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IMPORTANCE The effect of testosterone replacement therapy (TRT) in men with
hypogonadism on the risk of progression from prediabetes to diabetes or of inducing
glycemic remission in those with diabetes is unknown.

OBJECTIVE To evaluate the efficacy of TRT in preventing progression from prediabetes to
diabetes in men with hypogonadism who had prediabetes and in inducing glycemic remission
in those with diabetes.

DESIGN, SETTING, AND PARTICIPANTS This nested substudy, an intention-to-treat analysis,
within a placebo-controlled randomized clinical trial (Testosterone Replacement Therapy for
Assessment of Long-Term Vascular Events and Efficacy Response in Hypogonadal Men
[TRAVERSE]) was conducted at 316 trial sites in the US. Participants included men aged 45
to 80 years with hypogonadism and prediabetes or diabetes who were enrolled in TRAVERSE
between May 23, 2018, and February 1, 2022.

INTERVENTION Participants were randomized 1:1 to receive 1.62% testosterone gel or placebo
gel until study completion.

MAIN OUTCOMES AND MEASURES The primary end point was the risk of progression from
prediabetes to diabetes, analyzed using repeated-measures log-binomial regression.
The secondary end point was the risk of glycemic remission (hemoglobin A1c level <6.5%
[to convert to proportion of total hemoglobin, multiply by 0.01] or 2 fasting glucose
measurements <126 mg/dL [to convert to mmol/L, multiply by 0.0555] without diabetes
medication) in men who had diabetes.

RESULTS Of 5204 randomized participants, 1175 with prediabetes (mean [SD] age, 63.8 [8.1]
years) and 3880 with diabetes (mean [SD] age, 63.2 [7.8] years) were included in this study.
Mean (SD) hemoglobin A1c level in men with prediabetes was 5.8% (0.4%). Risk of
progression to diabetes did not differ significantly between testosterone and placebo groups:
4 of 598 (0.7%) vs 8 of 562 (1.4%) at 6 months, 45 of 575 (7.8%) vs 57 of 533 (10.7%) at
12 months, 50 of 494 (10.1%) vs 67 of 460 (14.6%) at 24 months, 46 of 359 (12.8%) vs 52 of
330 (15.8%) at 36 months, and 22 of 164 (13.4%) vs 19 of 121 (15.7%) at 48 months (omnibus
test P = .49). The proportions of participants with diabetes who experienced glycemic
remission and the changes in glucose and hemoglobin A1c levels were similar in testosterone-
and placebo-treated men with prediabetes or diabetes.

CONCLUSIONS AND RELEVANCE In men with hypogonadism and prediabetes, the incidence of
progression from prediabetes to diabetes did not differ significantly between testosterone-
and placebo-treated men. Testosterone replacement therapy did not improve glycemic
control in men with hypogonadism and prediabetes or diabetes. These findings suggest that
TRT alone should not be used as a therapeutic intervention to prevent or treat diabetes
in men with hypogonadism.
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N early 35% of adults in the US have prediabetes.1 Pre-
diabetes is associated with increased risk of progres-
sion to type 2 diabetes, cardiovascular disease (CVD),

chronic kidney disease, and all-cause mortality.2-6 Low
testosterone levels are associated with increased risk of
prediabetes and type 2 diabetes in men.7-12 Experimental or
therapeutic induction of testosterone deficiency in men is
associated with increased fat mass, insulin resistance, and
type 2 diabetes.13-16

Testosterone replacement therapy (TRT) in men with hy-
pogonadism reduces whole body and visceral fat mass, in-
creases muscle mass, and improves insulin sensitivity.17-19 Tes-
tosterone-induced increases in muscle mass may secondarily
improve metabolic outcomes.20,21 An uncontrolled registry
study reported a decrease in hemoglobin A1c level and a lower
rate of progression from prediabetes to diabetes in testosterone-
treated men than in a separate group of untreated men with
hypogonadism.22 However, to our knowledge, a randomized
clinical trial of the effects of TRT without concurrent lifestyle
intervention on the progression from prediabetes to diabetes
in middle-aged and older men with hypogonadism has not
been conducted. This issue is clinically important because
men with prediabetes and diabetes have a high prevalence of
hypogonadism,23,24 and a substantial proportion of men re-
ceiving TRT have diabetes or prediabetes. Information on tes-
tosterone’s efficacy in preventing progression from prediabe-
tes to diabetes or in inducing glycemic remission would be
useful to clinicians and men with hypogonadism who are
weighing the potential benefits and risks of TRT.

The Testosterone Replacement Therapy for Assessment of
Long-Term Vascular Events and Efficacy Response in Hypogo-
nadal Men (TRAVERSE) trial (NCT03518034) evaluated the effect
of TRT and placebo on major adverse cardiovascular events
(MACE) in men with hypogonadism.25,26 The TRAVERSE
Diabetes Study was a prespecified efficacy study nested within
the TRAVERSE trial in which the primary aim was to compare
the efficacy of TRT and placebo in preventing progression
from prediabetes to diabetes in middle-aged and older men
with hypogonadism. We hypothesized that TRT for men with
hypogonadism and prediabetes would be associated with a
significantly lower rate of progression to diabetes. A secondary
aim was to assess the efficacy of TRT in inducing glycemic
remission among participants with diabetes at baseline. The
study also evaluated the effect of TRT on fasting glucose and
hemoglobin A1c levels.

Methods
This study followed the Consolidated Standards of Reporting
Trials (CONSORT) reporting guideline. The TRAVERSE trial’s
design and MACE results have been previously published.25,26

This placebo-controlled randomized clinical trial was conducted
at 316 sites in the US and, from May 23, 2018, to January 19,
2023, enrolled men aged 45 to 80 years with 2 fasting morning
testosterone concentrations less than 300 ng/dL (to convert
to nmol/L, multiply by 0.0347) measured using liquid
chromatography–tandem mass spectrometry (LC-MS/MS), 1 or

more symptoms of hypogonadism, and preexisting CVD or
increased risk of CVD.25 Men with contraindications for TRT,
such as erythrocytosis, history of prostate cancer, or severe
lower urinary tract symptoms, were excluded.25 The trial
protocol (Supplement 1) was approved by the participating
national and local institutional review boards for human
participant research. All participants provided written informed
consent. A data and safety monitoring committee reviewed
unblinded safety data every 6 months. TRAVERSE site
investigators are listed in the eAppendix in Supplement 2.

The protocol for the parent TRAVERSE trial has been previ-
ously published.25 The Diabetes Substudy protocol and statisti-
cal analysis plan are included in Supplement 1. The TRAVERSE
Diabetes Study was nested within the parent TRAVERSE trial and
included 2 subpopulations: those with prediabetes or diabetes
at baseline. The participants included in the diabetes substudy
met the eligibility criteria for the parent trial. In addition, ran-
domized participants included in the analysis of progression
from prediabetes to diabetes had prediabetes defined by a he-
moglobin A1c level between 5.7% and 6.4% (to convert to pro-
portion of total hemoglobin, multiply by 0.01) or 1 or more fast-
ing glucose level measurement between 100 and 125 mg/dL (to
convert to mmol/L, multiply by 0.0555). Secondary analyses of
glycemic remission of diabetes included all randomized partici-
pants with diabetes at baseline, defined by a hemoglobin A1c level
greater than or equal to 6.5% or 2 fasting glucose level measure-
ments greater than 125 mg/dL before randomization, current
diagnosis of diabetes, or current use of diabetes medication.

