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Abstract

Background: Vitamin D has traditionally been recognized for its role in calcium home-
ostasis and skeletal health, but vitamin D receptor expression and vitamin D-metabolizing
enzymes have also been identified in extra-skeletal tissues, including components of the
male reproductive tract. Observational evidence has suggested associations between vita-
min D status and androgen-related markers; however, whether vitamin D supplementation
has a measurable effect on androgen bioavailability remains uncertain. Objective: This
systematic review and meta-analysis evaluated the effects of vitamin D supplementation
on total testosterone (TT) and androgen bioavailability markers in adult men, includ-
ing sex hormone-binding globulin (SHBG), free androgen index (FAI), calculated free
testosterone (calculated FT), and bioactive testosterone (BAT) where methodologically
compatible. Methods: The review was registered in PROSPERO (CRD420261365005) and
conducted according to PRISMA 2020 and Cochrane methodological guidance. Searches
were conducted from database inception to April 2026 in PubMed, Web of Science, Scopus,
ClinicalTrials.gov, and the WHO ICTRP. Embase was initially planned but was not searched
because institutional access was unavailable; this amendment was made before screening,
extraction, risk-of-bias assessment, and synthesis. Records were deduplicated in Zotero,
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screened in a structured matrix, and converted from report-level records into indepen-
dent comparison-level datasets where appropriate. Meta-analyses used random-effects
REML models with Hartung-Knapp adjustment. Results: The official search set comprised
2854 records, of which 703 duplicates were removed, leaving 2151 records for title and
abstract screening. The full-text screening file was reconciled to 162 PRISMA-countable
reports/records: 135 reports were assessed, 27 reports could not be assessed because the
full text was unavailable or had not been obtained for review, and 27 reports/studies were
retained for qualitative synthesis. Eighteen reports were considered candidate sources for
quantitative synthesis and were operationalized into 21 comparison-level records. The
primary TT model included 11 comparisons and showed no clear effect of vitamin D
supplementation on final TT (MD 0.47 nmol/L, 95% CI —0.50 to 1.44; I? = 24.1%). No clear
effects were observed for SHBG (MD 0.27 nmol/L, 95% CI —2.14 to 2.68), FAI (MD —0.37,
95% CI —4.28 to 3.55), calculated FT sensitivity evidence (MD —0.0096 nmol/L, 95% CI
—0.0525 to 0.0332), or BAT exploratory evidence (MD —0.47 nmol/L, 95% CI —1.77 to 0.83).
GRADE certainty was low for TT, SHBG, and FAI, and very low for calculated FT and
BAT. Conclusions: Current randomized evidence does not demonstrate a statistically clear
or reproducible effect of vitamin D supplementation on total testosterone or androgen
bioavailability markers in adult men. GRADE certainty was low for total testosterone,
SHBG, and FAI, and very low for calculated free testosterone and bioactive testosterone.
Because directly measured and calculated free testosterone are not analytically equivalent,
free testosterone was not pooled as a primary outcome; method-compatible calculated FT
was handled as sensitivity evidence and BAT as exploratory evidence.

Keywords: vitamin D; cholecalciferol; testosterone; free testosterone; sex hormone-binding
globulin; free androgen index; androgen bioavailability; male hypogonadism; systematic
review; meta-analysis

1. Introduction

Vitamin D is a secosteroid hormone obtained through cutaneous ultra-violet-B ex-
posure, diet, and supplementation. Although its established role is calcium phosphate
homeostasis and skeletal health, vitamin D signaling is also relevant to several extra-
skeletal systems. Recent consensus and guideline documents emphasize that serum
25-hydroxyvitamin D [25(OH)D] is the usual marker of vitamin D status, but that sup-
plementation effects depend strongly on baseline status, assay standardization, dose,
formulation, adherence, and population context [1-6]. This context is important when eval-
uating endocrine outcomes because null or inconsistent trial findings may reflect biological
absence of effect, inadequate targeting of deficient populations, heterogeneous intervention
designs, or outcome measurement variability.

Male androgen physiology is also methodologically complex. Total testosterone
(TT) is the most commonly reported marker, but androgen action is influenced by sex
hormone-binding globulin (SHBG), albumin binding, and the free or weakly albumin-
bound fractions of circulating testosterone [7-10]. Consequently, TT, SHBG, free androgen
index (FAI), calculated free testosterone (calculated FT), directly measured FT, and
bioactive or bioavailable testosterone do not represent interchangeable endpoints. Table 1
provides a concise conceptual summary of how these markers were interpreted in the
present review.
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Table 1. Conceptual and analytical interpretation of androgen-related outcomes used in this review.

