and estrogen also have been implicated in the regulation of SR-BI
expression 4546 and therefore could influence hepatic uptake of HDL-associated cholesterol
as well as HDL remodeling. Recent work also suggested that HDL particles of varying sizes
may be secreted from the liver concurrently and remain unchanged in circulation,*” raising
the possibility that sex steroid signaling within hepatocytes could influence the size
distribution of secreted HDL particles.

Additional work is needed to better establish the mechanisms whereby sex steroids influence
HDL particle size, and, moreover, to determine how this remodeling affects HDL particle
function. Across groups, no significant differences were found in the changes in abundance
of HDL-associated proteins over the 4-week treatment period. In contrast, change in the
fraction of small HDL particles showed significant correlations with nearly 40% of the
quantified HDL-associated proteins. Notably, all of these correlations were positive,
suggesting that HDL particles may become enriched in these proteins as their size and lipid
cargo decrease. A critical future area of research therefore will be the simultaneous
quantification of HDL phospholipid and neutral lipid cargo after sex steroid manipulation in
men. In our prior pilot study of experimental testosterone deprivation in healthy men,
medical castration resulted in an increase in abundance of HDL-associated clusterin.25 The
absence of this finding in our current study is most likely due to the fact that macrophage
CEC increased significantly after medical castration in our prior study, as macrophage CEC
was the only significant correlate of change in HDL-associated clusterin abundance in the
present study. Changes in serum sex steroid concentrations did exhibit correlations with
changes in the abundance of 3 HDL-associated proteins, the strongest of which was an
inverse correlation between changes in serum 17p-estradiol and HDL-associated APOC4
abundance. The absence of any significant findings in the primary analysis could be
explained by the fact that subjects in 3 of the 4 treatment groups were rendered estrogen
deficient. In addition, our treatment duration was fairly short, and a longer treatment period
may be necessary to induce greater sex steroid-mediated changes in HDL protein cargo.
Nonetheless, our findings overall suggest that although sex steroids may indirectly influence
the abundance of HDL-associated proteins through conferring changes in HDL particle size,
they do not appear to be significant regulators of HDL protein composition.

Our study was limited by a relatively small sample size as it was not designed specifically
for the HDL-associated endpoints. Although all subjects in our study cohort were healthy,
eugonadal men, subjects spanned a broad range of ages and serum lipid concentrations.
Thus, follow up studies will be necessary to clearly determine interactions between sex
steroid exposure and age and other indices of cardiometabolic risk in the regulation of HDL
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composition and function. Importantly, too, the utility of quantifying changes in HDL CEC
after a clinical intervention for predicting cardiovascular outcomes remains to be
established. To date, aggregate findings underscore the limited clinical utility of any single
HDL-associated metric in isolation for predicting CVD risk on an individual basis and
highlight the need to identify novel metrics that specifically reflect HDL-mediated
cholesterol efflux from vascular macrophages, a critical determinant of HDL’s
atheroprotective effects.*8 Nonetheless, our study benefited from use of well validated
assays to quantify serum HDL CEC and HDL particle concentration and size.

Conclusion

Our findings support roles for both testosterone and estradiol in regulating HDL particle size
and function in men. They suggest that changes in HDL-C consequent to testosterone
deprivation may not be a reliable predictor of changes in HDL CEC, and perhaps, therefore,
may not impact CVD risk through this mechanism. Additional work is essential to delineate
pathways by which sex steroids may regulate HDL remodeling and function and thereby
help clarify the respective roles of androgens and estrogens in influencing cardiovascular
risk in men. Critically, too, clinical studies are needed to determine whether the present
findings are similarly evident with sex steroid manipulation in clinical settings, including
exogenous testosterone replacement therapy for male hypogonadism, male hormonal
contraceptive regimens, or androgen deprivation therapy for treatment of prostate cancer.
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Highlights

Testosterone deprivation in healthy men increased HDL-C and HDL particle
number.

A corresponding increase in HDL cholesterol efflux capacity was not
observed.

Estrogen deprivation increased ABCA1-specific cholesterol efflux capacity.

HDL cholesterol may not reflect sex steroid-mediated changes in HDL
function.
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A. Baseline and week 4 total serum testosterone concentrations
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Figure 1.
Baseline and end-of-treatment serum total testosterone (A) and 17p-estradiol (B)

concentrations in study subjects classified by treatment group. Data points are shown as
median and standard error.
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Figure 2.
Changes in serum lipids across treatment groups during the 4-week treatment period. No

significant differences across groups nor within-group changes were seen for total
cholesterol (A), triglycerides (B), very low-density lipoprotein cholesterol (C), or low-
density lipoprotein cholesterol (D). A significant difference across groups was seen over the
treatment period for high-density lipoprotein cholesterol (HDL-C) (E), with significant
increases in HDL-C concentrations evident in both the Castrate and Low T/E groups.
Whiskers = minimum to maximum values, **p<0.01 for within-group change
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A. Baseline and week 4 total macrophage CEC
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Changes in CEC across treatment groups during the 4-week treatment period. Neither
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differences across groups nor within-group changes were seen for total macrophage CEC
(A). A significant increase in ABCAL CEC was evident over the 4-week treatment period
among subjects who underwent selective estrogen deprivation (B). Whiskers = minimum to

maximum values, *p<0.05 for within-group change
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Figure 4.

Change in total HDL particle concentration across treatment groups during the 4-week
treatment period. A time-by-group interaction was not found for total HDL particle
concentration, but a significant within-group change was noted for subjects in the Castrate
group over the 4-week treatment period. Whiskers = minimum to maximum values.
**p<0.01 for within-group change
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Baseline and end-of-treatment HDL particle size distribution in all study subjects classified
by treatment group. No differences across groups were observed for extra small HDL
particle fraction (xs-HDL-Pima) (A), but a significant treatment effect was seen for small
HDL particles (s-HDL-Pima) (B) with a significant decrease in small HDL particle fraction
in the Low T/E group. No differences across groups were evident for medium HDL particle
fraction (m-HDL-Pima) (C), but change in the fraction of large HDL particles (I-HDL-Pima)
did differ across groups, with a significant decrease in large HDL particle fraction among
subjects in the Normal E/Low E group. Data are presented as a % of total HDL particle
concentration (total HDL-Pima). Whiskers = minimum to maximum values. *p<0.05 for

within-group change
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A. Correlation between changes in large HDL particle fraction and serum testosterone level
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Figure 6.

Correlations between changes in serum sex steroid concentrations and change in the fraction

of large HDL particles. When all study subjects were grouped as a single cohort, a
significant inverse association was found between change in serum testosterone

concentration and change in the fraction of large HDL particles (A), whereas a positive
association was found between change in serum 17p-estradiol concentration and change in

the fraction of large HDL particles (B).
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