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Abstract

Context: Selective androgen receptor modulators (SARMs), because of their preferential muscle vs prostate selectivity, are being developed
for muscle-wasting conditions. Oral SARMs suppress high-density lipoprotein cholesterol (HDL-C) but their effects on functional capacity and
atherogenic potential of HDL particles are unknown.

Objective: To determine the effects of an oral SARM (OPK-88004) on cholesterol efflux capacity, HDL particle number and size, apolipoprotein
particle number and size and HDL subspecies

Methods: \We measured cholesterol efflux capacity (CEC); HDL particle number and size; APOB; APOAT1; and protein-defined HDL subspecies
associated with coronary heart disease (CHD) risk in men, who had undergone prostatectomy for low-grade prostate cancer during 12-week
treatment with placebo or 1, 5, or 15 mg of an oral SARM (OPK-88004).

Results: SARM significantly suppressed HDL-C (P < .001) but HDL particle size did not change significantly. SARM had minimal effect on CEC
of HDL particles (change + 0.016, —0.036, +0.070, and -0.048%/umol-HDL/L™" at 0, 1, 5, and 15 mg SARM, P =.045). SARM treatment sup-
pressed APOAI (P < .001) but not APOB (P =.077), and reduced APOA1 in HDL subspecies associated with increased (subspecies containing
a2-macroglobulin, complement C3, or plasminogen) as well as decreased (subspecies containing APOC1 or APOE) CHD risk; relative propor
tions of APOAT in these HDL subspecies did not change. SARM increased hepatic triacylglycerol lipase (HTGL) (P < .001).

Conclusion: SARM treatment suppressed HDL-C but had minimal effect on its size or cholesterol efflux function. SARM reduced APOA1 in HDL
subspecies associated with increased as well as decreased CHD risk. SARM-induced increase in HTGL could contribute to HDL-C suppression.
These data do not support the simplistic notion that SARM-associated suppression of HDL-C is necessarily proatherogenic; randomized trials are
needed to determine SARM'’s effects on cardiovascular events.

Key Words: effect of SARM on reverse cholesterol transport, protein-defined HDL subspecies, HDL proteome, cholesterol efflux, nonsteroidal SARM,
androgen, apolipoprotein A-1, high-density lipoprotein cholesterol, hepatic lipase

Abbreviations: ACAT, cholesterol acyltransferase; ANCOVA, analysis of covariance; APO, apolipoprotein; AR, androgen receptor; CEC, cholesterol efflux
capacity; CETP, cholesterol ester transfer protein, CHD, coronary heart disease; CV, coefficient of variation; CVD, cardiovascular disease; ELISA, enzyme-
linked immunosorbent assay; HDL-C, high-density lipoprotein cholesterol; HTGL, hepatic triacylglycerol lipase; LDL-C, low-density lipoprotein cholesterol; PBS,
phosphate-buffered saline; PSA, prostate-specific antigen; SARM, selective androgen receptor modulator.

Selective androgen receptor modulators (SARMs) are lig-
ands that bind to androgen receptor (AR) and induce tissue-
specific activation of AR-dependent signaling [1, 2]. Because
of their relative muscle vs prostate selectivity and oral route
of administration, several nonsteroidal SARMs are in de-
velopment for a variety of anabolic indications [1-7]. The
mechanisms of tissue-specific transcriptional activation and
selectivity of SARMs remain incompletely understood; sev-
eral mechanisms have been proposed to explain the tissue se-
lectivity, including the differential recruitment of coregulator

proteins, induction of specific conformational changes in the
AR protein, which modulates subsequent protein-protein
interactions between AR and other coregulators, and the in-
ability of the nonsteroidal SARMs do no undergo 5 alpha
reduction. In phase 1, 2, and 3 trials, several SARMs have
been shown to increase lean body mass, maximal voluntary
muscle strength, and stair-climbing power, and decrease adi-
pose tissue mass [1, 4-9].

Orally administered nonsteroidal SARMs, similar to ster-
oidal androgens, lower circulating high-density lipoprotein
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cholesterol (HDL-C) levels [3-8, 10, 11]; the physiologic sig-
nificance of the HDL-C suppression induced by oral SARM
treatment remains unclear. Endogenous HDL-C levels have
been inversely associated with coronary heart disease (CHD)
risk in some but not all epidemiologic studies; however, re-
cent observations have shown that the HDL hypothesis is
overly simplistic and that HDL-C is an imperfect marker
of CHD risk. Raising of HDL-C by the inhibitors of chol-
esterol ester transfer protein (CETP) [12] or niacin [13] has
not been associated with a reduction in cardiovascular events
[14, 15]. Circulating HDL-C levels are limited in their ability
to predict CHD risk because they do not necessarily reflect
the functionality of the HDL particles in facilitating the ef-
flux of cholesterol from the tissues to the liver for excretion
or their anti-inflammatory, antioxidative, antiapoptotic, or
antithrombotic functions [16-18]. The cholesterol efflux cap-
acity (CEC) of serum HDL is a more robust predictor of CHD
risk thatis independent of circulating HDL-C level [16-18]. An
analysis of the Dallas Heart Study cohort revealed that, after
adjustment for traditional risk factors, HDL-C is no longer a
predictor of cardiovascular events [16]. In contrast, the CEC
remains a strong predictor of cardiovascular events even after
adjustment for the traditional risk factors and HDL-C levels
[16,18]. Meta-analyses [19,20] have confirmed that CEC is an
independent marker of CHD risk. CETP inhibitors may inter-
fere with the many physiologic functions of HDL, including
reverse cholesterol transport [21]. It is unknown whether oral
SARMs alter the CEC of circulating HDL particles; an im-
portant aim of this study was to determine the effects of an
oral SARM on the CEC of circulating HDL particles.