Marker

Biological/Clinical Meaning

Main Methodological Issue

Role in This Review

Total testosterone

Total circulating testosterone,
including bound and
unbound fractions.

May not reflect androgen
bioavailability when SHBG
is altered.

Primary quantitative
anchor because it was most
consistently extractable.

Carrier protein that
influences the distribution

Changes may alter TT
interpretation without

Primary androgen

SHBG and interpretation of necess.,arlly reflecting bioavailability marker.
. . increased
circulating testosterone. .
androgen production.
Calculated index generally Scale definitions varied Primary conservative
FAI derived from across trials; non-comparable model restricted to

TT/SHBG x 100.

scales should not be pooled.

comparable scaling.

Free testosterone

Unbound fraction
of testosterone.

Directly measured and
calculated FT are analytically
non-equivalent.

Calculated FT analyzed
only as method-compatible
sensitivity evidence.

Bioactive/
bioavailable testosterone

Free plus weakly
albumin-bound testosterone,
usually calculated in

Few compatible studies and
variable reporting.

Exploratory outcome only.

contributing trials.

A biological link between vitamin D and male reproductive endocrinology is plausible,
but it should not be overstated. Vitamin D receptor expression and vitamin D-metabolizing
enzymes have been reported in human male reproductive tissues, including testicular
cells and spermatozoa [11,12]. Experimental and translational evidence also indicates that
Leydig-cell steroidogenesis is sensitive to aging, metabolic dysfunction, inflammatory stress,
and changes in the testicular niche [13,14]. These mechanisms provide a rationale for testing
vitamin D-related androgen hypotheses, but they do not establish that supplementation
will reliably increase circulating androgen concentrations in adult men.

Observational studies have reported associations between serum 25(OH)D, hypogo-
nadism, TT, SHBG, and FAI in men [15,16]. However, observational evidence is vulnerable
to confounding by adiposity, insulin resistance, physical activity, sunlight exposure, co-
morbidity burden, and general health status. Randomized controlled trials are therefore
essential to distinguish correlation from treatment effect. Existing trials have yielded mixed
findings: some reported increases in TT, calculated FT, BAT, or FAI after supplementation,
whereas others showed no meaningful change in TT, SHBG, or FT-related outcomes [17-33].

Previous syntheses have attempted to integrate this evidence, but important limita-
tions remain. A recent meta-analytic review evaluated vitamin D and androgen/anabolic
outcomes in adult males [34]. However, for clinical and methodological interpretation, it
remains necessary to separate analytically non-equivalent androgen constructs, avoid unit-
of-analysis errors in factorial or multi-population trials, distinguish primary, sensitivity,
and exploratory evidence, and assess certainty using an explicit framework. These issues
are particularly relevant because several androgen outcomes were secondary biomarkers,
and because 25(OH)D and testosterone assays varied across trials [3,10,35,36].

Accordingly, this systematic review and meta-analysis evaluated the effects of vitamin
D supplementation on TT and androgen bioavailability markers in adult men, including
SHBG, FA], calculated FT, and BAT where methodologically compatible. TT was treated as
the most reproducible quantitative anchor because it was the most consistently reported
androgen outcome, whereas SHBG, FAI, calculated FT, and BAT were interpreted within
the androgen bioavailability framework.
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2. Materials and Methods
2.1. Protocol and Registration

This systematic review and meta-analysis was registered in the International Prospec-
tive Register of Systematic Reviews (PROSPERO) in 2026 under the registration number
CRD420261365005. The protocol is publicly available at https://www.crd.york.ac.uk/
PROSPERO/view /CRD420261365005 (accessed on 5 April 2026). The review was con-
ducted and reported in accordance with the PRISMA 2020 statement [23] and with con-
temporary methodological guidance for reviews of interventions, including the Cochrane
Handbook where applicable [24].

An amendment to the original search plan was made before title and abstract screen-
ing, data extraction, risk-of-bias assessment, and synthesis. Embase had initially been
planned as a bibliographic source; however, it could not be searched because institutional
access was unavailable. This deviation was documented prospectively as a protocol amend-
ment before eligibility or synthesis decisions were made. We acknowledge that absence
of Embase may have reduced search sensitivity, particularly for intervention studies vari-
ably indexed across biomedical databases. To mitigate this limitation, the final strategy
combined three major bibliographic databases (PubMed, Web of Science, and Scopus),
two trial registries (ClinicalTrials.gov and WHO ICTRP), broad and targeted search strings,
deduplication in Zotero 9.0.4, full-text audit trails, and citation checking of relevant reviews
and included reports.

