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Clinical Question Box

Is testosterone replacement therapy effective in improving the musculoskeletal system outcomes
of males with hypogonadism?

Testosterone replacement therapy effectively increased total, free, and bioavailable testosterone
levels post-administration. It led to an elevated body mass index and lean body mass. However,
it did not affect handgrip strength, fracture risk, or bone mineral density. There were no
differences in adverse events compared to the placebo during the treatment period. However,
there was a tendency toward higher prostate-specific antigen levels, which did not reach statistical
significance.

Abstract

Introduction: Testosterone replacement therapy (TRT) is a standard treatment for men with hypogo-
nadism, characterized by low testosterone levels and associated symptoms. Methods: To identify the
impact of TRT on hypogonadism, a systematic review and meta-analysis of studies were performed.
Three major databases (PubMed, CHAHL, and Web of Science) were searched for publications from
May 1, 2010 to May 1, 2024. Results: Twelve articles, including 5,198 patients, were enrolled in the
final analysis, with the duration of TRT ranging from 6 to 36 months. TRT increased total, free, and
bioavailable testosterone by 7.81 nmol/l (95% CI: 5.77, 9.85; P < 0.001; I2 = 92%), 0.18 nmol/1 (95% CI:
0.15,0.20; P < 0.001; I = 0%), and 3.57 nmol/1 (95% CI: 2.87, 4.27; P < 0.001; 2= 0%), respectively.
Body mass index (BMI) increased by 1.17 kg/m? (95% CI: 0.15, 2.19; P = 0.03; I? = 5%) with an
increase in lean body mass (LBM) of 1.58 kg (95% CI: 0.16, 3.00; P = 0.03; 12 = 0%) and a trend
of reducing fat mass by 0.82 kg (95% CI: —2.53, 0.88; P = 0.34; I? = 0%). There were no statistical
differences in fracture risk, handgrip strength, or forearm bone mineral density (BMD). Additionally,
there was no significant difference in lipid metabolism or homeostatic model assessment for insulin
resistance. The odds ratio of any grade adverse events of TRT compared with placebo was 1.08 (95%
Cl: 0.75, 1.56; P = 0.67; I2 = 59%). Conclusion: TRT is a safe and effective treatment for men with
hypogonadism. Long-term use of TRT can improve BMI and LBM, though it does not appear to
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enhance handgrip strength or BMD. A combined approach of TRT and exercise may be an important
strategy for optimizing outcomes.

Keywords: Testosterone replacement therapy, hypogonadism, musculoskeletal system, body mass
index, males, fractures.

1. Introduction

Hypogonadism occurs when the sex glands produce insufficient sex hormones. In men, the primary
hormone affected is testosterone; in women, it is estrogen and progesterone.! Approximately 21.2%
of individuals experience testosterone deficiency, which is more common among older adults, those
with a higher body mass index (BMI), and individuals who smoke and drink.? Testosterone is the
primary male sex hormone, playing a crucial role in developing and maintaining male physical char-
acteristics regulated by the hypothalamic-pituitary-gonadal axis. Every 90 minutes, the hypothalamus
releases gonadotropin-releasing hormone, which triggers the secretion of luteinizing hormone into the
bloodstream.? This process stimulates the Leydig cells to produce testosterone, a hormone essential for
various aspects of men’s health, such as sexual function, cardiovascular health, energy levels, cognitive
function, and bone density.*

Testosterone levels naturally decline with age, contributing to muscle loss, increased fat mass
(FM), and reduced physical performance in older men.> Serum total testosterone levels decrease by
approximately 1.6% per year after the age of 30.° This decline can lead to sarcopenia, a condition
characterized by loss of muscle mass and function that is associated with increased morbidity and
mortality.” As such, administering exogenous testosterone has been proposed to mitigate age-related
declines in muscle mass and strength. Testosterone replacement therapy (TRT) is a common treatment
for men with hypogonadism, which leads to low testosterone levels and associated symptoms.® There
is also increasing interest in using testosterone among aging men without clinically low levels of
the hormone to enhance physical performance and quality of life. Research indicates that TRT can
improve sexual function, mood, bone density, and lean body mass (LBM), though its impact on
cardiovascular events and mortality remains uncertain.”-!0