Fasting plasma glucose in samples collected in tubes con-
taining sodium fluoride) and hemoglobin A1c (assayed using
ion exchange high-pressure liquid chromatography) levels at
baseline and during months 6, 12, 24, 36, and 48 and at the end
of study were measured by LabCorp, Inc. Serum testoste-
rone, dihydrotestosterone, and estradiol levels were mea-
sured by LabCorp, Inc, using LC-MS/MS methods certified by
the Hormone Standardization Program of the Centers for Dis-
ease Control and Prevention.

Race and ethnicity were ascertained by self-report. Race cat-
egories included Black or African American, White, and other
(American Indian or Alaska Native, Asian, Native Hawaiian,
Pacific Islander, and multiracial). Ethnicity categories were
Hispanic or Latino and not Hispanic or Latino.

Key Points
Question Does testosterone replacement therapy (TRT) prevent
progression from prediabetes to diabetes or induce glycemic
remission in middle-aged and older men with hypogonadism?

Findings In this randomized clinical trial of 5204 participants aged
45 to 80 years with hypogonadism and prediabetes (n = 1175) or
diabetes (n = 3880), the risk of progression from prediabetes to
diabetes did not differ significantly between a group that received
TRT and a placebo group and TRT did not improve glycemic
control in men with prediabetes or diabetes.

Meaning This study did not provide evidence of TRT’s efficacy in
preventing progression from prediabetes to diabetes or improving
glycemic control in men with hypogonadism.
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Intervention and Randomization
Patients were randomized 1:1 to receive 1.62% testosterone gel
or placebo gel until study completion. Patients were random-
ized in a 1:1 ratio with stratification for preexisting cardiovas-
cular disease using Interactive Response Technology to re-
ceive 1.62% testosterone gel or matching placebo gel until
study completion. The participant, the study staff, and those
assessing outcomes were blinded. As described previously,26

testosterone dose was titrated centrally based on serum on-
treatment testosterone levels and hematocrit to maintain serum
on-treatment testosterone levels between 350 and 750 ng/dL.

Study Outcomes
The primary end point of the TRAVERSE Diabetes Study was
the risk of progression from prediabetes to diabetes (defined
as hemoglobin A1c level ≥6.5%, initiation of diabetes medica-
tion, or 2 consecutive fasting glucose level measurements >125
mg/dL) assessed at all available postrandomization time points
in participants with prediabetes at baseline. A secondary end
point was the risk of glycemic remission in participants with
diabetes at baseline, defined as hemoglobin A1c level less than
6.5% or 2 consecutive fasting glucose level measurements less
than 126 mg/dL without current use of antidiabetic medica-
tions. Additionally, changes from baseline in fasting glucose
and hemoglobin A1c levels were evaluated separately in men
who had prediabetes or diabetes.

Statistical Analyses
End-of-study assessments were completed on January 19,
2023. The intention-to-treat analysis of the primary efficacy
end point, progression from prediabetes to diabetes, in-
cluded all randomized participants (full analysis set) who had
prediabetes at baseline (statistical analysis plan in Supple-
ment 1). The risk ratio of progression to diabetes in the TRT vs
placebo group was estimated by repeated-measures log-
binomial generalized estimating equations regression with
fixed effects for treatment, visit, treatment-visit interaction,
and preexisting CVD and an unstructured working correla-
tion matrix (or compound symmetric where explicitly stated)
to account for repeated measures at multiple visits. The esti-
mates of the relative risk associated with TRT compared with
placebo, 95% CIs, and an associated generalized score statis-
tic P value testing the null hypothesis of no difference be-
tween the TRT and placebo groups across all time points were
derived from the model.

The risk ratio of glycemic remission associated with TRT
compared with placebo was estimated using a model similar
to that used for the primary analysis. Analyses for change from
baseline in glucose level, hemoglobin A1c level, body weight,
and sex hormones used a linear mixed-effects model control-
ling for baseline value and preexisting CVD, assuming an un-
structured covariance matrix. Sensitivity analyses estimated
the intervention effect on progression to diabetes and glyce-
mic remission using a discrete-time proportional hazards re-
gression model27 with event-time intervals based on sched-
uled visits. Supportive analyses in which follow-up time was
censored at 30 and 365 days after the last dose of study medi-
cation were also performed.

Subgroup analysis by race was performed because racial dif-
ferences in body weight and composition, diet, and insulin sen-
sitivity are associated with glycemic response.28 As genetic vari-
ants are associated with hemoglobin A1c levels,29,30 especially
in Black individuals in the US,30 prespecified analyses using
discrete-time proportional hazards regression models were per-
formed in participants who self-identified as Black or African
American and in whom prediabetes was defined by 2 fasting glu-
cose level measurements between 100 and 125 mg/dL and dia-
beteswasdefinedby2consecutivefastingglucoselevelmeasure-
ments greater than 125 mg/dL, current diagnosis of diabetes, or
current use of antidiabetic medications. Glycemic remission in
participantswithdiabetesbythismodifieddefinitionwasdefined
by 2 consecutive fasting glucose level measurements less than
126 mg/dL without current use of antidiabetic medications.

The sample size in the TRAVERSE trial was guided by es-
timated numbers of MACE, and sample size in the diabetes sub-
study was defined by the number of randomized participants
who had prediabetes or diabetes at baseline. It was estimated
that a sample size of 6000 men in the parent trial would pro-
vide 90% power to detect a 25% difference in the incidence
of progression from prediabetes to diabetes.26

Data analyses were conducted in SAS, version 9.4 (SAS
Institute Inc) and R, version 4.2.1 (R Foundation for Statistical
Computing). Two-sided P < .05 was considered significant. No
adjustments in P values or 95% CIs were made for multiplicity.

Results
A total of 5246 individuals were randomized in the TRAVERSE
trial.26 After exclusion of 42 participants with identification
numbers attributed to duplicate enrollment, the full analysis
set for the present study included 5204 participants, of whom
2601 were in the TRT group and 2603 in the placebo group.
Among these participants, 1175 had prediabetes (607 random-
ized to testosterone and 568 randomized to placebo) (Figure 1)
and 3880 had diabetes (1917 randomized to testosterone and
1963 randomized to placebo).

Baseline characteristics were similar between the testoste-
rone- and placebo-treated men who had prediabetes or diabe-
tes (Table). Mean (SD) age of participants with prediabetes was
63.8 (8.1) years, mean (SD) fasting glucose level was 109.4 (13.8)
mg/dL, and mean (SD) hemoglobin A1c level was 5.8% (0.4%).
Mean (SD) age of participants with diabetes was 63.2 (7.8) years,
mean (SD) fasting glucose level was 164.5 (60.3) mg/dL, and
mean (SD) hemoglobin A1c level was 7.6% (1.3%). Of the 5204
total participants, 877 (16.9%) were Black or African Ameri-
can; 848 (16.3%), Hispanic or Latino; 4353 (83.6%), not His-
panic or Latino; 4154 (79.8%), White; and 173 (3.3%), other
race. The frequency of use of various diabetes medications was
similar between the TRT and placebo groups.

Of 1175 participants with prediabetes, 1160 (98.7%) were
followed up for at least 6 months, 1108 (94.3%) for 1 year, 954
(81.2%) for 2 years, 689 (58.6%) for 3 years, and 285 (24.3%)
for 4 years (Figure 1). The mean (SD) follow-up duration was
32.1 (12.2) months and 31.5 (12.4) months in the TRT and pla-
cebo groups, respectively. Of 3880 participants with diabe-
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tes, 3840 (99.0%) were followed up for at least 6 months, 3666
(94.5%) for 1 year, 3326 (83.4%) for 2 years, 2505 (64.6%)
for 3 years, and 1018 (26.2%) for 4 years; mean (SD) follow-up
duration was 33.5 (11.9) months and 33.3 (11.9) months in the
TRT and placebo groups, respectively.