2.2. Eligibility Criteria

Eligible studies include intervention studies evaluating vitamin D supplementation in
adult men and reporting at least one androgen-related biochemical outcome. Adult men
are defined as participants aged 18 years or older. Studies including mixed-sex populations
are eligible only when male-specific data are reported separately or can be obtained from
the publication.

The intervention of interest is supplementation with vitamin D or vitamin D-related
preparations, including cholecalciferol, ergocalciferol, or other vitamin D formulations
where relevant. Studies may include any dose, duration, route, or frequency of supple-
mentation. Comparators may include placebo, no supplementation, usual care, or another
non-vitamin D control condition.

The outcomes of interest were total testosterone (IT) and androgen bioavailability
markers, including sex hormone-binding globulin (SHBG), free androgen index (FAI),
free testosterone (FT), and bioactive testosterone (BAT; also referred to as bioavailable
testosterone in some reports) where reported. FT was classified according to the method
of ascertainment, distinguishing directly measured FT from calculated FT using recog-
nized equations such as Vermeulen. TT was treated as a secondary biochemical anchor
because it was the most consistently reported androgen outcome across candidate trials
and be-cause it aligns the quantitative synthesis with the main forest plot hierarchy. The
interpretative hierarchy therefore remained centered on androgen bioavailability markers,
with TT presented first as the most reproducible quantitative anchor.

Studies are excluded if they do not evaluate vitamin D supplementation, do not report
an eligible androgen-related outcome, do not include adult men or do not report male-
specific data, are conducted exclusively in animals or in vitro models, or correspond to
reviews, editorials, letters, conference abstracts without sufficient data, protocols without
results, or other non-original research designs. Reviews and secondary publications may
be retained for citation tracking but will not contribute to quantitative synthesis.
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2.3. Information Sources and Search Strategy

The validated search set was derived from PubMed, Web of Science, Scopus, Clin-
icalTrials.gov, and WHO ICTRP. Searches were conducted from database inception to April
2026. The search strategy combined terms related to vitamin D exposure or supplemen-
tation with terms related to testosterone, free testosterone, SHBG, sex hormone-binding
globulin, free androgen index, and androgen bioavailability. Database-specific syntax was
adapted according to each platform.

The official PRISMA identification counts validated for this review were: PubMed,
1465 records; Web of Science, 339 records; Scopus, 1005 records; ClinicalTrials.gov,
40 records; and WHO ICTRP, 5 records. Overall, 2854 records were identified. After
deduplication, 703 duplicates were removed, leaving 2151 unique records for title and
abstract screening. The complete search strategies for each database are provided in
Supplementary File S1.

2.4. Selection Process and PRISMA Reconciliation

All retrieved records were exported to Zotero for reference management and dedu-
plication. Title and abstract screening was performed independently by A.B.-M., ].J.V.-E,,
and G.O. Full-text eligibility was subsequently assessed using a standardized decision
matrix, with disagreements resolved through discussion and senior methodological adju-
dication when required. Data extraction was performed by J.J.C.-S., L.P-A., and EM.-V.
using predefined extraction templates. Risk of bias was assessed independently by J.F.-P.
and ]J.J.C.-S. using the RoB 2 tool at the outcome level, with disagreements resolved by
consensus. After title/abstract screening and full-text retrieval work, the full-text screening
matrix was reconciled at the report level. The final PRISMA-countable full-text universe
was set at 162 reports/records after excluding two operational duplicates/overlapping
records from the count while retaining their traceability in the audit file.

2.5. Study-Level and Comparison-Level Handling

To avoid unit-of-analysis errors, reports were converted into unique studies and,
where appropriate, independent analytic comparisons before quantitative extraction. Multi-
population trials were split only when the publication reported separate male-specific data
by a clinically distinct population. Factorial trials were handled using a single prespecified
vitamin D main-effect contrast to avoid double counting. Duplicate or overlapping reports
were retained for traceability but not counted twice in PRISMA or quantitative synthesis.
These decisions were synthesis-structuring decisions rather than assumptions of biological
equivalence; therefore, they were documented in the Supplementary Materials and are
interpreted together with sensitivity and exploratory analyses.