The administration of exogenous testosterone has been proposed as a therapeutic intervention to
counteract age-related declines in muscle mass and strength.!! However, TRT should be administered
only when the diagnosis of hypogonadism is firmly established, as evidenced by the presence of
compatible symptoms and signs and a subnormal morning (07:00-11:00 AM) serum testosterone
concentration confirmed on two or three separate occasions.'> The suggested testosterone dose for
males with hypogonadism varies by form: injections (50-400 mg every 2-4 weeks), gels (5-10 g daily),
patches (one patch daily), buccal tablets (30 mg twice daily), pellets (75-450 mg every 3—6 months), and
undecanoate injections (750 mg initially, then every 10 weeks).!? Dosages should further be tailored
to individuals based on their clinical response and serum testosterone levels.'*

Despite the potential benefits of testosterone administration, the evidence regarding its efficacy and
safety remains mixed.!> Some studies report significant muscle mass and strength improvements, while
others show minimal or no benefit. Additionally, concerns have been raised about the long-term safety
of testosterone therapy, including potential adverse effects on cardiovascular health, prostate cancer
risk, and other health outcomes.'® This meta-analysis aims to provide a comprehensive and rigorous
synthesis of the available evidence on the effects of testosterone administration to identify the efficacy
and safety profile of TRT in the musculoskeletal system of males with hypogonadism.

2. Methods

2.1 Overview

The study protocol followed the meta-analysis of the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PROSMA) statement.!” As this research is a systematic review, the requirement
for institutional review board approval was waived. This study was registered in the University
Hospital Medical Information Network (UMIN000055818).8
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2.2 Search Strategy and Selection Criteria

Three major databases (PubMed, CHAHL, and Web of Science) were searched for publications from
May 1, 2010 to May 1, 2024. Two reviewers independently extracted and recorded data according
to a predefined checklist, which included study characteristics (country and year of study), patients’
characteristics, and outcomes. The search strategy used was as follows: Patient: “man” or “male”;
Intervention: “testosterone”; Outcome: “bone” or “fracture” or “musculoskeletal.” Two reviewers
(H.K. and H.H.) independently screened the titles and abstracts and thoroughly evaluated the full
texts to select eligible articles. Any discrepancies were resolved through discussion. Additionally, review
articles and the included original articles were hand-searched for additional research papers that met
the inclusion criteria.

2.3 Inclusion and Exclusion Criteria

No restrictions were placed on article types or publication language. To be included, a study had to
meet the following criteria: 1) It was a placebo-controlled randomized trial; 2) It involved patients
with hypogonadism; and 3) The treatment duration was more than 24 weeks or six months. Exclusion
criteria were: 1) treatment with supplements; 2) not being a randomized controlled trial (RCT); and
3) insufficient data.

2.4 Outcomes

The primary outcome was the change in body composition. To compare detailed changes in body
composition, BMI, LBM, and FM were analyzed in subgroups. The secondary outcomes included
skeletal and muscle function (risk of fracture, handgrip strength, and forearm bone mineral density
[BMD]) and metabolism (high-density lipoprotein cholesterol [HDL], low-density lipoprotein choles-
terol [LDL], triglycerides [TG], and homeostatic model assessment for insulin resistance [HOMA-R]
for patients with type 2 diabetes mellitus [T2DM]). The change in testosterone levels, estradiol, and sex
hormone-binding globulin (SHBG) was also assessed between the experimental and control groups
after treatment.

2.5 Quality Assessment

Two reviewers independently assessed the methodological quality of the selected studies using the
Cochrane Risk of Bias tool, which comprises seven domains: random sequence generation, allocation
concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete
outcome data, selective reporting, and other sources of bias.!” Publication bias was assessed using
funnel plots, visually displaying the relationship between study size and effect size. Any discrepancies
were resolved through discussion.

2.6 Statistics

All analyses were performed using Review Manager version 5.3 (Cochrane Collaboration, Oxford,
UK). For continuous outcomes (e.g., LBM in kg), mean differences (MDs) and standardized mean
differences (SMDs) were calculated. For categorical outcomes (e.g., adverse effects), odds ratios (ORs)
were calculated. The results were presented as pooled effect sizes with 95% confidence intervals (ClIs).
Randome-effect models were used to account for potential variability among studies. A p-value of less
than 0.05 was considered statistically significant. Heterogeneity was evaluated using 12 statistics and
interpreted as follows: IZ = 0%, no heterogeneity; I2 > 0% but <25%, minimal heterogeneity; 1> > 25%
but <50%, mild heterogeneity; I> > 50% but <75%, moderate heterogeneity; and 12 > 75%, strong
heterogeneity.2? Figures prepared using Review Manager were adjusted as necessary.