Progression From Prediabetes to Diabetes
The relative risk of progression from prediabetes to diabetes
did not differ significantly between testosterone and placebo
groups: 4 of 598 (0.7%) vs 8 of 562 (1.4%) at 6 months, 45 of
575 (7.8%) vs 57 of 533 (10.7%) at 12 months, 50 of 494 (10.1%)
vs 67 of 460 (14.6%) at 24 months, 46 of 359 (12.8%) vs 52 of
330 (15.8%) at 36 months, and 22 of 164 (13.4%) vs 19 of 121
(15.7%) at 48 months (omnibus test P = .49 after adjusting for
preexisting CVD) (Figure 2). Supportive analyses using the
discrete-time proportional hazards regression model showed
similar results (hazard ratio [HR], 0.78; 95% CI, 0.58-1.06).

Glycemic Remission Among Those With Diabetes
The risk of glycemic remission among participants with dia-
betes at baseline did not differ significantly between the tes-
tosterone and placebo groups: 7 of 1898 (0.4%) vs 5 of 1942
(0.3%) at 6 months, 78 of 1808 (4.3%) vs 74 of 1858 (4.0%) at
12 months, 82 of 1619 (5.1%) vs 70 of 1617 (4.3%) at 24 months,
64 of 1251 (5.1%) vs 61 of 1254 (4.9%) at 36 months, and 24 of
517 (4.6%) vs 23 of 501 (4.6%) at 48 months (omnibus test
P = .95 after adjusting for preexisting CVD) (Figure 3). The
discrete-time proportional hazards regression model showed
similar results (HR, 1.15; 95% CI, 0.87-1.53).

Fasting Glucose and Hemoglobin A1c Levels
and Prespecified Subgroup Analyses
The change from baseline in fasting glucose or hemoglobin A1c

(Figure 4) concentrations did not differ between testosterone
and placebo groups in participants with either prediabetes or
diabetes at baseline. The findings of prespecified subgroup
analyses by baseline testosterone level (<250 or ≥250 ng/dL),
preexisting CVD (yes or no), self-identified race (Black or Afri-
can-American or White), and age (<65 or ≥65 years) did not
show significant differences between testosterone and pla-
cebo groups for either progression from prediabetes to diabe-
tes or glycemic remission (eFigures 1 and 2 in Supplement 2).

Sensitivity Analyses
Of the 877 randomized participants self-identifying as Black
or African American, 178 were classified as having prediabe-
tes and 682 as having diabetes at baseline by the standard defi-
nition; by the modified definition that did not consider hemo-
globin A1c level, 168 had prediabetes and 660 had diabetes.
The discrete-time proportional hazards regression model of
progression from prediabetes to diabetes (HR, 2.47; 95% CI,
0.48-12.76) and glycemic remission (HR, 2.71; 95% CI, 1.07-
6.87) using the modified definitions of prediabetes and
diabetes yielded results similar to those using the standard
definition.

Post hoc sensitivity analyses of the primary and second-
ary events occurring within 30 days or within 365 days after
stopping treatment yielded results similar to the those of the
primary analyses (eFigures 3 and 4 in Supplement 2). In men

Figure 1. CONSORT Diagram Showing the Flow of Study Participants Through Different Phases of the Study

5246 Randomized in parent trial

5204 Randomized

2601 Randomized to 1.62% testosterone gel
2601 Received intervention

2603 Randomized to placebo
2603 Received placebo

77 Excluded
71

2

4

Did not have diabetes 
or prediabetes
Missing baseline glucose 
or HbA1c  level
No follow-up data

72 Excluded
71

1

Did not have diabetes 
or prediabetes
Missing baseline glucose 
or HbA1c level

42 Duplicates excluded

607 With prediabetes 1917 With diabetes 568 With prediabetes 1963 With diabetes

Included in primary analysis
598
575
494
359
164

With 6-mo follow-up
With 12-mo follow-up
With 24-mo follow-up
With 36-mo follow-up
With 48-mo follow-up

Included in secondary analysis
1898
1808
1619
1251

517

With 6-mo follow-up
With 12-mo follow-up
With 24-mo follow-up
With 36-mo follow-up
With 48-mo follow-up

Included in primary analysis
562
533
460
330
121

With 6-mo follow-up
With 12-mo follow-up
With 24-mo follow-up
With 36-mo follow-up
With 48-mo follow-up

Included in secondary analysis
1942
1858
1617
1254

501

With 6-mo follow-up
With 12-mo follow-up
With 24-mo follow-up
With 36-mo follow-up
With 48-mo follow-up

All participants who were classified as having prediabetes or diabetes at
baseline and who had at least 1 postbaseline value were included in the
analyses. Because this was an event-driven trial, the randomized participants

were followed up until accrual of at least 256 major adverse cardiovascular
events. Thus, the follow-up duration varied for different participants. HbA1c

indicates hemoglobin A1c.
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with prediabetes and diabetes at baseline, body weight de-
creased significantly more in the TRT group than in the pla-
cebo group (eTable 1 in Supplement 2).

Hormone Levels and Safety
Serum total testosterone, dihydrotestosterone, and estradiol
concentrations increased significantly more in the testoste-

rone-treated men than in the placebo-treated men with pre-
diabetes or diabetes (eTable 2 in Supplement 2). Testosterone
replacement therapy was associated with higher incidence of
venous thromboembolism, atrial fibrillation, and acute kid-
ney injury in the parent trial,26 but there did not appear to be
any additional between-group differences by diabetes or pre-
diabetes status (eTable 3 in Supplement 2).

Table. Baseline Characteristics of Study Participants in the Full Analysis Set and of Randomized Participants With Diabetes or Prediabetesa

Variable

Overall participants Participants with diabetes Participants with prediabetes
TRT
(n = 2601)

Placebo
(n = 2603)

TRT
(n = 1917)

Placebo
(n = 1963)

TRT
(n = 607)

Placebo
(n = 568)

Age, mean (SD), y 63.3 (7.9) 63.3 (7.9) 63.2 (7.8) 63.2 (7.8) 64.1 (8.1) 63.5 (8.0)

Age group, y

45 to <65 1360 (52.3) 1392 (53.5) 1023 (53.4) 1077 (54.9) 292 (48.1) 279 (49.1)

≥65 1241 (47.7) 1211 (46.5) 894 (46.6) 886 (45.1) 315 (51.9) 289 (50.9)

Race

Black or African American 445 (17.1) 432 (16.6) 346 (18.0) 336 (17.1) 89 (14.7) 89 (15.7)

White 2070 (79.6) 2084 (80.1) 1501 (78.3) 1555 (79.2) 504 (83.0) 467 (82.2)

Otherb 86 (3.3) 87 (3.3) 70 (3.7) 72 (3.7) 14 (2.3) 12 (2.1)

Ethnicity

Hispanic or Latino 409 (15.7) 439 (16.9) 316 (16.5) 333 (17.0) 77 (12.7) 93 (16.4)

Not Hispanic or Latino 2191 (84.3) 2162 (83.1) 1600 (83.5) 1629 (83.0) 530 (87.3) 474 (83.6)

Missing 1 (<0.1) 2 (<0.1) 1 (<0.1) 1 (<0.1) 0 1 (0.2)

Body mass index, mean (SD)c 35.0 (5.7) 34.8 (6.0) 35.4 (5.6) 35.2 (5.9) 34.0 (5.7) 34.1 (5.9)

Preexisting CVD 1410 (54.2) 1437 (55.2) 978 (51.0) 1038 (52.9) 386 (63.6) 352 (62.0)

CVD risk factors 1191 (45.8) 1166 (44.8) 939 (49.0) 925 (47.1) 221 (36.4) 216 (38.0)