Circulating HDL represents a heterogeneous collection of
protein-lipid complexes containing APOA1, cholesterol, and
other lipids, and a large number of lipophilic proteins that
mediate the diverse functions of HDL particles [22-24]. The
apoprotein composition of the HDL particles is more ro-
bustly associated with CHD risk than total HDL-C. Furtado
et al [22, 25] characterized 16 novel protein-defined HDL
subspecies; several HDL subspecies characterized by the pres-
ence of APOC3, a2 macroglobulin, complement C3, or plas-
minogen are more strongly associated with increased CHD
risk than HDL subspecies that did not contain the defining
protein. In contrast, HDL subspecies that contained APOC1
or APOE are associated with reduced CHD risk [22]. A sub-
sequent analyses of 2 randomized trials of CETP inhibitors
[15] revealed that CETP inhibitors increase APOAT in dys-
functional HDL subspecies and that this shift in HDL subspe-
cies may have contributed to the observed lack of beneficial
effect of CETP inhibitors on cardiovascular events. Therefore,
a second aim of this study was to determine the effect of oral
SARM treatment on APOA1 in HDL subspecies that are as-
sociated with altered CHD risk.

Testosterone, the prototypical androgen, is known to sup-
press APOA1-containing particles in hypogonadal men, and
stimulatehepatictriacylglycerollipase (HTGL)activity [26-28],
but testosterone does not affect CETP activity [29, 30].
Therefore, we assessed whether oral SARM also stimulates
HTGL and whether the suppression of HDL-C is associated
with increased HTGL.

We hypothesized that the measurement of CEC an de-
tailed characterization of the proteome of HDL particles
containing apoAl, and HDL particle concentration and size
would provide a better assessment of the atherogenicity of
HDL particles than HDL cholesterol alone. Accordingly, we
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characterized the effects of 12-week treatment with an oral
SARM, OPK-88004 (OPKO Health), on functional CEC of
APOB-depleted serum. We also characterized HDL particle
number and size, and protein-defined subspecies that have
been associated with CHD risk. We measured APOA1 in HDL
subspecies containing APOC3, a2 macroglobulin, comple-
ment C3, plasminogen, APOC1 or APOE that are associated
with CHD risk [15, 22]. The samples for these analyses were
derived from the “A Selective Androgen Receptor Modulator
for Symptom Management in Prostate Cancer Survivors
(SARM-PC) Trial”, a placebo-controlled, randomized trial of
OPK-88004 in men with organ-confined, low-grade prostate
cancer, the primary findings of which have been published [5].

Materials and Methods

Study Design

The SARM-PC Trial (clinicaltrials.gov registration No.:
NCT02499497) was a phase 2, randomized, placebo-
controlled, parallel group, double-blind trial of an oral SARM
(OPK-88004) in prostate cancer survivors. The study design
and the primary findings of the SARM-PC trial have been
published [5]. The prespecified primary aim of this substudy
was to determine whether SARM treatment affects the func-
tionality of the circulating HDL particles by characterizing
the serum CEC of APOB-depleted serum and performing
a targeted analysis of protein-defined HDL subspecies. An
additional prespecified aim was to determine the effect of
SARM treatment on apolipoproteins APOA1 (the main
apolipoprotein in HDL) and APOB. Additional characteriza-
tion of HDL particle concentration and size, and of APOA1 in
HDL subspecies containing apoC3, a2 macroglobulin, com-
plement C3, plasminogen, APOC1, or APOE that are associ-
ated with CHD risk [15, 22] was performed post hoc.

The trial was funded by the National Institute of Nursing
Research (No. TRO1NRO014502). Transition Therapeutics, a
subsidiary of OPKO Health, provided funding to investigate
the effects of the SARM on serum CEC and atherogenic po-
tential of HDL. The funding agencies played no role in study
design, analysis of data, writing of the manuscript, or in the
decision to publish.

Study Participants

The eligibility criteria have been published [5]. Briefly, the partici-
pants were men, age 19 years or older, with confirmed diagnosis
of prostate cancer, who had undergone radical prostatectomy
for low-grade (Gleason score 6 or 7 [3 + 4]), organ-localized
prostate cancer, and undetectable prostate-specific antigen (PSA)
levels (< 0.1 ng/mL using a sensitive PSA assay) for 2 or more
years after radical prostatectomy. The participants were re-
quired to have a fasting morning total testosterone level, meas-
ured using liquid chromatography tandem mass spectrometry,
of less than 300 ng/dL and/or free testosterone measured by the
equilibrium dialysis method less than or equal to 70 pg/mL, and
one or more of the following: sexual dysfunction (low sexual
desire [DeRogatis Inventory of Sexual Function for Men—II
score < 20] in the sexual desire domain); erectile dysfunction
(International Index of Erectile Function) erectile function do-
main score less than 235; fatigue (The Functional Assessment of
Chronic Illness Therapy—Fatigue scale score < 30); or phys-
ical dysfunction indicated by self-reported difficulty in walking
a one-quarter mile or climbing 2 flights of stairs, and Short
Physical Performance Battery score of 4-9 points).
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We excluded men who had received radiation therapy
or androgen-deprivation therapy, or had a hematocrit level
greater than 50%; creatinine greater than 2.5 mg/dL; alanine
transaminase or aspartate transaminase above the normal
limits; hemoglobin A, greater than 7.5% or diabetes re-
quiring insulin therapy; body mass index greater than 40;
myocardial infarction or stroke within 3 months of screening;
untreated severe sleep apnea; or a major untreated psychiatric
condition.

Intervention

The study intervention included 1 of 3 doses of OPKO SARM
(1, 5, or 15 mg daily) taken orally. The comparator group re-
ceived matching placebo tablets daily.