3. Results

3.1 Overview

Overall, 1,523 articles were identified, including 1,521 through database searches and two through
hand-searching. After removing duplicates, screening, and reading the full articles, 1,205, 190, and 12
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articles remained, respectively (Fig. 1). The kappa statistic was 0.82 in the first screening and 0.95 in the
second screening. Six studies were reported from the USA, while others were from Australia, Denmark,
Italy, Malaysia, and Slovenia (Table 1). A total of 5,198 patients were enrolled in the study, with
the duration of TRT ranging from 24 weeks to 36 months.!%21-39 The most frequently used criteria
for hypogonadism, widely accepted in clinical settings, are defined by two-morning testosterone
concentrations of less than 300 ng per deciliter (10.4 nmol per liter) in fasting plasma samples obtained
at least 48 hours apart, along with one or more symptoms of hypogonadism. Notably, five articles
examined the effect of TRT in patients with diabetes.?!-23-26.28.30

A: Total Testosterone

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, 95% CI v, 95% CI
Groti 2018 17.04 3.07 28 9.83 151 27 17.5% 7.21[5.94, B.48] -
Hackett 2014 19.7 9.2 140 111 32 140 16.8% 8.60 [6.99, 10.21] -
Kenny 2010 2023 1193 59 16.55 B.48 62 11.6% 3.68 [-0.02, 7.38] .
Lincoff 2023 14.84 10.12 2596 9.19 4.54 2602 18.7% 5.65 [5.22, 6.08] -
Magnussen 2016 22,1 29.78 20 10.2 4.11 19 2.1% 11.90[-1.28, 25.08] §
Srinivas-Shankar 2010 184 92 132 107 35 130 167% 7.70 [6.02, 9.38] =z
Tan 2013 23.75 5.83 56 11.16 3.56 58 16.5% 12.59[10.81, 14.37] -
Total (95% CI) 3031 3038 100.0% 7.81 [5.77, 9.85] -
Heterogeneity; Tau* = 5.77; Chi* = 71.88, df = 6 (P < 0.00001); I = 92% —2;0 = ] 110 2=CI
Test for overall effect: Z = 7.49 (P < 0.00001) Favours [Placebo] Favours [Testosterone]
B: Free Testosterone v : ’
Experimental Control Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean 5D Total Weight IV, Rand: 95% Cl v, d 95% Cl
Groti 2018 0.404 0.09 28 0.242 0.042 27 509%  0.16[0.13,0.20] -
Huang 2016 0.364 0.222 140 0.172 0.05 140 48.8% 0.19 [0.15, 0.23] =
Magnussen 2016 0.54 1.05 20 029 0.09 19 0.3% 0.25[-0.21,0.71]
Total (95% CI) 188 186 100.0% 0.18 [0.15, 0.20] L
Heterogeneity: Tau® = 0.00; Chi* = 1.34, df = 2 (P = 0.51); I = 0% _d 5 _0125 0=2
Test for overall effect: Z = 13.17 (P < 0.00001) “Favours '[Pla:ebu] Favours [Tesmsten':me]
C: Bioavailable Testosterone
Experimental Control Mean Difference Mean Difference
Study or Subgroup  Mean 5D Total Mean 5D Total Weight IV, ! 95% Cl v, | 95% C1
Groti 2018 95 1.89 28 5.73 0.89 27  B0.6% 3.77 [2.99, 4.55]
Kenny 2010 5.44 6.1 59 2.74 1.56 62 18.9% 2.70 [1.10, 4.30] —
Magnussen 2016 10.2 23.05 20 5.7 167 19 0.5% 4.50[-5.63, 14.63] )
Total (95% CI) 107 108 100.0% 3.57 [2.87, 4.27] &
Heterogeneity: Tau® = 0.00; Chi* = 1.42, df = 2 (P = 0.49); ¥ = 0% 1'0

: -10 -5 1] 5
Test for overall effect: Z = 10.04 (P < 0.00001) Favours [Placebo] Favours [Testosterone]

Figure 1. Change in total testosterone, free testosterone, and bioavailable testosterone levels.
SD: standard deviation; CI: confidence interval.