Prior testosterone use 5 (0.2) 10 (0.4) 4 (0.2) 7 (0.4) 1 (0.2) 2 (0.4)

Hypertension 2423 (93.2) 2402 (92.3) 1811 (94.5) 1835 (93.5) 545 (89.8) 504 (88.7)

Dyslipidemia 2344 (90.1) 2332 (89.6) 1752 (91.4) 1793 (91.3) 527 (86.8) 482 (84.9)

Aspirin use 1570 (60.4) 1546 (59.4) 1170 (61.0) 1180 (60.1) 360 (59.3) 325 (57.2)

Metformin use 1346 (51.7) 1348 (51.8) 1345 (70.2) 1348 (68.7) 0 0

Systolic blood pressure, mean (SD), mm Hgd 132.8 (15.9) 132.5 (15.4) 133.2 (15.7) 133.0 (15.7) 131.7 (16.1) 131.1 (14.3)

Diastolic blood pressure, mean (SD), mm Hgd 79.1 (9.7) 79.3 (9.6) 78.6 (9.6) 79.1 (9.6) 80.2 (9.7) 79.8 (9.6)

Testosterone level, mean (SD), ng/dLd 220.5 (47.0) 220.1 (48.1) 219.3 (47.2) 219.1 (47.8) 223.0 (46.6) 222.8 (48.8)

Dihydrotestosterone level, mean (SD), ng/dLe 16.1 (7.9) 16.3 (8.5) 15.2 (7.5) 15.4 (8.1) 18.3 (8.1) 18.8 (9.4)

Estradiol level, mean (SD), pg/mLf 21.0 (8.2) 21.0 (8.4) 21.3 (8.1) 21.1 (8.2) 20.4 (8.6) 20.6 (8.7)

Hemoglobin A1c level, mean (SD), %g 7.1 (1.4) 7.2 (1.4) 7.6 (1.3) 7.6 (1.4) 5.8 (0.4) 5.8 (0.3)

Fasting glucose level, mean (SD), mg/dLh 149.7 (57.5) 150.4 (58.6) 164.4 (59.9) 164.5 (60.7) 110.9 (13.6) 108.8 (14.0)

Diabetes medication

Any 1699 (65.3) 1735 (66.7) 1698 (88.6) 1735 (88.4) 0 0

Metformin 1346 (51.7) 1348 (51.8) 1345 (70.2) 1348 (68.7) 0 0

Any GLP-1 agonist 275 (10.6) 306 (11.8) 274 (14.3) 306 (15.6) 0 0

Any SGLT-2 inhibitor 265 (10.2) 296 (11.4) 265 (13.8) 296 (15.1) 0 0

Other 244 (9.4) 259 (10.0) 244 (12.7) 259 (13.2) 0 0

Abbreviations: CVD, cardiovascular disease; GLP-1, glucagon-like peptide 1;
SGLT-2, sodium-glucose transporter 2; TRT, testosterone replacement therapy.

SI conversion factors: To convert dihydrotestosterone to nmol/L, multiply by
0.0344; estradiol to pmol/L, multiply by 3.671; glucose to mmol/L, multiply by
0.0555; hemoglobin A1c to proportion of hemoglobin, multiply by 0.01; and
testosterone to nmol/L, multiply by 0.0347.
a Data are presented as number (percentage) of participants unless otherwise

indicated.
b Other includes American Indian or Alaska Native, Asian, Native Hawaiian,

Pacific Islander, or multiracial.
c Calculated as weight in kilograms divided by height in meters squared. In the

overall TRT group, n = 2595; overall placebo, n = 2602; and diabetes TRT,
n = 1916.

d In the overall TRT group, n = 2596, and overall placebo, n = 2602.
e In the overall TRT group, n = 2487; overall placebo, n = 2498; diabetes TRT,

n = 1838; diabetes placebo, n = 1880; prediabetes TRT, n = 582; and
prediabetes placebo, n = 551.

f In the overall TRT group, n = 2470; overall placebo, n = 2494; diabetes TRT,
n = 1822; diabetes placebo, n = 1879; prediabetes TRT, n = 582; and
prediabetes placebo, n = 547.

g In the overall TRT group, n = 2586; overall placebo, n = 2599; diabetes TRT,
n = 1911; diabetes placebo, n = 1961; prediabetes TRT, n = 604; and
prediabetes placebo, n = 567.

h In the overall TRT group, n = 2590; overall placebo, n = 2593; diabetes TRT,
n = 1912; and diabetes placebo, n = 1955.

Testosterone and Progression From Prediabetes to Diabetes in Men With Hypogonadism Original Investigation Research

jamainternalmedicine.com (Reprinted) JAMA Internal Medicine Published online February 5, 2024 E5

© 2024 American Medical Association. All rights reserved.

Downloaded from jamanetwork.com by Biblioteca Nacional de Salud y Seguridad Social user on 02/23/2024

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2023.7862?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2023.7862?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2023.7862?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862
http://www.jamainternalmedicine.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862


Discussion

The TRAVERSE Diabetes Study is, to our knowledge, the larg-
est placebo-controlled randomized clinical trial to date to evalu-
ate the efficacy of TRT without a lifestyle intervention in pre-
venting progression from prediabetes to diabetes in men with
hypogonadism and in inducing glycemic remission in men
with hypogonadism and diabetes. In this study, TRT was not
superior to placebo in preventing progression from prediabe-
tes to diabetes; consistent with these findings, fasting glu-
cose and hemoglobin A1c levels did not change significantly in
either group and did not differ significantly between the 2 study
groups. These findings were further corroborated by sensitiv-
ity analyses using discrete-time proportional hazards regres-
sion models in which the events were censored 30 and 365 days
after the last dose. The risk of glycemic remission also was simi-
lar between testosterone- and placebo-treated participants who
had diabetes at baseline; between-group differences in the
changes in fasting glucose or hemoglobin A1c levels were nei-
ther statistically significant nor clinically meaningful, corrobo-
rating the findings of no significant effect on glycemic remis-
sion. Other, smaller trials of TRT in men with hypogonadism
also found no significant improvements in hemoglobin A1c or

fasting glucose level.31,32 The findings of this study suggest that
TRT alone should not be used as a therapeutic intervention to
prevent or treat diabetes in men with hypogonadism.

Testosterone’s known effects on body composition and
metabolism would be expected to improve insulin sensitivity
and retard progression from prediabetes to diabetes. Testos-
terone treatment increases skeletal muscle mass, reduces whole
body and visceral fat mass,19,33,34 and modestly improves in-
sulin sensitivity.31,32 Muscle is an important regulator of
metabolism,35 and testosterone-induced increases in muscle
mass might be expected to secondarily improve insulin sensi-
tivity. Induction of severe testosterone deficiency by admin-
istration of a gonadotropin-releasing hormone agonist to
healthy men or men with prostate cancer or by cessation of TRT
in men with hypogonadism is associated with the develop-
ment of insulin resistance and an increased risk of diabetes.14-16

However, the present study found no meaningful improve-
ments in either fasting glucose or hemoglobin A1c levels. The
TRAVERSE participants had mild to moderate testosterone de-
ficiency; it is possible that greater improvements in insulin sen-
sitivity may be observed in men with severe testosterone de-
ficiency. However, most men with hypogonadism receiving
TRT today have mild testosterone deficiency.36 Testosterone
levels during treatment in this study were lower than in some

Figure 2. Progression From Prediabetes to Diabetes Among Participants Who Had Prediabetes at Baseline

0.1 21
RR (95% CI)

Lesser
risk of

progression

Greater
risk of
progression

Participants with events,
No./total No. (%)

TRT PlaceboMonth
6 4/598 (0.7) 8/562 (1.4) 0.47 (0.14-1.55)
12 45/575 (7.8) 57/533 (10.7) 0.76 (0.52-1.10)
24 50/494 (10.1) 67/460 (14.6) 0.73 (0.52-1.02)
36 46/359 (12.8) 52/330 (15.8) 0.78 (0.55-1.11)
48 22/164 (13.4) 19/121 (15.7) 0.74 (0.46-1.16)

RR (95% CI)

The risk ratio of progression to diabetes in the testosterone replacement
therapy (TRT) vs placebo group was estimated by repeated-measures
log-binomial generalized estimating equations regression with fixed effects for
treatment, visit, treatment-visit interaction, and preexisting cardiovascular
disease and an unstructured correlation matrix to account for repeated

measures. A simpler compound symmetric matrix was used due to the
algorithm’s inability to estimate the covariance function needed for the
omnibus test when an unstructured matrix was assumed. The omnibus test
P value was .49 for a test of the null hypothesis of no difference between
TRT and placebo groups across all time points. RR indicates relative risk.