For Saha et al. [27], the preferred primary approach was a collapsed factorial vitamin
D main-effect contrast, pooling cholecalciferol-containing arms and comparing them with
non-cholecalciferol arms. For Ulrich et al. [28], the healthy-subject and hemodialysis
cohorts were treated as two clinically distinct comparisons. For Heijboer et al. [11], the
three source trials were kept separate but were not directly meta-analyzable for final-value
TT because testosterone change was reported as median and IQR. For Jorde et al. [37], data
were suitable for change-score contextualization but not the final-value primary TT model
because final SDs were not reported. Studies with ambiguous units, internally inconsistent
dispersion, or non-comparable outcome scales were retained in the audit trail but excluded
from primary pooling to protect scale validity.
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2.6. Data Extraction and Quantitative Decision Rules

Data extraction was performed using a standardized extraction form. Extracted in-
formation includes study identification, country, design, population characteristics, sample
size, baseline vitamin D status, baseline androgen status, clinical condition where applicable,
vitamin D formulation, dose, route, frequency, intervention duration, comparator, follow-up
time points, and outcome measurement methods.

For hormonal outcomes, extracted variables include free testosterone, SHBG, free
androgen index, bioavailable testosterone, total testosterone, and other androgen-associated
biochemical outcomes when reported. Total testosterone was extracted first because it is
the most consistently available androgen outcome and allows early testing of the extraction
pipeline before extracting SHBG and bioavailability markers.

Primary total testosterone extraction used final post-intervention values when mean
and SD were available, or when SD could be defensibly derived from internally consistent
95% confidence intervals and sample size. Values reported as ng/mL were converted
to nmol/L using 1 ng/mL = 3.467 nmol/L. Values reported as median/IQR, figure-only
estimates, p values only, or narrative statements without extractable dispersion were not
used in the primary final-value model. Such studies were retained for qualitative synthesis
or considered for prespecified sensitivity analyses only when appropriate.

When final total testosterone was reported as mean with 95% confidence intervals,
standard deviations were derived only when the confidence interval was internally con-
sistent with the reported mean and sample size. Studies with internally inconsistent
dispersion data were excluded from the primary quantitative synthesis and retained in
the qualitative synthesis. When testosterone units were ambiguous or physiologically
implausible, the study was excluded from the primary analysis unless unit verification
was available; sensitivity analyses were considered only when a biologically plausible unit
correction could be transparently justified.

For SHBG, final post-intervention values were synthesized as mean differences in
nmol/L. The primary conservative SHBG analysis included studies reporting means and
standard deviations directly or after straightforward conversion from standard errors or
confidence intervals. Studies reporting medians and interquartile ranges were retained
for an all-study sensitivity analysis after conversion to approximate means and standard
deviations. Factorial arms were collapsed when needed to estimate a single vitamin D
versus no vitamin D contrast and avoid double counting.

For FA], final post-intervention values were synthesized as mean differences only
when scale compatibility was defensible. Because FAI reporting varied across trials, each
comparison was classified using a scale-status framework. The primary conservative FAI
analysis included studies reporting FAI in a comparable x100/index scale with mean and
SD data directly available or derivable through prespecified rules. Studies requiring con-
version from median and interquartile range were retained for sensitivity analysis. Studies
with probable simple-ratio reporting or internally inconsistent FAI scaling were excluded
from the primary quantitative model to avoid mixing non-equivalent outcome scales.

For bioactive testosterone (BAT), final post-intervention values were synthesized only
when compatible derived BAT measures were reported with sufficient dispersion. Because
few trials reported BAT and the available evidence was limited to calculated indices, BAT
was handled as an exploratory outcome rather than as a primary inferential endpoint.
Throughout the manuscript, BAT is used as the preferred term for this outcome; when
contributing reports used the term bioavailable testosterone, it was considered only if the
construct and units were compatible with BAT.

For free testosterone, studies were first classified by the ascertainment method. Directly
measured FT and calculated FT were not pooled together because they reflect analytically
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distinct constructs and may differ in assay performance, calibration, and biological interpre-
tation. A quantitative synthesis was considered only for method-compatible calculated FT
studies, whereas directly measured FT was retained for structured narrative interpretation
when no compatible pool was available.

2.7. Risk-of-Bias Assessment

Risk of bias in randomized controlled trials was assessed using the revised Cochrane
risk-of-bias tool for randomized trials (RoB 2) at the outcome level [37]. Judgments were
made specifically for final total testosterone, rather than globally for the article, across
five domains: bias arising from the randomization process, bias due to deviations from
intended interventions, bias due to missing outcome data, bias in measurement of the
outcome, and bias in selection of the reported result.