3.2 Effect on Testosterone Levels

Seven articles were analyzed to evaluate the effect of TRT on improving total testosterone compared
to a placebo. The analysis revealed that TRT had an MD of 7.81 nmol/l (95% CI: 5.77, 9.85; P <
0.001; I = 92%, Tau? = 5.57) (Fig. 1A). The sensitivity analysis demonstrated that TRT improved
total testosterone, with an MD of 6.89 nmol/L (95% CI: 5.50 to 8.27; P < 0.001; I? = 77%, Tau? =
1.81), confirming the robustness of our conclusions (Fig. S2). Three more articles were analyzed to
evaluate the effect of TRT on free testosterone compared to a placebo, showing an MD of 0.18 nmol/l
(95% CI: 0.15, 0.20; P < 0.001; 12 = 0%, Tau? = 0) (Fig. 1B). Another three articles were analyzed to
determine the effect of TRT on bioavailable testosterone, demonstrating an MD of 3.57 nmol/l (95%
CI: 2.87,4.27; P < 0.001; I? = 0%, Tau? = 0).

3.3 Effect on Body Composition

Four articles were analyzed to evaluate the effect of TRT on improving BMI compared to a placebo.
The analysis revealed that TRT had an MD of 1.17 kg/m2 (95% CI: 0.15, 2.19; P = 0.03; 12 = 5%,
Tau? = 0.05) (Fig. 2A). Three other articles were analyzed to evaluate the effect of TRT on LBM,
demonstrating a mean increase of 1.58 kg (95% CI: 0.16, 3.00; P = 0.03; I? = 0%, Tau® = 0). Another
two articles indicated that TRT showed a trend of reducing FM by 0.82 kg (95% CI: —2.53,0.88; P =
0.34; 12 = 0%, Tau? = 0) (Fig. 2C). No statistical difference was found.
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Table 1. Characters and background of enrolled studies

Author Country Criteria Treatment Type Duration Cases Cases Age (years) BMI TT level
(nmol/l) of T  ofP (kg/mz) (nmol/l)

Aversa 2010 Ttaly TT <1lor 1000 mg every im. 12m 40 10 57.8(9.6) 30.4(6.9) 8.5(2.3)
FT <0.25 12w

Basaria 2010 USA TT < 12or 100 mg daily Tablet 6 m 103 106 74 (5.5) 299@4.1) 83(2.1)
FT <0.173

Groti 2018 Slovenia TT <1land 1000 mg6w,and im. 12m 28 27 60.2(7.2) 333@4.1) 7.6(1.7)
FT <0.22 every 10 w

Hackett 2014 UK TT <120r 1000 mgday 6, 18, im. 30w 92 98 61.6(9.9) 32.7(5.8) 9.0(3.5)
FT <0.25 and 30

Huang 2016 USA TT < 14or 75 mgdaily Gel 36m 140 140 67.3(5.3) 30.5(9.0)0 10.7(2.2)
FT <0.173

Kenny 2010  USA TT < 12 5 mg daily Gel 24m 59 62 77.1(7.7) 269(4.2) 13.9(6.4)

Lincoff 2023 USA TT < 10.4 65 mg daily Gel 36m 2,596 2,602 63.3(79) 349(59) 7.6(1.7)

(average dosage)

Magnussen Denmark BT < 7.3 50 mg daily Gel 24w 20 19 60.0 (6.0) 30.7(2.6) 9.2(3.7)

2016

Snyder 2017  USA TT <9.5 50 mg daily Gel 12m 395 395 72.4(5.9) 31.3(3.6) 8.3(2.3)

Srinivas- USA TT < 120r 50 mg daily Gel 6m 132 130 73.8(6.1) 27.8(4.0)0 10.9(3.1)

Shankar FT <0.25

2010

Tan 2013 Malaysia TT < 12 1000 mg 6, 18,30, im. 48w 56 58 53.4(7.6) 29.4(51) 9.0(1.9)

and 42 w
Wittert 2019 Australia TT < 14 1000 mg 6 w,and im. 24m 504 503 59.7(6.3) 34.7(5.1) 9.9(2.5)

then every 3 m

Note: TT: total testosterone; FT: free testosterone; BT: bioavailable testosterone; w: week; m: month; i.m.:
intramuscular injection; T: testosterone replacement treatment; P: placebo treatment; BMI: body mass index.