Figure 3. Glycemic Remission Among Men Who Had Diabetes at Baseline by Treatment Group and Time Point

0.4 51
RR (95% CI)

Lesser risk
of glycemic

remission

Greater risk 
of glycemic 
remission

Participants with events,
No./total No. (%)

TRT PlaceboMonth
6 7/1898 (0.4) 5/1942 (0.3) 1.44 (0.46-4.53)
12 78/1808 (4.3) 74/1858 (4.0) 1.10 (0.80-1.49)
24 82/1619 (5.1) 70/1617 (4.3) 1.13 (0.84-1.52)
36 64/1251 (5.1) 61/1254 (4.9) 1.08 (0.80-1.46)
48 24/517 (4.6) 23/501 (4.6) 1.13 (0.82-1.55)

RR (95% CI)

The risk of glycemic remission in the testosterone replacement therapy (TRT)
vs placebo group was estimated by repeated-measures log-binomial
generalized estimating equations regression with fixed effects for treatment,
visit, treatment-visit interaction, and preexisting cardiovascular disease and

an unstructured correlation matrix to account for repeated measures. The
omnibus test P value was .95 for a test of the null hypothesis of no difference
between TRT and placebo groups across all time points. RR indicates
relative risk.
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other testosterone trials; testosterone levels in TRAVERSE
were measured 24 hours after gel application, and nadir lev-
els are lower than the 24-hour time-averaged concentrations.
In the Testosterone for Diabetes Mellitus (T4DM) trial,37 tes-
tosterone treatment plus lifestyle intervention in men with
overweight or obesity was associated with a lower incidence
of 2-hour glucose level greater than or equal to 200 mg/dL on
an oral glucose tolerance test compared with lifestyle inter-
vention alone. However, not all men in the T4DM trial had hy-
pogonadism, and testosterone was administered along with a
lifestyle intervention that may have augmented the effects of
testosterone on muscle and fat mass.38,39 Similar to the find-

ings of the current study, the T4DM trial also did not find sig-
nificant changes in hemoglobin A1c levels.37

The TRAVERSE participants were selected on the basis of
preexisting or increased risk of CVD and had high rates of pre-
diabetes and diabetes at baseline. Epidemiologic studies, sur-
veys of men receiving TRT, and randomized clinical trials have
also found high prevalence of diabetes and prediabetes in men
with hypogonadism.24,40,41

Lifestyle modification, metformin, acarbose, piogli-
tazone, and glucagon-like peptide 1 analogs reduce the inci-
dence of progression from prediabetes to diabetes.42,43 The
findings of this study do not support the use of TRT alone to

Figure 4. Estimated Changes From Baseline in Fasting Glucose and Hemoglobin A1c (HbA1c) Levels for Participants
Who Had Prediabetes or Diabetes at Baseline
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A linear mixed model was fit with fixed effects for treatment, visit, and
treatment-visit interaction, baseline value, and preexisting cardiovascular
disease and a random per-participant repeated-measures effect with an
unstructured covariance matrix. Omnibus test P values were derived separately
for participants with prediabetes and diabetes from a test of the null hypothesis

of no difference between the testosterone replacement therapy (TRT) and
placebo groups across all time points. To convert glucose to mmol/L, multiply
by 0.0555; and hemoglobin A1c to proportion of hemoglobin, multiply by 0.01.
Error bars indicate 95% CIs.
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prevent or to treat diabetes in men with hypogonadism. The
trial’s findings may be useful in weighing the potential ben-
efits of TRT in middle-aged and older men with hypogonad-
ism who have prediabetes or diabetes.

Strengths and Limitations
The TRAVERSE trial has some notable strengths. The participants
were required to have 2 fasting morning testosterone level mea-
surements using an LC-MS/MS assay certified by the Hormone
Standardization Program of the Centers for Disease Control and
Prevention and 1 or more symptoms of hypogonadism in con-
formity with the Endocrine Society’s guideline.44 We used fast-
ing glucose and hemoglobin A1c levels to ascertain prediabetes
and diabetes; the combined use of fasting glucose and hemo-
globinA1c testinghasbetterpredictivevaluethaneithertestalone
for progression to diabetes45 and for assessing glycemic control.
It was not deemed to be feasible to perform a 2-hour oral glu-
cose tolerance test given participant burden and cost in the con-
text of a large trial. There is substantial overlap in pathophysi-
ological mechanisms in persons diagnosed with prediabetes or
diabetes by any of the 3 tests, although the pathophysiology of
hyperglycemia in some individuals diagnosed by oral glucose
tolerance test may differ from those diagnosed by fasting glu-
cose or hemoglobin A1c testing.45,46 Neither fasting glucose nor
hemoglobin A1c levels changed significantly with TRT in men
with prediabetes or diabetes, supporting the findings of the pri-
mary analyses. Factors other than glucose concentrations can
influence hemoglobin A1c levels, especially in Black individu-
als in the US,30 but sensitivity analyses using only fasting glu-
cose testing confirmed the findings of the primary analyses.

The study has some limitations. The findings should not
be extrapolated to men who do not have hypogonadism or

to women. The association of testosterone with risk of dia-
betes is sexually dimorphic,12 and sex and gender differ-
ences in response to testosterone have not been studied. The
sample size of the TRAVERSE trial was guided by estimated
numbers of MACE, and the sample size of the diabetes
substudy was defined by the number of randomized partici-
pants who had prediabetes and diabetes at baseline. How-
ever, the lack of meaningful change in fasting glucose and
hemoglobin A1c levels using more statistically powerful
analyses of continuous outcomes supports the findings of
the primary and secondary analyses of prespecified binary
end points. As reported previously,26 the incidence of early
discontinuation of the trial regimen while continuing
trial assessments (61.6%) and early withdrawal from the
trial and having no further assessments (39.0%) was rela-
tively high but was similar in the 2 trial groups. These rates
were high but not dissimilar from that in real-life clinical
practice47,48 and in randomized clinical trials of other symp-
tomatic conditions.49-51 Nonretention rates were similar in
the 2 groups, and sensitivity analyses of events censored 30
and 365 days after treatment discontinuation yielded similar
results.

Conclusions
In middle-aged and older men with hypogonadism and pre-
diabetes in the TRAVERSE Diabetes Study, the incidence of
progression from prediabetes to diabetes did not differ sig-
nificantly between testosterone- and placebo-treated men. Tes-
tosterone replacement therapy did not improve glycemic con-
trol in men with hypogonadism and prediabetes or diabetes.

ARTICLE INFORMATION

Accepted for Publication: November 29, 2023.