Concealed Randomized Allocation of Participants
As described previously [5], to minimize risk to the partici-
pants, initially, the participants were randomly assigned in a
1:1:1 ratio to placebo, 1 mg OPK-88004, or 5 mg OPK-88004
using permuted block with varying block sizes, stratified by
age (19-50 and > 50 years) and phosphodiesterase 5 inhibitor
use. Because in a prespecified blinded safety analysis none of
the first 50 randomly assigned participants experienced a bio-
chemical PSA recurrence or clinical disease recurrence, the
1 mg dose, which in phase 1 studies was found to be at the
low end of the dose response curve, was discontinued and a
15 mg dose was added with the approval of the trial’s data and
safety monitoring board and the institutional review board
[5]. Subsequently, eligible individuals were randomly assigned
in a 1:1:3 ratio to placebo, 5 mg OPK-88004 SARM, or 15 mg
OPK-88004 SARM. In total, 114 participants were enrolled:
36 in the placebo arm, 28 in the 1 mg OPK-88004, 36 in the
5 mg OPK-88004, and 14 in the 15 mg OPK-88004 groups.

Blinding
The intervention assignment was masked from the partici-
pants, care provider, and the study investigators.

Outcomes

The primary outcome of this substudy was CEC of HDL
particles in APOB-depleted serum. Secondary outcomes in-
cluded HDL particle concentrations and size; the concentra-
tions of APOA1 in HDL subspecies containing APOC3, a2
macroglobulin, complement C3, plasminogen, APOC1 or
APOE; APOA1 and APOB levels; and HTGL levels.

Measurements

All measurements were conducted on fasting samples col-
lected in the morning after an overnight fast before 11 am.
Serum lipids, APOA-I, CEC, and HTGL were measured at
baseline and during weeks 6 and 12. The measurements of
APOB, HDL subspecies, and characterization of HDL particle
numbers and size were performed at baseline and week 12.

Cholesterol Efflux Capacity

The CEC of APOB-depleted serum was measured using iso-
topically labeled cholesterol and THP-1-derived macrophage
foam cells, as described previously [31]. Human monocyte
cell line THP-1 was maintained at a cell density at or below
0.5 x 10° cells/mL in a T-75 flask in Roswell Park Memorial
Institute (RPMI) 1640 medium with 10% fetal bovine serum.
The cells were collected by centrifugation at 400g x 5 min-
utes and resuspended in growth medium with added phorbol

12-myristate 13-acetate (100 nM) and seeded in a 24-well plate
at 0.25 x 10¢ cells/mL/well. After 72 hours, cells were washed
and incubated for 24 hours with medium containing 1 pCi/
ml *H-cholesterol (Perkin Elmer, No. NET139001MC) and
2 pg/mL of an acyl-CoA cholesterol acyltransferase (ACAT)
inhibitor Sandoz 58-035 (Sigma-Aldrich, No. $9318). After
washing with phosphate-buffered saline (PBS), cells were in-
cubated with serum-free RPMI containing the ACAT inhibitor
for 16 hours. Cells were washed and incubated for 2.5 hours
with APOB-depleted serum, prepared by Demacker’s method
[32]. The amount of isotope released and that which remained
in the cells was measured by beta scintillation counting. CEC
was calculated as the ratio of the *H-cholesterol released into
the medium within the first 2.5 hours and the sum of released
and cellular H-cholesterol. The coefficients of variation of
the CEC assay ranged from 4% to 7% in the female and male
quality control pools, respectively.

HepaticTriacylglycerol Lipase

The HTGL is the primary enzyme that hydrolyzes
triacylglycerols and phospholipids in HDL particles [33, 34].
Serum concentration of HTGL protein was measured using
a validated human HTGL assay (https://www.ibl-japan.co.jp/
en/search/product/detail/id=4835; No. 27180); the HTGL
levels measured using this assay are highly correlated with
postheparin plasma activity [35].

Lipids and Apolipoproteins

Serum total cholesterol, HDL cholesterol, LDL cholesterol,
and triglyceride levels were measured by the Quest diagnostic
laboratories (https://www.questdiagnostics.com/); those data
have been reported previously [5]. Serum APOA1 levels were
measured by validated enzyme-linked immunosorbent assay
(ELISA) methods (Abcam Inc, https://www.abcam.com/
human-apolipoprotein-ai-elisa-kit-apoal-ab108803.html).
Serum APOB was measured by a clinically validated neph-
elometric method on a Beckman analyzer at the University
of Washington Department of Laboratory Medicine and
Pathology.

High-Density Lipoprotein Particle Concentration
and Size Measurement

Concentration of HDL particles was quantified by calibrated
differential ion mobility analysis on a differential mobility
analyzer (DMA) (TSI Inc) as described previously [36]. Six
HDL subspecies (extra small, ~7.6 nm; small, ~8.3 nm; me-
dium, ~9.3 nm; medium-large, 9.7 nm; large, ~11.1 nm; and
extra-large, ~12.4 nm) were fitted to the DMA raw data by
unsupervised curve-fitting using individual Voigt functions
within the Fityk program [37]. Measured peak areas under
each curve fitted for each subspecies were quantified using a
calibration curve constructed from a glucose oxidase standard
whose concentration was assigned by amino acid analysis. For
total HDL particle concentration, intraday and interday coef-
ficients of variation (CVs) were less than 10%. The CV per-
centages were less than 10% for HDL subpopulations with
the exception of extra-small HDL and small HDL (14.8%
and 18.5%, respectively).

Analyses of Protein-defined High-Density
Lipoprotein Subspecies

HDL subspecies were quantified by modified sandwich ELISA
as the concentration of APOA1 (mg/dL) in that subspecies
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as described previously [21]. Briefly, samples were diluted in
PBS and loaded into 6 prepared 96-well microplates, each
one coated with a different antibody corresponding to the 6
subspecies-defining proteins. Following overnight incubation
at 4 °C, the unbound fraction was removed. The plates were
washed with PBS and the lipoprotein complexes bound to the
plate were dissociated by incubating for 1 hour at 37 °C with
Tween-containing diluent. The dissociated sample was trans-
ferred to a 96-well microplate coated with anti-APOAT1 anti-
body, 1 per HDL subspecies, incubated for 1 hour at 37 °C
and washed. Detection was performed with biotinylated anti-
APOA1, streptavidin, and o-phenylenediamine substrate. The
average CV of replicate samples was less than 15%.