A: Body Mass Index

Experimental Control Mean Difference Mean Difference
Study or Subgroup  Mean  SD Total Mean SD Total Weight IV, 95% CI v, 95% Cl
Grotl 2018 33.25 4.77 28 31.96 3.73 27  19.7% 1.29 [-0.97, 3.55] N T E——
Hackett 2014 33 &6l 92 324 54 98 36.0% 0.60[-1.04, 2.24] I L
Magnussen 2016 30.7 3.88 20 30.7 4.11 19 16.0% 0.00[-2.51, 2.51]
Tan 2013 30.71 5.35 56 28.25 479 58 283% 2.46 [0.59, 4.33] "
Total (95% CI) 196 202 100.0% 1.17 [0.15, 2.19] --—
Heterogeneity; Tau® = 0.05; Chi* = 3.14, df = 3 (P = 0.37); I = 5% nA 4 pr

Test for overall effect: Z = 2.24 (P = 0.03)
B: Lean Body Mass

Experimental

Control Mean Difference

-2 2
Favours [Placeba] Favours [Testosterone]

Mean Difference

Study or Subgroup Mean  SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Kenny 2010 636 8.4 20 615 8 19 7.6%  2.10 [-3.05, 7.25]

Magnussen 2016 54 6.8 59 528 76 62 30.6% 1.20([-1.37,3.77] ———
Srinivas-Shankar 2010 52.7 7.6 132 51 7.3 130 61.8% 1.70 [-0.10, 3.50] ——

Total (95% CI) 211 211 100.0% 1.58 [0.16, 3.00] il

Heterogeneity: Tau® = 0.00; Chi’ = 0.14, df = 2 (P = 0.93); I’ = 0% 1o =" ) : o
Test for overall effect; Z = 2.18 (P = 0.03) Favours [Placebo] Favours [Testosterone]
C: Fat Mass Experimental Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean 5D Total Weight IV, 95% CI v, 95% CI

Magnussen 2016 27.1 9.57 20 27.2 7.78 19 9.7% -0.10[-5.56, 5.36]

Srinivas-Shankar 2010  20.6 7.3 132 215 7.5 130 90.3% -0.90 [-2.69, 0.89] ——

Total (95% Ci) 152 149 100.0% -0.82 [-2.53, 0.88] e

Heterogeneity: Tau® = 0.00; Chi® = 0.07, df = 1 (P = 0.79); I = 0% g

Test for overall effect: Z = 0,95 (P = 0.34)

2 2 4
Favours [Testosterone] Favours [Placebo)

Figure 2. Change in body mass index, lean body mass, and fat mass. SD: standard deviation;
CI: confidence interval.

3.4 Effect on Skeletal and Muscle Function

Two articles were analyzed to evaluate the effect of TRT in preventing fractures compared to a placebo.
The analysis revealed that TRT had an OR of 1.33 (95% CI: 0.77, 2.30; P = 0.31; I? = 42%, Tau? =
0.09) (Fig. 3A). Another two articles were analyzed to evaluate the effect of TRT on handgrip strength



Hiroki et al. Testosterone Replacement Therapy in Hypogonadism 153

compared to a placebo, showing no improvement with an MD of —0.08 kg (95% CI: —1.58,1.43; P =
0.92; 12 = 0%, Tau? = 0) (Fig. 3B). Two more articles were analyzed for the effect of TRT on forearm
BMD, demonstrating an MD of 0.01 nmol/l (95% CI: —0.01, 0.04; P = 0.33; I? = 0%, Tau? = 0).