Across the 11 independent comparisons included in the primary total testosterone
analysis, one comparison was judged as low risk of bias, eight as having some concerns,
and two as high risk of bias. The most frequent sources of concern were incomplete or
per-protocol outcome data, testosterone being assessed as a secondary or exploratory
biomarker, subgroup-based male analyses, and potential cointerventions such as structured
weight loss, athletic training, calcium co-supplementation, or prior sunlight exposure. The
two high-risk comparisons were driven by substantial missing outcome data in a secondary
analysis of advanced heart failure patients and by non-prespecified testosterone analysis in
a male subgroup of a broader weight-loss trial.

Studies with extractable testosterone data were retained in the primary synthesis
even when judged as high risk of bias, but prespecified sensitivity analyses were per-
formed excluding high-risk studies. Data validity problems, such as internally inconsistent
confidence intervals or ambiguous testosterone units, were treated as extractability issues
rather than RoB 2 judgments.

2.8. Effect Measures and Data Synthesis

Continuous outcomes were summarized using mean differences when outcomes were
reported on the same scale. The primary total testosterone final-value model used nmol/L
as the common unit. Testosterone values reported as ng/mL were converted to nmol/L
using 1 ng/mL = 3.467 nmol/L. Standard deviations were derived from standard errors or
internally consistent 95% confidence intervals only when the required inputs were available
and coherent.

For the total testosterone final-value analysis, effect estimates were calculated as mean
differences between the vitamin D and control groups. Positive values indicate higher
final total testosterone concentrations in the vitamin D group. The primary model used
a randome-effects framework with restricted maximum likelihood estimation of between-
study variance and Hartung—Knapp adjustment for confidence intervals. Heterogeneity
was assessed using tau?, I, and prediction intervals.

Sensitivity analyses were prespecified to evaluate robustness after excluding high-
risk-of-bias comparisons, clinically extreme populations, athlete/military/active sport
populations, and studies with strong cointerventions. These analyses were interpreted
as robustness and context analyses, not as confirmatory subgroup evidence. Factorial
or multi-arm trials were handled by combining relevant arms to avoid double counting;
multi-population reports were split only when clinically distinct male-specific datasets
were reported.

The SHBG primary analysis was conducted using a random-effects REML model with
Hartung-Knapp adjustment. Heterogeneity was evaluated using tau?, I?, the Q test, and
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prediction intervals. A prespecified sensitivity analysis incorporated all extractable SHBG
studies, including those converted from medians and interquartile ranges.

The FAI primary conservative analysis was also conducted using a random-effects
REML model with Hartung-Knapp adjustment. Heterogeneity was evaluated using tau?,
I?, the Q test, and prediction intervals. A prespecified sensitivity analysis incorporated
one additional comparison converted from median and interquartile range when scale
compatibility was otherwise defensible.

The calculated FT sensitivity analysis and the exploratory BAT analysis were con-
ducted using random-effects REML models with Hartung-Knapp adjustment, consistent
with the other continuous outcomes. These models were interpreted as secondary or
exploratory because the underlying evidence base was limited and method compatibility
constrained the eligible comparisons.

All meta-analyses were conducted in RStudio (version 2026.04.0+526) using R and the
metafor package. Random-effects models were fitted using restricted maximum likelihood
estimation, and confidence intervals were calculated using the Hartung-Knapp adjustment.
Forest plots and supplementary figures were generated from the final R-ready datasets.

Small-study effects and publication bias were considered qualitatively. Formal funnel-
plot asymmetry tests were not performed because the number of studies contributing
to each outcome-specific meta-analysis was below the conventional threshold required
for reliable interpretation, and because several outcomes included clinically and method-
ologically heterogeneous comparisons. This decision was made to avoid overinterpreting
underpowered asymmetry assessments.

2.9. Certainty of Evidence

The certainty of evidence for each outcome was assessed using the GRADE
approach [38]. Randomized evidence was initially rated as high certainty and was down-
graded according to concerns regarding risk of bias, inconsistency, indirectness, imprecision,
and publication bias. Certainty was assessed separately for total testosterone, SHBG, free
androgen index, calculated free testosterone, and bioactive testosterone. Because free
testosterone was reported using non-equivalent ascertainment methods across trials, di-
rectly measured free testosterone and calculated free testosterone were not pooled together.
The GRADE assessment for free testosterone was therefore applied only to the method-
restricted sensitivity analysis of calculated free testosterone. Bioactive testosterone was
assessed as exploratory because compatible data were available from only two studies.