Statistical Analysis

The baseline characteristics of the study participants were pre-
sented by treatment arm and overall. Distributional properties
on endpoints were assessed graphically. The mixed-effect re-
gression and analysis of covariance (ANCOVA) models were
applied to analyze changes over time in cholesterol endpoints.
The mixed-models included factors for visit, intervention arm,
visit-by-intervention interaction, and were adjusted to base-
line values and stratification factors (age and use of phospho-
diesterase inhibitors). The unstructured covariance matrix was
used to allow for within-subject correlation between week 6
and 12 values. Similarly, ANCOVA models included factors
for treatment and were controlled for stratification variables
and baseline values. All end points were expressed as change
from baseline. Point estimates of each outcome’s change over
12-week follow-up, along with 95% CIs and P values, were
extracted from the mixed-model or ANCOVA framework. The
comparison between the 5 mg dose to placebo arm and test
of any difference between groups was executed using treat-
ment contrasts. Sensitivity analyses were performed on log-
transformed data. Associations between change from baseline
at week 12 between cholesterol outcomes in 3 OPK-88004
groups combined were analyzed using simple linear regression
models. Magnitude of these relationships was assessed using
R-squared metrics with corresponding P values. All tests were
performed using 1-sided type I error a =.05. Statistical ana-
lyses were conducted using SAS 9.4 (SAS Institute) and R soft-
ware version 3.2.5 (R Foundation).

Results

Flow of Participants Through the Trial

As described previously [5], among the 2729 men who under-
went telephone screening, 488 were assessed in person, and
114 eligible participants were randomly assigned to 1 of 4
treatment groups to receive placebo (N =36), 1 mg OPK-
88004 (N =28), 5 mg OPK-88004 (N = 36), or 15 mg OPK-
88004 (N = 14) daily. A total of 103 participants who had
sufficient serum available for the measurement of CEC were
included in these analyses. Analyses of APOB, protein-defined
HDL subspecies, HDL particle sizes, and numbers were per-
formed on 52 individuals (13 from each treatment arm) ran-
domly selected from study population.

Baseline Characteristics

The 4 treatment groups were similar in their baseline char-
acteristics (Table 1). The mean = SD age of the participants
included in the analyses was 67.6 = 7.6 years, body weight
89.3 =+ 13.4 kg, and body mass index 29.1 = 4.1.
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Serum Lipids, APOA1, and APOB

As reported previously [5], SARM treatment was associated
with a dose-related suppression of HDL-C over the 12-week
intervention period. The differences in changes from baseline
in total cholesterol, triglycerides, and LDL-C levels were not
statistically significant [5]. Serum APOAT1 levels at baseline
were similar among the 4 groups and did not change signifi-
cantly from baseline during the intervention period in men
randomly assigned to the placebo arm. OPK-88004 treat-
ment was associated with a marked suppression of APOA1
concentrations (P < .001) from baseline to week 12 that was
dose related (Table 2). The changes from baseline to week
12 in serum HDL-C levels were positively associated with
changes in APOAT1 levels in the SARM groups (r* = 0.26;
P <.001). Serum APOB concentrations did not change sig-
nificantly in any group, and changes in APOB levels from
baseline to week 12 did not differ among groups (P = 0.077;
see Table 2).

Cholesterol Efflux Capacity and High-Density
Lipoprotein Particle Concentration

SARM treatment was associated with a decrease in CEC
(P <.001); because suppression of CEC in serum could be
due to a decrease in the number of circulating HDL par-
ticles without a change in the functional capacity of the
circulating HDL particles, we measured the HDL particle
concentration (Table 3) and normalized the changes in CEC
by the directly measured serum concentration of HDL par-
ticles. The CEC of serum HDL particles, expressed as per-
centage CEC per micromole (umol) HDL, did not show
a consistent change from baseline to week 12: + 0.016,
~0.036, +0.070, —0.048%/umol HDL*L-; P = .045; (sce
Table 2 and Fig. 1).

High-Density Lipoprotein (HDL) Particle Size and
Distribution of HDL Among Various Categories of
HDL Particles by Size

There was no statistically significant difference in change
from baseline to week 12 for the average HDL particle size
in any of the categories (see Fig. 2 and Table 4). SARM treat-
ment was associated with a significant decrease in the con-
centration of medium (P =.038) and the sum of medium
and medium-large HDL particles (P =.033) but only with
a small change in total HDL particle number that was not
statistically significant (P =.063) (Table 3 and Fig. 3). The
changes from baseline to week 12 in the circulating con-
centrations of HDL particles in other size categories were
not statistically significant and did not show a consistent
relation to dose.

Characterization of Protein-Defined High-Density
Lipoprotein Subspecies

Changes in high-density lipoprotein subspecies with lipid
metabolism function

OPK-88004 treatment was associated with a significant sup-
pression of total APOA1 concentration, compared with pla-
cebo, as well as a greater numerical decrease from baseline to
week 12 in APOAT1 concentrations in HDL subspecies con-
taining APOC1 (P =.032) and APOE (P < .001) (Table 5 and
Fig. 4) during OPK-88004 treatment. However, the relative
proportion of apoA1l in these HDL subspecies in relation to
the total APOA1 concentration did not change significantly
from baseline (Table 6).
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Table 1. Baseline characteristics of study participants by treatment arm and overall