A: Fracture
Experimental Control 0Odds Ratio 0Odds Ratio

Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% Ci M-H, Random, 95% CI
Lincoff 2023 9 110 10 101 24.4% 0.81[0.32, 2.08] —
Snyder 2017 186 2596 123 2602 75.6% 1.56 [1.23, 1.97] |
Total (95% CI) 2706 2703 100.0% 1.33[0.77, 2.30] <
Total events 195 133

[ ¥ CChit = = = s ; + 1 {
Heterogeneity: Tau® = 0.09; Chi* = 1.72, df = 1 (P = 0.19); I = 42% 001 o1 0 100

Test for overall effect: Z = 1.01 (P = 0.31) Favours [Testosterone] Favours [Placebo]

B: Handgrip

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Kenny 2010 252 7.1 59 263 91 62 269% -1.10[-4.00, 1.80]

Srinivas-Shankar 2010  33.7 7 132 33475 130 73.1% 0.30[-1.46, 2.06]

Total (95% CI) 191 192 100.0% -0.08 [-1.58, 1.43]
Heterogeneity: Tau® = 0.00; Chi* = 0.65, df = 1 (P = 0.42); I = 0%
Test for overall effect: Z = 0.10 (P = 0.92)

C: Forearm BMD

-10 -5 0 5 10
Favours [Testosterone] Favours [Placebo)

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean  SD Total Mean  SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Kenny 2010 0.898 0.102 59 0.88 0.123 62 47.0% 0.02[-0.02, 0.06] —1T
Snyder 2017 0.83 014 110 0.82 0.4 101 53.0% 0.01[-0.03, 0.05] —i—
Total (95% CI) 169 163 100.0% 0.01[-0.01,0.04] ?

Heterogeneity: Tau® = 0.00; Chi® = 0.08, df = L (P = 0.78); I = 0%

Test for overall effect: Z = 0.98 (P = 0.33) S Sl

Favours [Testosterone] Favours [Placebo]
Figure 3. Change in fracture risk, handgrip strength, and forearm bone mineral density. SD:
standard deviation; CI: confidence interval; BMD: bone mineral density.

3.5 Effect on Metabolism

Five articles were analyzed to evaluate the effect of TRT on HDL compared to a placebo. The analysis
revealed that TRT had a trend of decreasing HDL with an MD of —0.04 mmol/l (95% CI: —0.10, 0.01;
P = 0.13; 12 = 0%, Tau® = 0) (Fig. 4A). Five different articles were analyzed to evaluate the effect
of TRT on LDL compared to a placebo, showing an MD of 0.02 mmol/l (95% CI: —0.13, 0.16; P =
0.82; I? = 0%, Tau? = 0) (Fig. 4B). Another five articles were analyzed for the effect of TRT on TG,
demonstrating an MD of —0.07 mmol/l (95% CI: —0.67, 0.13; P = 0.5; I = 0%, Tau? = 0) (Fig. 4C).
Three other articles were analyzed for the effect of TRT on HOMA-IR, showing a trend of reducing
HOMA-IR with an MD of —1.03 (95% CI: —2.87, 0.78; P = 0.27; I? = 75%, Tau? = 1.84) (Fig. 4D).

3.6 Effect on Hormones

Three articles were analyzed to evaluate the effect of TRT on estradiol compared to a placebo. The
analysis revealed that TRT increased the estradiol level with an MD of 21.2 pmol/l (95% CI: 5.2, 37.2;
P =0.01; I? = 98%, Tau? = 195.4) (Fig. S3A). Four other articles were analyzed to evaluate the effect
of TRT on SHBG compared to a placebo, showing no change with an MD of 0.56 nmol/l (95% CI:
—2.05,3.17; P = 0.67; I> = 64%, Tau? = 4.06) Fig. S3B).

3.7 Adverse Effects

Three articles were analyzed to evaluate the risk of adverse events associated with TRT compared to
placebo. The analysis revealed that TRT did not increase adverse events, with an OR of 1.08 (95%
CI: 0.75, 1.56; P = 0.67; 12 = 59%, Tau? = 0.06) (Fig. S4A). Another four articles were analyzed to
evaluate the effect of TRT on PSA levels compared to a placebo, showing a trend of increasing PSA
levels with an MD of 0.39 nmol/l (95% CI: —0.20, 0.98; P = 0.19; I? = 90%, Tau? = 0.32) (Fig. S4B).
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A: HDL

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand: 95% CI IV, Rand 95% CI
Groti 2018 1.04 0.21 28 1.07 0.29 27 17.1% -0.03 [-0.16, 0.10] . (R
Hackett 2014 1 0.27 92 106 0.3 98 46.8% -0.06[-0.14, 0.02] —=T
Kenny 2010 116 0.31 59 119 0.34 62 22.9% -0.03[-0.15, 0.09] e
Magnussen 2016 0.95 0.26 20 095 0.26 19 11.5%  0.00 [-0.16, 0.16]