3. Results
3.1. Study Selection and Full-Text Audit

The results are presented according to the prespecified outcome hierarchy. TT is
reported first because it was the most consistently extractable androgen outcome and
provides the main quantitative anchor. SHBG, FAI, calculated FI, and BAT are then
presented as androgen bioavailability markers, with calculated FT restricted to method-
compatible sensitivity evidence and BAT interpreted as exploratory evidence.

The official search set identified 2854 records. After removal of 703 duplicates,
2151 unique records were screened. The full-text screening matrix was reconciled to
162 PRISMA-countable reports/records. Of these, 135 reports were assessed at full text or
with sufficient available material, 27 reports could not be assessed because the full text
was unavailable or had not been obtained for review, 108 were excluded after full-text
assessment with standardized reasons, and 27 reports/studies were retained for qualitative
synthesis. Eighteen reports were considered candidate sources for quantitative synthesis
and were operationalized into 21 independent comparison-level records. The complete
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study-selection process is shown in Figure 1, and detailed reasons for full-text exclusion
are provided in Supplementary Table S1.

Identification of studies via databases and registers

—
c Records identified from databases
° and registers (n = 2854) Records removed before screening
L
3 PubMed (n = 1465) Duplicate records removed
E Web of Science (n = 339) (n =703)
E Scopus (n = 1005) Records removed for other reasons
o ClinicalTrials.gov (n = 40) (n=0)
S WHO ICTRP (n = 5)
—
— v
Records excluded after
Records screened — title/abstract screening
(n =2151) (n = 1989)
(=]
£ v
=
Q
[ Reports sought for retrieval Reports not retrieved or not uploaded
a (n =162) > (n=27)
___J v Reports excluded, with reasons
(n =108)
Reports assessed for eligibilit
> P (n = 135) 9 y > Detailed reasons are provided in
= Supplementary Table S1.
2
=)
w v
\ Reports/studies included in
— qualitative synthesis
(n=27)
- I
[T}
T . .
3 Reports contributing to
%) quantitative synthesis
£ (n=18)
Operationalised into 21
independent comparison-level records
—

Figure 1. PRISMA 2020 flow diagram. After duplicate removal, 2151 records were screened,
135 reports were assessed, 27 reports/studies were retained for qualitative synthesis, and 18 reports
were candidate sources for quantitative synthesis (21 independent comparison-level records). The
27 reports not assessed could not be evaluated because the full text was unavailable or had not been
obtained for review.

3.2. Primary Total Testosterone Extraction Status

Total testosterone extraction was completed before synthesis. The clean final-value
total testosterone dataset contains 11 independent comparisons suitable for the primary
model. The primary dataset excludes Holt 2024 [38] because the placebo-arm final testos-
terone confidence interval was internally inconsistent and excludes Amini 2020 [36] be-
cause the reported testosterone unit requires verification. Amini 2020 [36] may be con-
sidered only in a sensitivity analysis assuming ng/mL; Holt 2024 [38] requires author
clarification or corrected data. The 11 included total-testosterone comparisons were
drawn from Gheflati et al. [34], Maghsoumi-Norouzabad et al. [35], Zittermann et al. [39],
Pilz et al. [9], Saha et al. [27], Ulrich et al. [28], Rips et al. [29], Mielgo-Ayuso et al. [30],
Michalczyk et al. [31], and Ramezani Ahmadi et al. [32]. The final-value total testosterone
extraction dataset is summarized in Table 2.
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Table 2. Final-value total testosterone extraction dataset and outcome-specific RoB 2 overall judge-

ment for the primary quantitative synthesis.