Published Online: February 5, 2024.
doi:10.1001/jamainternmed.2023.7862

Author Affiliations: Research Program in Men’s
Health: Aging and Metabolism, Boston Claude D.
Pepper Older Americans Independence Center,
Brigham and Women’s Hospital, Harvard Medical
School, Boston, Massachusetts (Bhasin, Pencina);
Cleveland Clinic Coordinating Center for Clinical
Research, Department of Cardiovascular Medicine,
Cleveland Clinic, Cleveland, Ohio (Lincoff, Nissen);
Department of Biostatistics and Medical
Informatics, Statistical Data Analysis Center,
University of Wisconsin−Madison (Wannemuehler,
G. Li, Buhr); Division of Endocrinology, Diabetes,
and Hypertension, Brigham and Women’s Hospital,
Harvard Medical School, Boston, Massachusetts
(McDonnell); University of Southern California
Clinical Diabetes Program, The Keck School of
Medicine of the University of Southern California,
Los Angeles (Peters); AbbVie Inc, North Chicago,
Illinois (Khan, Snabes, X. Li); Marcus Institute for
Aging Research, Hebrew Senior Life, Boston,
Massachusetts (Travison); Division of Gerontology,
Beth Israel Deaconess Medical Center, Harvard
Medical School, Boston, Massachusetts (Travison).

Author Contributions: Drs Bhasin and
Wannemuehler had full access to all of the data in

the study and take responsibility for the integrity
of the data and the accuracy of the data analysis.
Drs Pencina and Travison contributed equally to
the manuscript.
Concept and design: Bhasin, Lincoff, Nissen,
McDonnell, Snabes, Pencina, Travison.
Acquisition, analysis, or interpretation of data:
Bhasin, Nissen, Wannemuehler, McDonnell, Peters,
Khan, X. Li, G. Li, Buhr, Pencina, Travison.
Drafting of the manuscript: Bhasin, Wannemuehler,
Peters, G. Li, Pencina, Travison.
Critical review of the manuscript for important
intellectual content: Bhasin, Lincoff, Nissen,
Wannemuehler, McDonnell, Peters, Khan, Snabes,
X. Li, Buhr, Pencina, Travison.
Statistical analysis: Wannemuehler, X. Li, G. Li, Buhr,
Pencina, Travison.
Obtained funding: Bhasin, Lincoff, Nissen.
Administrative, technical, or material support:
Bhasin, Lincoff, Nissen.
Supervision: Bhasin, Lincoff, Nissen, Travison.

Conflict of Interest Disclosures: Dr Bhasin
reported grants to the institution from Metro
International Biotech and Function Promoting
Therapies, LLC; receiving consulting fees from
Varsenis One and OPKO; having equity in Xyone
outside the submitted work; and having a patent
for a free T algorithm issued. Dr Lincoff reported
receiving personal fees from Novo Nordisk,
Eli Lilly and Company, Recor, Medtronic, Ardelyz,

GlaxoSmithKline, Akebia, Endologix, Fibrogen,
Provention, and Becton Dickson and receiving
grants from Esperion, CSL, AstraZeneca, and
Novartis outside the submitted work. Dr Snabes
reported being a shareholder in AbbVie during
the conduct of the study. No other disclosures
were reported.

Funding/Support: This trial was funded by
a consortium of testosterone manufacturers led
by AbbVie, Inc, with additional financial support
provided by Endo Pharmaceuticals, Acerus
Pharmaceuticals Corporation, and Upsher-Smith
Laboratories, LLC. Dr Bhasin was supported in part
by the Boston Claude D. Pepper Older Americans
Independence Center (National Institute on Aging
Grant 5P30AG031679).

Role of the Funder/Sponsor: The sponsors
oversaw the conduct of the study and management
and collection of data and were involved in the
review and approval of the manuscript, but they
had no role in the design of the study, analysis
or interpretation of data, preparation of the
manuscript, or decision to submit the manuscript
for publication.

Data Sharing Statement: See Supplement 3.

REFERENCES

1. Bullard KM, Saydah SH, Imperatore G, et al.
Secular changes in U.S. prediabetes prevalence

Research Original Investigation Testosterone and Progression From Prediabetes to Diabetes in Men With Hypogonadism

E8 JAMA Internal Medicine Published online February 5, 2024 (Reprinted) jamainternalmedicine.com

© 2024 American Medical Association. All rights reserved.

Downloaded from jamanetwork.com by Biblioteca Nacional de Salud y Seguridad Social user on 02/23/2024

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2023.7862?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2023.7862?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862
http://www.jamainternalmedicine.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862


defined by hemoglobin A1c and fasting plasma
glucose: National Health and Nutrition Examination
Surveys, 1999-2010. Diabetes Care. 2013;36(8):
2286-2293. doi:10.2337/dc12-2563

2. Huang Y, Cai X, Mai W, Li M, Hu Y. Association
between prediabetes and risk of cardiovascular
disease and all cause mortality: systematic review
and meta-analysis. BMJ. 2016;355:i5953.
doi:10.1136/bmj.i5953

3. Di Angelantonio E, Gao P, Khan H, et al;
Emerging Risk Factors Collaboration. Glycated
hemoglobin measurement and prediction of
cardiovascular disease. JAMA. 2014;311(12):1225-1233.
doi:10.1001/jama.2014.1873

4. Crane PK, Walker R, Hubbard RA, et al.
Glucose levels and risk of dementia. N Engl J Med.
2013;369(6):540-548. doi:10.1056/NEJMoa1215740

5. Huang Y, Cai X, Chen P, et al. Associations of
prediabetes with all-cause and cardiovascular
mortality: a meta-analysis. Ann Med. 2014;46(8):
684-692. doi:10.3109/07853890.2014.955051

6. Schlesinger S, Neuenschwander M,
Barbaresko J, et al. Prediabetes and risk of
mortality, diabetes-related complications and
comorbidities: umbrella review of meta-analyses
of prospective studies. Diabetologia. 2022;65(2):
275-285. doi:10.1007/s00125-021-05592-3

7. Rabijewski M, Papierska L, Piątkiewicz P.
The prevalence of prediabetes in population of
Polish men with late-onset hypogonadism. Aging
Male. 2014;17(3):141-146. doi:10.3109/13685538.
2014.936000

8. Ding EL, Song Y, Malik VS, Liu S. Sex differences
of endogenous sex hormones and risk of type 2
diabetes: a systematic review and meta-analysis.
JAMA. 2006;295(11):1288-1299. doi:10.1001/jama.
295.11.1288

9. Laaksonen DE, Niskanen L, Punnonen K, et al.
Testosterone and sex hormone-binding globulin
predict the metabolic syndrome and diabetes in
middle-aged men. Diabetes Care. 2004;27(5):
1036-1041. doi:10.2337/diacare.27.5.1036

10. Colangelo LA, Ouyang P, Liu K, et al. Association
of endogenous sex hormones with diabetes and
impaired fasting glucose in men: Multi-Ethnic Study
of Atherosclerosis. Diabetes Care. 2009;32(6):
1049-1051. doi:10.2337/dc08-2216

11. Selvin E, Feinleib M, Zhang L, et al. Androgens
and diabetes in men: results from the third National
Health and Nutrition Examination Survey (NHANES
III). Diabetes Care. 2007;30(2):234-238.
doi:10.2337/dc06-1579

12. Ruth KS, Day FR, Tyrrell J, et al; Endometrial
Cancer Association Consortium. Using human
genetics to understand the disease impacts of
testosterone in men and women. Nat Med. 2020;
26(2):252-258. doi:10.1038/s41591-020-0751-5