Variable 1 mg/d 5 mg/d 15 mg/d Placebo Overall
N=22 N=36 N=13 N=32 N =103
Age,y 66.9 = 8.1 67.4+8.6 69.8+7.3 67.3+64 67.6 +7.6
Weight, kg 94.3+9.9 90.0 = 15.9 88.3 £ 14.0 85.6 +11.5 89.3+13.4
BMI 30.2+3.9 29.1+4.2 30.2+5.3 27.9+3.6 29.1+4.1
Diabetes mellitus 4.6% (1) 0% (0) 7.7% (1) 0% (0) 1.9% (2)
Lipid panel
Total cholesterol, mg/dL 176.4 = 32.6 173.4 = 33.1 179.8 = 31.8 176.6 = 28.0 175.8 = 30.9
HDL cholesterol, mg/dL 50.0=11.4 51.3+13.2 52.2+15.0 55.5+14.8 52.4+13.6
LDL cholesterol, mg/dL 102.1 = 30.8 100.7 = 28.8 104.0 £ 25.2 100.9 = 24.2 101.5 +27.1
Triglycerides, mg/dL 129.3 £53.9 107.9 +46.2 131.2 £ 83.7 100.8 =+ 43.3 113.2 £53.6
Cholesterol efflux, % 3.73+0.67 3.75+0.86 3.16 = 0.71 3.73+0.75 3.67+0.78
Hepatic lipase, ng/dL 38.8+21.1 41.7 +23.0 42.5 +14.7 40.6 +21.4 40.9 +21.0
ApoAl, mg/dL 147.5 +28.8 145.1 = 36.6 151.8+30.4 159.0 = 32.9 150.8 £33.2
1 mg/d 5 mg/d 15 mg/d Placebo Overall
N=13 N=13 N=13 N=13 N=52
Cholesterol efflux/HDL particle No. ratio 0.40 +0.13 0.47 = 0.14 0.39+0.12 0.39 = 0.09 0.41+0.12
(% per pmol HDL/L)
ApoB, mg/dL 742 +19.5 73.6 +19.7 80.8 +17.4 71.0 = 14.9 74.9 +17.8
HDL particle No.
Total HDL particle concentration, pmol/L 9.5£2.2 8.3+1.8 8.9=+3.5 9.9+2.3 9.2£2.5
Extra-small HDL subspecies, pmol/L 0.69 =0.29 0.71+0.13 0.74 = 0.32 0.67 +0.27 0.70 = 0.26
Small HDL subspecies, pmol/L 21«11 2.1+0.77 2.2+0.65 2.4+0.98 2.2+0.87
Medium HDL subspecies, pmol/L 35«12 3.0=0.92 31«12 3.6=1.1 33=1.1
Medium-large subspecies, pmol/L 0.80 =0.75 0.44 = 0.33 0.35+0.31 0.54 = 0.51 0.53+0.52
Large HDL subspecies, pmol/L 1.8+1.2 1.6 +0.99 20=1.7 20«15 1.8+1.3
Extra-large HDL subspecies, pmol/L 0.52 +0.24 0.55+0.27 0.57 = 0.50 0.63 = 0.48 0.57 +0.38
HDL Particle Size
Extra-small HDL subspecies, nm 7.5+0.08 7.5+0.08 7.5 +=0.09 7.5 +0.09 7.5 +0.08
Small HDL subspecies, nm 8.1+0.08 8.1+ 0.06 8.2 +0.08 8.1+0.08 8.1+0.07
Medium HDL subspecies, nm 8.9+0.11 9.0 =0.09 9.0=0.11 9.0=0.12 9.0=0.11
Medium-large HDL subspecies, nm 9.7+0.11 9.7+0.08 9.8 =0.08 9.7+0.11 9.7«0.10
Large HDL subspecies, nm 10.6 = 0.14 10.7 = 0.11 10.6 = 0.12 10.7 £ 0.14 10.7 £ 0.12
Extra-large HDL subspecies, nm 12.2+0.27 12.4+0.22 12.4+0.26 12.4+0.26 12.4 £ 0.26
Protein-defined HDL subspecies
Total plasma APOA1 concentration (mg/dL) 200.8 = 24.1 178.9 = 34.6 193.7 +26.3 193.9 +28.5 191.8 +28.9
APOAT1 concentration (mg/dL) of HDL that contains 4415 4.0+1.4 5.1+0.94 4.0+1.4 4413
a2-macroglobulin
APOA1 concentration (mg/dL) of HDL that contains 29.0 + 6.4 27.8 +8.4 33.5+10.0 26.6 + 8.2 29.2£8.5
apoCl1
APOAT1 concentration (mg/dL) of HDL that contains 10.0 2.7 9.6 4.2 8.6 +2.8 9.6 5.4 9.4=+3.8
apoC3
APOA1 concentration (mg/dL) of HDL that contains 4.6 +1.7 3.8+1.6 4.6+1.7 44+23 43+1.8
complement C3
APOAT1 concentration (mg/dL) of HDL that contains 33.1+11.0 23.7+8.0 26.0+8.5 23.4+5.9 26.6 +9.2
apoE
APOA1 concentration (mg/dL) of HDL that contains 8.1+3.4 5217 6.1x2.5 6.7 3.8 6.5+3.1
plasminogen

Legend: values are presented as mean = SD and percentage and number of participants for categorical variable.
Abbreviations: BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

Changes in high-density lipoprotein subspecies linked to inflammation and immunity), a2-macroglobulin (P =.005),
functions other than lipid metabolism and plasminogen (P = .003) (hemostasis) (see Fig. 4). The dif-
Compared with placebo, SARM treatment was associated ferences between arms in relative proportion of APOAT in
with a significantly greater suppression of APOA1 in HDL these HDL subspecies in relation to the total APOA1 concen-
subspecies containing complement C3 (P = .022) (involved in tration were small and did not show a dose-related pattern.