. . Final TT Final
Study/Comparison Population Category n Int/Ctrl Intervention TT Control RoB 2 Overall
Gheflati 2021 [34] Infertility 20/20 4.61 £+ 2.06 3.40 +1.30 Some concerns
Maghsoumi-Norouzabad Infertility 43/43 1369+ 607 1338+ 697 Low risk
2021 [35]
Zittermann 2019 [39] Advanced heart failure 71/62 10.00 £ 5.28 11.10 £ 6.89 High risk
Pilz 2011 [9] Overweight/weight loss 31/23 13.40 + 4.70 12.70 4 5.50 High risk
Saha 2018 [27] Healthy young men 96/84 19.81 + 6.62 18.55 + 5.02 Some concerns
Ulrich 2021a [28] Healthy men 18/17 20.50 £ 7.90 21.80 + 16.50 Some concerns
Ulrich 2021b [28] Hemodialysis 9/9 7.80 £ 3.80 11.60 =+ 4.00 Some concerns
Rips 2022 [29] Military/physically active 27/26 21.30 £ 5.90 20.30 £+ 4.10 Some concerns
Mielgo-Ayuso 2018 [30] Elite athletes 18/18 16.40 - 4.44 15.15 £ 3.33 Some concerns
Michalczyk 2020 [31] Elite athletes 15/13 28.25 + 3.20 26.60 + 5.10 Some concerns
Ramezzoazr(‘)l[‘i‘;mad‘ Physically active men 20/20 18.24 + 3.50 20.80 + 9.01 Some concerns
Notes: Total testosterone values are final post-intervention values expressed in nmol/L. Saha 2018 [27] uses a
collapsed cholecalciferol versus non-cholecalciferol factorial contrast. Ulrich 2021 [28] contributes two clinically
distinct male comparisons. RoB 2 judgments are outcome-specific for final total testosterone.
3.3. Risk-of-Bias Results
Across the 11 total testosterone comparisons, one was judged at low risk of bias, eight
as having some concerns, and two as high risk. The low-risk comparison was Maghsoumi-
Norouzabad 2021 [35]. High-risk comparisons were Zittermann 2019 [39]/EVITA and Pilz
2011 [9]. The remaining comparisons were judged as having some concerns, mainly because
testosterone was a secondary or exploratory outcome, because analyses were restricted to
male subgroups, or because per-protocol/incomplete outcome data and cointerventions
could influence the estimate. The domain-level RoB 2 judgements for final total testosterone
are presented in Table 3.
Table 3. Outcome-specific RoB 2 domain-level judgements for final total testosterone.
Study/Comparison D1 D2 D3 D4 D5 Overall
Gheflati 2021 [34] Some concerns Low risk Some concerns Low risk Some concerns Some concerns
Maghsoumi- . . . . Low risk/ .
Norouzabad 2021 [35] Low risk Low risk Low risk Low risk Minor concerns Low risk
Zittermann 2019 [39] .LOW risk/ Low risk High risk Some concerns Low risk High risk
minor concerns
Pilz 2011 [9] Some concerns .Low risk/ Some concerns Low risk High risk/ High risk
minor concerns serious concerns
Saha 2018 [27] Low risk Some concerns Some concerns Low risk Some concerns Some concerns
Ulrich 2021a [28] Some concerns Low risk Some concerns Low risk Some concerns Some concerns
Ulrich 2021b [28] Low risk Low risk Some concerns Low risk Some concerns Some concerns
Rips 2022 [29] Low risk Low risk Some concerns Low risk Some concerns Some concerns
Mig(l)%(é-g}(]ﬁlso Some concerns Some concerns Low risk Low risk Some concerns Some concerns
Michalcezyk 2020 [31] Some concerns Some concerns Some concerns Low risk Some concerns Some concerns
Ramezani Ahmadi Low risk Some concerns Some concerns Low risk Some concerns Some concerns

2020 [32]
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3.4. Quantitative Synthesis of Total Testosterone

The primary random-effects model included 11 comparisons. Vitamin D supplemen-
tation was not associated with a statistically clear difference in final total testosterone
concentrations compared with control (mean difference 0.47 nmol/L, 95% CI —0.50 to 1.44;
p = 0.306). Between-study heterogeneity was low to moderate (tau? = 0.360; I> = 24.1%),
and the prediction interval ranged from —1.21 to 2.15 nmol/L, indicating that effects in
future similar studies may plausibly range from small decreases to small increases in total
testosterone. The prespecified sensitivity analyses for final total testosterone concentrations
are summarized in Table 4.

Table 4. Sensitivity analyses for final total testosterone concentrations.