13. Mauras N, Hayes V, Welch S, et al.
Testosterone deficiency in young men: marked
alterations in whole body protein kinetics, strength,
and adiposity. J Clin Endocrinol Metab. 1998;83(6):
1886-1892. doi:10.1210/jc.83.6.1886

14. Yialamas MA, Dwyer AA, Hanley E, Lee H,
Pitteloud N, Hayes FJ. Acute sex steroid withdrawal
reduces insulin sensitivity in healthy men with
idiopathic hypogonadotropic hypogonadism. J Clin
Endocrinol Metab. 2007;92(11):4254-4259.
doi:10.1210/jc.2007-0454

15. Basaria S, Muller DC, Carducci MA, Egan J,
Dobs AS. Hyperglycemia and insulin resistance
in men with prostate carcinoma who receive
androgen-deprivation therapy. Cancer. 2006;106
(3):581-588. doi:10.1002/cncr.21642

16. Keating NL, O’Malley AJ, Freedland SJ,
Smith MR. Diabetes and cardiovascular disease
during androgen deprivation therapy: observational
study of veterans with prostate cancer. J Natl
Cancer Inst. 2010;102(1):39-46. doi:10.1093/jnci/
djp404

17. Naharci MI, Pinar M, Bolu E, Olgun A.
Effect of testosterone on insulin sensitivity in men
with idiopathic hypogonadotropic hypogonadism.
Endocr Pract. 2007;13(6):629-635. doi:10.4158/EP.
13.6.629

18. Dhindsa S, Ghanim H, Batra M, et al.
Insulin resistance and inflammation in
hypogonadotropic hypogonadism and their
reduction after testosterone replacement in men
with type 2 diabetes. Diabetes Care. 2016;39(1):
82-91. doi:10.2337/dc15-1518

19. Corona G, Giagulli VA, Maseroli E, et al.
Therapy of endocrine disease: testosterone
supplementation and body composition: results
from a meta-analysis study. Eur J Endocrinol. 2016;
174(3):R99-R116. doi:10.1530/EJE-15-0262

20. Heymsfield SB, Coleman LA, Miller R, et al.
Effect of bimagrumab vs placebo on body fat mass
among adults with type 2 diabetes and obesity:
a phase 2 randomized clinical trial. JAMA Netw Open.
2021;4(1):e2033457. doi:10.1001/jamanetworkopen.
2020.33457

21. Tu P, Bhasin S, Hruz PW, et al. Genetic
disruption of myostatin reduces the development
of proatherogenic dyslipidemia and atherogenic
lesions in Ldlr null mice. Diabetes. 2009;58(8):
1739-1748. doi:10.2337/db09-0349

22. Yassin A, Haider A, Haider KS, et al.
Testosterone therapy in men with hypogonadism
prevents progression from prediabetes to type 2
diabetes: eight-year data from a registry study.
Diabetes Care. 2019;42(6):1104-1111. doi:10.2337/
dc18-2388

23. Dandona P, Dhindsa S, Chandel A, Chaudhuri A.
Hypogonadotropic hypogonadism in men with type
2 diabetes. Postgrad Med. 2009;121(3):45-51.
doi:10.3810/pgm.2009.05.2001

24. Mulligan T, Frick MF, Zuraw QC, Stemhagen A,
McWhirter C. Prevalence of hypogonadism in males
aged at least 45 years: the HIM study. Int J Clin Pract.
2006;60(7):762-769. doi:10.1111/j.1742-1241.2006.
00992.x

25. Bhasin S, Lincoff AM, Basaria S, et al;
TRAVERSE Study Investigators. Effects of
long-term testosterone treatment on
cardiovascular outcomes in men with
hypogonadism: rationale and design of the
TRAVERSE study. Am Heart J. 2022;245:41-50.
doi:10.1016/j.ahj.2021.11.016

26. Lincoff AM, Bhasin S, Flevaris P, et al;
TRAVERSE Study Investigators. Cardiovascular
safety of testosterone-replacement therapy. N Engl
J Med. 2023;389(2):107-117. doi:10.1056/
NEJMoa2215025

27. Prentice RL, Gloeckler LA. Regression analysis
of grouped survival data with application to breast
cancer data. Biometrics. 1978;34(1):57-67.
doi:10.2307/2529588

28. Herman WH, Cohen RM. Racial and ethnic
differences in the relationship between HbA1c
and blood glucose: implications for the diagnosis
of diabetes. J Clin Endocrinol Metab. 2012;97(4):
1067-1072. doi:10.1210/jc.2011-1894

29. Lacy ME, Wellenius GA, Sumner AE, et al.
Association of sickle cell trait with hemoglobin A1c
in African Americans. JAMA. 2017;317(5):507-515.
doi:10.1001/jama.2016.21035

30. Moon JY, Louie TL, Jain D, et al.
A Genome-wide association study identifies blood
disorder–related variants influencing hemoglobin
A1c with implications for glycemic status in
U.S. Hispanics/Latinos. Diabetes Care. 2019;42(9):
1784-1791. doi:10.2337/dc19-0168

31. Mohler ER III, Ellenberg SS, Lewis CE, et al.
The effect of testosterone on cardiovascular
biomarkers in the testosterone trials. J Clin
Endocrinol Metab. 2018;103(2):681-688.
doi:10.1210/jc.2017-02243

32. Jones TH, Arver S, Behre HM, et al;
TIMES2 Investigators. Testosterone replacement
in hypogonadal men with type 2 diabetes and/or
metabolic syndrome (the TIMES2 study). Diabetes
Care. 2011;34(4):828-837. doi:10.2337/dc10-1233

33. Finkelstein JS, Lee H, Burnett-Bowie SA, et al.
Gonadal steroids and body composition, strength,
and sexual function in men. N Engl J Med. 2013;369
(11):1011-1022. doi:10.1056/NEJMoa1206168

34. Storer TW, Basaria S, Traustadottir T, et al.
Effects of testosterone supplementation for 3 years
on muscle performance and physical function in
older men. J Clin Endocrinol Metab. 2017;102(2):
583-593.

35. Basaria S, Bhasin S. Targeting the skeletal
muscle-metabolism axis in prostate-cancer therapy.
N Engl J Med. 2012;367(10):965-967. doi:10.1056/
NEJMcibr1203160

36. Nguyen CP, Hirsch MS, Moeny D, Kaul S,
Mohamoud M, Joffe HV. Testosterone and
“age-related hypogonadism”–FDA concerns.
N Engl J Med. 2015;373(8):689-691. doi:10.1056/
NEJMp1506632

37. Wittert G, Bracken K, Robledo KP, et al.
Testosterone treatment to prevent or revert
type 2 diabetes in men enrolled in a lifestyle
programme (T4DM): a randomised, double-blind,
placebo-controlled, 2-year, phase 3b trial. Lancet
Diabetes Endocrinol. 2021;9(1):32-45. doi:10.1016/
S2213-8587(20)30367-3

38. Hildreth KL, Barry DW, Moreau KL, et al.
Effects of testosterone and progressive resistance
exercise in healthy, highly functioning older men
with low-normal testosterone levels. J Clin
Endocrinol Metab. 2013;98(5):1891-1900.
doi:10.1210/jc.2012-3695

39. Casaburi R, Bhasin S, Cosentino L, et al. Effects
of testosterone and resistance training in men with
chronic obstructive pulmonary disease. Am J Respir
Crit Care Med. 2004;170(8):870-878. doi:10.1164/
rccm.200305-617OC

40. Jasuja GK, Bhasin S, Reisman JI, et al. Who gets
testosterone? patient characteristics associated
with testosterone prescribing in the Veteran Affairs
system: a cross-sectional study. J Gen Intern Med.
2017;32(3):304-311. doi:10.1007/s11606-016-
3940-7

41. Snyder PJ, Bhasin S, Cunningham GR, et al;
Testosterone Trials Investigators. Effects of

Testosterone and Progression From Prediabetes to Diabetes in Men With Hypogonadism Original Investigation Research

jamainternalmedicine.com (Reprinted) JAMA Internal Medicine Published online February 5, 2024 E9

© 2024 American Medical Association. All rights reserved.