6 Journal of the Endocrine Society, 2022, Vol. 6, No. 8

Table 2. Estimates of change from baseline in plasma lipids, cholesterol efflux capacity, and APOA1 and APOB

Variable 1 mg/d 5 mg/d 15 mg/d Placebo P,5mg/d P,any
vs placebo  effect
N=22 N=36 N=13 N=32
Lipid panel
Total cholesterol, mg/dL -16.1 (-25.2t0-6.9) -16.0(-23.3t0-8.8) -13.1(-24.6to-1.52) -7.6(-15.41t00.3) .10 .34
HDL, mg/dL 52 (-7.6t0-2.7) -13.4(-15.4t0-11.5) -18.3 (<21.4t0-15.3) 2.2 (-4.3t0-0.1) <.001 <.001
LDL, mg/dL -8.1 (-15.9t0-0.3) -0.2 (-6.3t05.9) 6(-2.2t017.4) -5.6 (-12.2to 1.1) 22 055
Triglycerides, mg/dL 12,0 (-282t04.2) 152 (-27.7t0-2.6) -14.0 (=34.2 t0 6.3) 1(-11.6 t0 15.8) .053 23
Hepatic lipase, ng/mL 7 (2.0 to 11.5) 18.8 (15.1 to 22.5) 18.3 (12.2 to 24.3) 6 (-3.5t04.7) <.001 <.001
APOAT1, mg/dL ~15.8 (-24.8 t0 -6.8) -22.9 (-30.0 to ~15.8) -39.7 (=50.9 t0 ~28.5) —0.65 (-8.3t0 7.0)  <.001 <.001
1 mg/d 5 mg/d 15 mg/d Placebo P,5mg/d P,any
vs placebo  effect
N=13 N=13 N=13 N=13
Cholesterol efflux/HDL -0.036 0.070 -0.048 0.016 221 045
concentration ratio, (=0.103 to 0.031) (0.005 to 0.135) (=0.111 to 0.014) (-0.049 to 0.080)
% per pmol HDL/L
APOB, mg/dL —6.9 (-14.6 to 0.838) 4.0 (-3.5 to 11.5) 3.5(4.0to 11.0) -5.2(-12.8t02.4) .074 077

Estimated changes from baseline, 95% Cls, and P values extracted from a mixed-model framework for variables with more than 2 visits, from ANCOVA
for variables with 2 visits. P values are for comparison of the 5 mg/day arm with placebo group and for the test of any difference between groups in

average change over 12-week follow-up.
Abbreviations: ANCOVA, analysis of covariance; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

Table 3. Estimates of change from baseline in high-density lipoprotein particle concentration

Variable 1 mg/d 5 mg/d 15 mg/d Placebo P,5 mg/d vs P, any
placebo effect

Total HDL particle -0.993 -1.99 -0.055 0.210 .0163 .0627
concentration, pmol/L (-2.31 to 0.326) (=3.30 to —-0.688) (-1.32 to 1.21) (-1.09 to 1.51)

Extra-small HDL -0.99 -0.052 0.057 0.000 .639 .547
subspecies, pmol/L (-0.267 to 0.069) (-0.215 t0 0.111) (-0.103 to0 0.218) (-0.164 to 0.164)

Small HDL subspecies, -0.385 0.266 0.050 0.078 470 .090
pumol/L (-0.779 t0 0.010) (-0.117 to 0.650) (—0.326 to 0.425) (-0.316 to 0.471)

Medium HDL subspecies, —0.247 -0.966 -0.173 0.215 .005 .038
pumol/L (-0.850 to 0.355) (-1.562 to -0.370) (-0.755 to 0.410) (-0.378 to0 0.807)

Medium-large subspecies,  0.012 -0.184 0.101 -0.035 550 721
pumol/L (—=0.380 to 0.404) (-0.555 t0 0.187) (-0.264 to 0.465) (-0.405 to 0.335)

Large HDL subspecies, -0.083 -0.832 -0.112 0.060 .017 .075
pumol/L (—0.635 to 0.469) (-1.37 t0 -0.289) (-0.637 to 0.413) (-0.479 t0 0.599)

Extra-large HDL -0.100 -0.260 -0.049 0.017 .018 .103

subspecies, pmol/L

(=0.275 to 0.074)

(=0.429 t0 -0.091)

(=0.214 t0 0.117)

(=0.152 t0 0.187)

Estimated changes from baseline, 95% ClIs, and P values extracted from ANCOVA framework. P values are for comparison of the 5 mg/day arm with
placebo group and for the test of any difference between groups in average change over 12-week follow-up.

Abbreviations: ANCOVA, analysis of covariance; HDL, high-density lipoprotein.

Effect of Treatment on HepaticTriacylglycerol Lipase

Serum HTGL levels were similar among the 4 groups at base-
line and did not change appreciably from baseline to week
12 in the placebo arm. SARM treatment was associated
with a significant increase in HTGL levels over the 12-week
intervention duration (see Table 2 and Fig. 5). The changes
in serum HDL-C from baseline to week 12 and changes in
serum HTGL were negatively correlated (2 = 0.15; P <.001)
in men randomly assigned to the SARM groups.

Discussion

The average CEC of circulating HDL particles, a measure
of HDDs functionality and an independent predictor of
CHD risk, did not change appreciably during OPK-88004

treatment. The analyses of protein-defined HDL subspecies
revealed that SARM treatment was associated with sup-
pression of APOAT in HDL subspecies containing APOC1
and APOE that are associated with reduced risk of CHD as
well as in HDL subspecies containing a2-macroglobulin,
complement C3, and plasminogen that are associated with
increased CHD risk. However, the relative proportion of
APOAT1 in relation to the total APOA1 did not change
after SARM treatment. Thus, in spite of the decrease in
HDL-C levels during SARM treatment, a well-known
class effect of oral androgens, OPK-88004 treatment was
not associated with appreciable changes in HDL’s choles-
terol efflux function, which is now accepted as a more im-
portant marker of cardiovascular disease (CVD) risk than
HDL-C levels.
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Figure 1. Changes from baseline to week 12 in serum cholesterol efflux capacity and cholesterol efflux capacity normalized to high-density lipoprotein
particle number by treatment arm. Point estimates, 95% Cls, and P values extracted from a mixed-model framework. P values are for overall dose
effect and comparison between the 5 mg daily dose group and placebo groups.
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Figure 2. Change from baseline in average particle size of various subcategories of high-density lipoprotein (HDL) particles classified by particle size.
Point estimates, 95% Cls, and P values extracted from a mixed-model framework. P values are for overall dose effect and comparison between the
5 mg daily dose group and placebo groups.
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Table 4. Estimates of change from baseline in high-density lipoprotein particle size