Srinivas-Shankar 2010 1.3 147 132 1.5 2.04 130 1.7% -0.20[-0.63, 0.23]

Total (95% CI) 331 336 100.0% -0.04 [-0.10, 0.01] &
Heterogeneity: Tau® = 0.00; Chi* = 1.03, df = 4 (P = 0.91); I’ = 0%
Test for overall effect: Z = 1.53 (P = 0.13)

-0.5 =-0.25 0.25 0.5
Favours [Testosterone] Favours [Placebo]

B:LDL Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Teotal Mean SD Total Weight IV, Rand: 95% CI v, d 95% Cl
Groti 2018 2.7 0.59 28 2.54 0.54 27 22.5% 0.16[-0.14, 0.46] N SR RS
Hackett 2014 2.11 0.69 92 2.14 0.86 98 41.0% -0.03[-0.25, 0.19] —a—

Kenny 2010 2.87 0.83 59 2.95 0.78 62 24.3% -0.08[-0.37,0.21] S
Magnussen 2016 2.1 0.68 20 2 0.78 19 9.5%  0.10 [-0.36, 0.56] —_——

Srinivas-Shankar 2010 2.2 3.52 132 2.1 349 130 2.8%  0.10[-0.75, 0.95]

Total (95% CI) 331 336 100.0% 0.02 [-0.13, 0.16] *
Heterogeneity: Tau® = 0.00; Chi® = 1.65, df = 4 (P = 0.80); I = 0%
Test for overall effect: Z = 0.23 (P = 0.82)

-1 -0.5 0 0.5 1
Favours [Testosterone] Favours [Placebo]

C:TG
Experimental Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI v, i 95% CI
Groti 2018 2.32 102 28 3.02 2.08 28 5.2% -0.70[-1.56, 0.16]
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Kenny 2010 1.23 1.06 59 117 0.59 59 40.2%  0.06 [-0.25, 0.37] —
Magnussen 2016 1.3 0.91 20 1.4 0.67 20 15.7% -0.10[-0.60, 0.40] =
Srinivas-Shankar 2010 14 293 132 12 233 132 9.4%  0.20[-0.44,0.84] S—
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Hackett 2014 4.16 2.58 92 3.94 2.22 98 43.6% 0.22 [-0.47,091]
Magnussen 2016 38 24 20 4.8 3 19 329% -1.00[-2.71,0.71]
Total (95% CI) 140 144 100.0% -1.03 [-2.84, 0.78]

-10 -5 0 5 10
Favours [Testosterone] Favours [Placebo]

Heterogeneity: Tau® = 1.84; Chi* = 7.87, df = 2 (P = 0.02); I = 75%
Test for overall effect: Z = 1.11 (P = 0.27)

Figure 4. Change in lipid metabolism and homeostatic model assessment for insulin resistance.
SD: standard deviation; CI: confidence interval;, HDL: high-density lipoprotein cholesterol;
LDL: low-density lipoprotein cholesterol; TG: triglycerides.

3.8 Fix Model and Sensitivity Analysis

A fixed-effects model analysis was applied to outcomes with 12 < 25%, including BMI, LBM, fat mass,
BT, FT, HDL, LDL, TG, handgrip strength, and forearm BMD, with consistent results observed.
(Figs. S5 to S14). The results remained consistent. We have also included the results from the fixed-
effects model in the Supplementary Materials. For outcomes with 12 > 50%, sensitivity analyses were
performed for total testosterone, SHBG, estradiol, HOMA-I, and PSA (Figs. S15 to S19). While some
individual outcome results showed variation, the overall conclusions remained unchanged.

3.9 Risk of Bias and Evidence

The risk of bias is shown in Fig. S20. Overall, the included articles were of good quality, with a low
risk of bias. Publication bias was evident in Figs. S21 through S37, though none was observed in the
subgroup analysis. Due to the small sample size in studies examining body composition as the primary
outcome, the level of evidence moderately supports the use of TRT.