Downloaded from jamanetwork.com by Biblioteca Nacional de Salud y Seguridad Social user on 02/23/2024

https://dx.doi.org/10.2337/dc12-2563
https://dx.doi.org/10.1136/bmj.i5953
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2014.1873?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862
https://dx.doi.org/10.1056/NEJMoa1215740
https://dx.doi.org/10.3109/07853890.2014.955051
https://dx.doi.org/10.1007/s00125-021-05592-3
https://dx.doi.org/10.3109/13685538.2014.936000
https://dx.doi.org/10.3109/13685538.2014.936000
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.295.11.1288?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.295.11.1288?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862
https://dx.doi.org/10.2337/diacare.27.5.1036
https://dx.doi.org/10.2337/dc08-2216
https://dx.doi.org/10.2337/dc06-1579
https://dx.doi.org/10.1038/s41591-020-0751-5
https://dx.doi.org/10.1210/jc.83.6.1886
https://dx.doi.org/10.1210/jc.2007-0454
https://dx.doi.org/10.1002/cncr.21642
https://dx.doi.org/10.1093/jnci/djp404
https://dx.doi.org/10.1093/jnci/djp404
https://dx.doi.org/10.4158/EP.13.6.629
https://dx.doi.org/10.4158/EP.13.6.629
https://dx.doi.org/10.2337/dc15-1518
https://dx.doi.org/10.1530/EJE-15-0262
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamanetworkopen.2020.33457?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamanetworkopen.2020.33457?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862
https://dx.doi.org/10.2337/db09-0349
https://dx.doi.org/10.2337/dc18-2388
https://dx.doi.org/10.2337/dc18-2388
https://dx.doi.org/10.3810/pgm.2009.05.2001
https://dx.doi.org/10.1111/j.1742-1241.2006.00992.x
https://dx.doi.org/10.1111/j.1742-1241.2006.00992.x
https://dx.doi.org/10.1016/j.ahj.2021.11.016
https://dx.doi.org/10.1056/NEJMoa2215025
https://dx.doi.org/10.1056/NEJMoa2215025
https://dx.doi.org/10.2307/2529588
https://dx.doi.org/10.1210/jc.2011-1894
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2016.21035?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862
https://dx.doi.org/10.2337/dc19-0168
https://dx.doi.org/10.1210/jc.2017-02243
https://dx.doi.org/10.2337/dc10-1233
https://dx.doi.org/10.1056/NEJMoa1206168
https://www.ncbi.nlm.nih.gov/pubmed/27754805
https://www.ncbi.nlm.nih.gov/pubmed/27754805
https://dx.doi.org/10.1056/NEJMcibr1203160
https://dx.doi.org/10.1056/NEJMcibr1203160
https://dx.doi.org/10.1056/NEJMp1506632
https://dx.doi.org/10.1056/NEJMp1506632
https://dx.doi.org/10.1016/S2213-8587(20)30367-3
https://dx.doi.org/10.1016/S2213-8587(20)30367-3
https://dx.doi.org/10.1210/jc.2012-3695
https://dx.doi.org/10.1164/rccm.200305-617OC
https://dx.doi.org/10.1164/rccm.200305-617OC
https://dx.doi.org/10.1007/s11606-016-3940-7
https://dx.doi.org/10.1007/s11606-016-3940-7
http://www.jamainternalmedicine.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862


testosterone treatment in older men. N Engl J Med.
2016;374(7):611-624. doi:10.1056/NEJMoa1506119

42. Knowler WC, Barrett-Connor E, Fowler SE,
et al; Diabetes Prevention Program Research
Group. Reduction in the incidence of type 2
diabetes with lifestyle intervention or metformin.
N Engl J Med. 2002;346(6):393-403. doi:10.1056/
NEJMoa012512

43. Echouffo-Tcheugui JB, Perreault L, Ji L,
Dagogo-Jack S. Diagnosis and management of
prediabetes: a review. JAMA. 2023;329(14):1206-
1216. doi:10.1001/jama.2023.4063

44. Bhasin S, Brito JP, Cunningham GR, et al.
Testosterone therapy in men with hypogonadism:
an Endocrine Society clinical practice guideline.
J Clin Endocrinol Metab. 2018;103(5):1715-1744.
doi:10.1210/jc.2018-00229

45. Sato KK, Hayashi T, Harita N, et al. Combined
measurement of fasting plasma glucose and A1C

is effective for the prediction of type 2 diabetes:
the Kansai Healthcare Study. Diabetes Care. 2009;
32(4):644-646. doi:10.2337/dc08-1631

46. Diabetes Prevention Program Research Group.
HbA1c as a predictor of diabetes and as an outcome
in the diabetes prevention program: a randomized
clinical trial. Diabetes Care. 2015;38(1):51-58.
doi:10.2337/dc14-0886

47. Grabner M, Hepp Z, Raval A, Tian F, Khera M.
Topical testosterone therapy adherence and
outcomes among men with primary or secondary
hypogonadism. J Sex Med. 2018;15(2):148-158.
doi:10.1016/j.jsxm.2017.11.225

48. Schoenfeld MJ, Shortridge E, Cui Z, Muram D.
Medication adherence and treatment patterns for
hypogonadal patients treated with topical
testosterone therapy: a retrospective medical
claims analysis. J Sex Med. 2013;10(5):1401-1409.
doi:10.1111/jsm.12114

49. Bohula EA, Wiviott SD, McGuire DK, et al;
CAMELLIA–TIMI 61 Steering Committee and
Investigators. Cardiovascular safety of lorcaserin
in overweight or obese patients. N Engl J Med.
2018;379(12):1107-1117. doi:10.1056/NEJMoa1808721

50. Nissen SE, Wolski KE, Prcela L, et al.
Effect of naltrexone-bupropion on major adverse
cardiovascular events in overweight and obese
patients with cardiovascular risk factors:
a randomized clinical trial. JAMA. 2016;315(10):
990-1004. doi:10.1001/jama.2016.1558

51. Rossouw JE, Anderson GL, Prentice RL, et al;
Writing Group for the Women’s Health Initiative
Investigators. Risks and benefits of estrogen plus
progestin in healthy postmenopausal women:
principal results from the Women’s Health Initiative
randomized controlled trial. JAMA. 2002;288(3):
321-333. doi:10.1001/jama.288.3.321

Research Original Investigation Testosterone and Progression From Prediabetes to Diabetes in Men With Hypogonadism

E10 JAMA Internal Medicine Published online February 5, 2024 (Reprinted) jamainternalmedicine.com

© 2024 American Medical Association. All rights reserved.

Downloaded from jamanetwork.com by Biblioteca Nacional de Salud y Seguridad Social user on 02/23/2024

https://dx.doi.org/10.1056/NEJMoa1506119
https://dx.doi.org/10.1056/NEJMoa012512
https://dx.doi.org/10.1056/NEJMoa012512
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2023.4063?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862
https://dx.doi.org/10.1210/jc.2018-00229
https://dx.doi.org/10.2337/dc08-1631
https://dx.doi.org/10.2337/dc14-0886
https://dx.doi.org/10.1016/j.jsxm.2017.11.225
https://dx.doi.org/10.1111/jsm.12114
https://dx.doi.org/10.1056/NEJMoa1808721
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2016.1558?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.288.3.321?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862
http://www.jamainternalmedicine.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.7862