Variable 1 mg/d 5 mg/d 15 mg/d Placebo P,5 mg/dvs P,any
placebo effect
Extra-small HDL subspecies, ~ 0.024 0.014 0.027 -0.012 403 .586
nm (=0.023 t0 0.072)  (=0.032 t0 0.060)  (~0.018 t0 0.072)  (=0.058 to 0.034)
Small HDL subspecies, nm 0.002 0.019 0.012 -0.001 .509 902
(=0.043 t0 0.046) (<0025 t0 0.062)  (~0.031t0 0.054)  (=0.044 to 0.043)
Medium HDL subspecies, nm  0.006 0.004 -0.007 0.005 991 992
(=0.060 to 0.071) (=0.059 to 0.067) (-0.068 to 0.055) (=0.059 to 0.068)
Medium-large HDL -0.006 0.060 0.031 0.036 455 251
subspecies, nm (—=0.055 to 0.439) (0.012 to0 0.108) (=0.017 to 0.079) (—=0.013 to 0.084)
Large HDL subspecies, nm -0.019 -0.028 -0.016 0.035 185 541
(=0.091 to 0.539) (—=0.098 to 0.042) (=0.085 to 0.053) (=0.035 to 0.106)
Extra-large HDL subspecies, —0.046 0.050 -0.005 -0.019 .300 541

nm

(=0.151 to 0.059)

(-=0.049 to 0.150)

(=0.103 to 0.094)

(=0.119 to 0.081)

Estimated changes from baseline, 95% Cls, and P values extracted from ANCOVA framework. P values are for comparison of the 5§ mg/day arm with
placebo group and for the test of any difference between groups in average change over 12-week follow-up.

Abbreviations: ANCOVA, analysis of covariance; HDL, high-density lipoprotein.
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Figure 3. Change from baseline in circulating total high-density lipoprotein (HDL) particle concentrations and concentrations of various subcategories of
HDL particles classified by particle size. Point estimates, 95% Cls, and P values extracted from a mixed-model framework. P values are for overall dose
effect and comparison between the 5 mg daily dose group and placebo groups.

SARM treatment was associated with a significant decrease
in the circulating concentrations of medium-sized HDL par-
ticles but the changes in total HDL particle concentration
and large HDL particles were small and not statistically sig-
nificant. Previous studies have reported a negative relation
between the number of total and especially large HDL par-
ticles and CVD [38, 39]. Reduced mean HDL particle size
(estimated by nuclear magnetic resonance) also is associated
with CVD in large-scale clinical studies [39]. However, SARM
treatment did not affect the size of any of the HDL particle
subspecies measured directly.

The suppression of HDL-C levels during SARM treatment
was associated with a significant, dose-related upregulation
of HTGL levels. In the regression analysis, a substantial frac-
tion of the variation in change in HDL-C levels from baseline
could be explained by the increase of HTGL levels, suggesting
that the suppression of HDL-C level during SARM adminis-
tration is likely due to the increased HTGL.

Previous studies of testosterone and other steroidal andro-
gens also have found an increase in serum HTGL activity
[26, 28, 30, 40-44]. These studies have reported that
testosterone-induced increase in HTGL is related to the
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Table 5. Estimates of change from baseline in protein-based high-density lipoprotein (HDL) subspecies associated with coronary heart disease risk.
Panel A. Absolute change from baseline in HDL subspecies associated with coronary heart disease risk

Variable 1 mg/d 5 mg/d 15 mg/d Placebo P,5mg/d P,any
vs placebo  effect

Total plasma APOA1 concentration, -17.15 -38.87 -55.64 4.91 <.001 <.001
mg/dL (-34.47 t0 0.17) (-56.23 t0 -21.50) (-72.06 to -39.23) (-11.92 to 21.75)

APOA1 concentration -1.03 -1.43 -1.28 0.04 .001 .005
(mg/dL) of HDL that contains (-1.68 to -0.39) (=2.07 to —=0.79) (-1.92 to -0.65) (-0.60 to 0.69)
o2-macroglobulin, mg/dL

APOAT1 concentration (mg/dL) of -5.21 -5.09 -8.43 -0.27 .061 .032
HDL that contains APOC1 (-9.07 to -1.36) (-8.85 to -1.33) (-12.21 to -4.65)  (-4.08 t0 3.53)

APOAT1 concentration (mg/dL) of -2.84 -3.38 -3.42 -0.63 .027 .087
HDL that contains APOC3 (—-4.70 to —=0.99) (=5.19 to -1.57) (=5.20 to —1.64) (-2.45 t0 1.18)

APOA-I concentration (mg/dL) of -1.13 -1.72 -2.27 -0.74 .053 .022
HDL that contains complement C3  (-1.88 to =0.37) (=2.45 to -0.98) (=2.99 to -1.55) (-=1.47 to -0.01)

APOAT1 concentration (mg/dL) of -3.99 -8.47 -7.56 -0.23 <.001 <.001
HDL that contains APOE (=7.33 to -0.64) (-11.57 to -5.36)  (-10.55 to -4.56)  (=3.35 t0 2.90)

APOA1 concentration (mg/dL) of -1.19 -2.36 -2.94 -0.40 .005 .003
HDL that contains plasminogen (-2.22 to -0.15) (=3.38 to -1.33) (-3.91 to -1.97) (-1.39 to 0.59)