4. Discussion

This study presents compelling evidence supporting the long-term efficacy of using TRT in males with
hypogonadism. TRT effectively increased the blood levels of total and bioavailable testosterone as
well as BMI and LBM while showing a trend toward reduced FM. However, there was no increased
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risk of fractures, nor was there a reduction in handgrip strength or BMD. While TRT can alter body
composition, musculoskeletal function is influenced by factors beyond muscle volume alone. TRT
tended to decrease HDL, although this change was not statistically significant. TRT had a limited
effect on other lipid metabolism markers, such as LDL and TG. Due to the specific focus of the search,
only a few studies were included in the meta-analysis. Studies examining TRT in patients with T2DM
indicated a trend toward reduced HOMA-IR with TRT, but this was not statistically significant. There
was no increased risk of adverse effects, although there was a tendency of TRT to increase PSA levels
without statistical significance. This finding aligns with previous studies, which indicate that TRT is
safe and effective in increasing testosterone levels, thereby confirming its safety.8-3! Additionally, TRT
showed a limited effect on handgrip strength, BMD, or the risk of fracture, which is consistent with
previous studies.?2-33

TRT aims to alleviate symptoms of low testosterone and maintain levels within the normal range.
This meta-analysis identified increases in total, free, and bioavailable testosterone levels. While total
testosterone is the most accessible measurement for standard laboratories, free and bioavailable
testosterone can serve as useful adjuncts, especially for men with borderline low testosterone levels.>*
Although the meta-analysis showed an increase in LBM, no changes in handgrip strength or fracture
risk were observed. Exercise benefits the musculoskeletal system by not only increasing muscle size but
also strengthening bones, improving joint flexibility, and enhancing neuromuscular coordination.
These combined effects contribute to better balance, agility, and injury prevention. Therefore, optimal
musculoskeletal health relies on a balance of muscle volume, strength, flexibility, and coordination
rather than muscle size alone. The combination of exercise and TRT plays an important role in the
treatment of hypogonadism.3°

However, our study did not assess specific exercise regimens in combination with TRT, which could
be a valuable area for future research to determine the most effective types and intensities of exercise to
pair with TRT. Additionally, the long-term effects of combined TRT and exercise on musculoskeletal
function, balance, and injury prevention remain underexplored. Future studies should investigate these
combined effects in larger, more diverse populations to clarify optimal approaches and to further assess
any potential risks associated with long-term use. Addressing these areas could provide more targeted
strategies for improving functional outcomes and quality of life in hypogonadal patients.

The selection of a testosterone formulation and its administration method depends on patient
preferences, acceptance of different treatments, the most suitable pharmacokinetics for the patient, and
treatment goals. TRT should be considered for men with testosterone deficiency to alleviate specific
symptoms and promote secondary sexual characteristics, following a thorough shared decision-
making discussion about the benefits and risks. The choice of treatment should consider the patient’s
preferences, pharmacokinetics, potential drug interactions, formulation-specific side effects, treatment
burden, and costs. Clinicians need to monitor men on TRT for symptom improvement, possible
adverse effects, and adherence. Although there was no statistically significant increase in PSA levels,
it is recommended for men aged 40 years or older on TRT to have their serum testosterone and PSA
levels measured both at baseline and annually.*

There were several limitations to our study. Firstly, a limited number of RCTs were conducted to
identify the efficacy of TRT in males with hypogonadism, and most of the analyses were carried out
with data from fewer than five studies. Secondly, the definitions of hypogonadism, dosages of TRT, and
patients’ backgrounds were inconsistent, which weakened the strength of the conclusions. The effect
of TRT across different age groups remains unclear due to limited data in the included studies, which
prevented a subgroup analysis by age. Thirdly, the follow-up periods were relatively short, with the
longest being three years, limiting the ability to assess long-term outcomes for prescriptions extending
over multiple years. Fourthly, due to the design of the search formula, the data on the adverse effects
of TRT on cardiovascular health were insufficient. The long-term risks of cardiovascular events and
prostate cancer during testosterone treatment remain unknown. The keywords related to outcomes,
such as bone, fractures, or musculoskeletal, may also have excluded potential papers supporting the
primary outcomes of BMI and LBM.
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5. Conclusion

This study presents compelling evidence supporting the long-term efficacy of TRT in males with
hypogonadism. TRT effectively increased blood levels of total testosterone and BMI, although it did
not lead to improvements in handgrip strength or BMD. The combined approach of TRT and exercise
may be an important strategy for improving functional outcomes in hypogonadal patients, highlighting
its potential value in clinical practice.
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