Abbreviation: HDL, high-density lipoprotein.
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Figure 4. Changes from baseline in total APOA1 concentration and APOA1 concentration in high-density lipoprotein (HDL) subspecies containing
APOC1, APOCS, APOE, a2-macroglobulin, complement C3, and plasminogen. Point estimates, 95% Cls, and P values extracted from a mixed-model
framework. P values are for overall dose effect and comparison between the 5 mg daily dose group and placebo groups.
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Table 6. Concentration of APOA1 in high-density lipoprotein subspecies expressed as a percentage of total APOAT concentration by treatment arm at

baseline and week 12 visits

Variable Visit 1 mg/d 5 mg/d 15 mg/d Placebo P, 5 mg/d P, any
vs placebo  effect
N=13 N=13 N=13 N=13

APOA1 concentration of HDL that Baseline 2.16 = 0.64 2.24 = 0.65 2.65 = 0.50 2.07 = 0.55
contains a2-macroglobulin/total plasma  yeel 12 1.9320.76  1.95:0.61  2.51:0.56  222=0.57  .085 095
apoA1l concentration, %

APOA1 concentration of HDL that Baseline 14.5 £2.94 15.8 £ 5.06 17.1 £ 3.54 13.5+£2.76
contains APOCl/total plasma apoAl Wk 12 13.5:2.78 1592376 17.1x3.52 137249  .376 104
concentration, %

APOA1 concentration of HDL that Baseline 497 +1.22 542 +1.97 4.38+1.13 4,78 +2.15
contains APOC3/total plasma APOA1 Wk 12 3.87+1.11  424=1.74 4.04:138 4322210  .498 720
concentration, %

APOA1 concentration of HDL that Bascline ~ 2.28+0.83  2.09:0.83  2.40:0.87 2.23:1.13
contains complement C3/total plasma Wk 12 1.900.68  1.69x0.61  1.60=0.44  1.85:0.86  .659 646
APOA1 concentration, %

APOAT1 concentration of HDL that Baseline 16.6 + 5.89 13.3 +3.81 13.7+5.11 12.1 +2.57
contains APOE/total plasma APOA1 Wk 12 151639 1152331 1442494 1232277  .049 052
concentration, %

APOA1 concentration of HDL that Baseline 3.99 + 1.46 2.88+0.77 3.21+1.32 3.33+1.48
contains plasminogen/total plasma Wk 12 3.51+1.47  247:0.66  2.55+0.56  3.09:1.04  .180 241

APOA1 concentration, %

Changes from baseline and 95% CI at baseline and week 12 by treatment arm. P values, extracted from an ANCOVA framework, are for comparison of
the 5 mg/day arm with the placebo group and for the test of any difference between groups in average change over 12-week follow-up.
Abbreviations: ANCOVA, analysis of covariance; HDL, high-density lipoprotein.
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Figure 5. Absolute and percentage change from baseline in hepatic triacylglycerol lipase and the relation of change in hepatic triacylglycerol lipase
with the change in high-density lipoprotein (HDL) cholesterol concentrations. Point estimates, 95% Cls, and P values extracted from a mixed-model
framework. P values are for overall dose effect and comparison between the 5 mg daily dose group and placebo groups.

testosterone dose [42] and that the effect on HTGL precedes
the reduction in HDL-C [28, 43]. Furthermore, the gen-
etic HTGL deficiency increases HDL-C levels and mitigates
androgen-mediated suppression of serum HDL-C [45]. These
data, taken together with our present studies of the effect of
an oral SARM, implicate increased HTGL as an important
target of SARM action, and a major contributor to increased
HDL catabolism and reduced HDL-C and APOA1 levels
during SARM treatment. The precise molecular mechanism
by which SARMs regulate HTGL remains to be investigated.

There is some evidence that testosterone treatment sup-
presses APOA1, but not apoA2, synthesis [43]. The sup-
pression of APOA1 may contribute to the SARM-induced
reduction in HDL-C levels. However, we cannot exclude the
possibility that the suppression of APOA1 is the consequence
of reduced HDL-C levels due to the upregulation of HTGL
by the SARM. In addition to HTGL, plasma lipoprotein

lipase and endothelial lipase are also known to participate in
serum lipoprotein catabolism [46-52]. Previous studies show
that effect of testosterone and other steroidal androgens on
lipoprotein lipase activity is minimal compared to its effect in
elevating HTGL [26, 27, 40, 41, 43, 53].

Our study has several strengths and some limitations. The
trial had attributes of good trial design—concealed random-
ization, double blinding, and parallel groups. The trial is also
one of the largest randomized studies of the effects of a SARM
on CEC. We also analyzed the HDL particle numbers and
characterized the protein-defined HDL subspecies to evaluate
SARM’s effects on HDL subspecies that are more robustly
associated with CHD risk than HDL-C. We recognize that
the observed changes in serum CEC, measured in an in vitro
system, may not fully reflect the systemic effect of SARM treat-
ment on CEC in vivo. For instance, some studies have reported
that androgens upregulate scavenger receptor Bl and stimulate
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cholesterol efflux from macrophages [54]. The measurement
of in vivo and in vitro markers of the atherogenicity could
potentially be useful in early-phase efficacy trials of SARMs as
better markers of CVD risk than mere measurement of HDL-C
alone. The administration of OPK-88004 was associated with
a suppression of total testosterone levels [5], which could po-
tentially affect HDL-C levels. However, this decrease in total
testosterone was largely a reflection of the substantial dose-
related suppression of SHBG levels; free testosterone levels did
not significantly decrease during SARM treatment [5].

Conclusion

The administration of OPK-88004 increased HTGL and was
associated with a dose-related reduction in serum HDL-C
levels. However, SARM treatment did not appreciably change
the total concentration of HDL particles or HDL particle size
or its cholesterol efflux function. SARM treatment reduced
total APOA1 and APOA1 in both dysfunctional HDL sub-
species associated with increased CHD risk and in HDL sub-
species associated with lower CHD risk. Our findings do not
support the overly simplistic narrative that the decrease in
HDL-C during oral SARM treatment will necessarily increase
CHD risk. Undoubtedly, large, randomized trials of longer
duration are needed to determine the effects of this and other
SARMs on major adverse cardiovascular events.
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