. . MD . ) )
Analysis Exclusion Rule k (nmol/L) 95% CI p Value  tau I
. . All 11 primary o
Primary analysis . 11 0.47 —0.50 to 1.44 0.306 0.360 24.1%
TT comparisons
Excluding high-RoB  Zittermann 2019 [39] and B N
studies Pilz 2011 [9] removed 9 0.84 0.14to 1.81 0.083 0.000 22.2%
Excluding clinicall Advanced heart
cadmg e Ty failure and 9 1.01 043t0159 0004 0000  0.0%
extreme populations . .
hemodialysis removed
Excluding ath- Athlete, military, and
letes /military/active active sport 7 0.21 —1.27 to 1.69 0.744 0.969 41.7%
sport populations cohorts removed
Pilz 2011 [9], Saha
Excluding 2018 [27], and 8  —006 —152tol4l 0931 1195  41.7%

strong cointerventions

Michalczyk
2020 [31] removed

The estimate remained directionally similar and not statistically clear after excluding
high-risk-of-bias studies. The sensitivity analysis excluding clinically extreme populations
produced a larger statistically significant estimate; however, this result should be inter-
preted as sensitivity-dependent and hypothesis-generating. It removed advanced heart
failure and hemodialysis cohorts, thereby increasing clinical homogeneity but narrowing
applicability. Excluding athlete, military, or active sport populations and excluding strong
cointerventions attenuated the estimate toward the null. Therefore, the primary inference
is based on the full prespecified TT model rather than on any single sensitivity analysis.
The primary forest plot for final total testosterone concentrations is presented in Figure 2.

3.5. SHBG Extraction Status

SHBG final-value extraction was completed after source-level verification of the el-
igible full texts and tables. Seven comparisons were extractable. Five comparisons were
eligible for the primary conservative model because they provided mean/SD data directly
or allowed straightforward conversion from SE or 95% CI. Two additional comparisons
from Lerchbaum 2017 [40] and Lerchbaum 2019 [10] were retained for sensitivity analysis
because they required conversion from median and interquartile range. Gheflati 2021 [34]
was retained with a unit-label flag because the table label was physiologically implausible,
but the values were consistent with nmol/L. Saha 2018 [27] was analysed as a collapsed
factorial vitamin D main-effect contrast. The SHBG final-value extraction dataset and
conversion/status decisions are summarized in Table 5.
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Study Vitamin D Control ! MD [95% ClI] Weight
——

Gheflati 2021 20 20 : 1.21[0.14, 2.28] 26.8

—:..—
Maghsoumi 2021 43 43 X 0.31 [-2.45, 3.07] 7.5
— .

Zittermann 2019 71 62 ! -1.10[-3.21, 1.01] 1.6

1
S

Pilz 2011 31 23 : 0.70 [-2.09, 3.49] 7.4

Saha 2018 9 84 —— 1.26 [-0.44, 2.96] 15.8
1
1

Ulrich 2021a 18 17 l -1.30 [-9.95, 7.35] 0.9
1

Ulrich 2021b 9 9 S -3.80 [-7.40, -0.20] 4.7
1
1

Rips 2022 27 26 L e 1.00 [-1.73, 3.73] 7.7
1

Mielgo 2018 18 18 i 1.25[-1.31, 3.81] 8.5

R S
Michalczyk 2020 15 13 ! 1.65 [-1.56, 4.86] 5.8
S S —

1

Ramezani 2020 20 20 ! -2.56 [-6.80, 1.68] 35
1

Overall effect 368 335 X 0.47 [-0.50, 1.44]

o

1

. Favours vitamin D

-10 5 0 5 10
Mean difference in total testosterone (nmol/L)

Favours control
T

Figure 2. Forest plot of the effect of vitamin D supplementation on final total testosterone con-
centrations. Effect estimates are ex-pressed as mean differences in nmol/L. The dashed vertical
line indicates the null effect (mean difference = 0). Solid horizontal lines represent the 95% con-
fidence intervals for individual study estimates, and square markers represent the study-specific
point estimates. The diamond represents the pooled effect estimate and its 95% confidence inter-
val. The pooled estimate was calculated using a random-effects model with restricted maximum
likelihood estimation and Hartung-Knapp adjustment. Positive values indicate higher final total
testosterone concentrations in the vitamin D group compared with control. Study labels corre-
spond to Gheflati et al. [34], Maghsoumi-Norouzabad et al. [35], Zittermann et al. [31], Pilz et al. [9],
Saha et al. [27], Ulrich et al. [28], Rips et al. [29], Mielgo-Ayuso et al. [30], Michalczyk et al. [31], and
Ramezani Ahmadi et al. [32].

Table 5. Final-value SHBG extraction dataset and conversion/status decisions.

Study/Comparison n Int/Ctrl Final SHBG Intervention Final SHBG Control Conversion/Status
Gheflati 2021 [34] 20/20 47.82 + 30.63 32.73 & 15.92 SE to SD; nmol/L probable;
unit-label flag
Maghsoumi- 43/43 19.09 + 3.69 18.88 + 4.71 Direct mean + SD
Norouzabad 2021 [35] ’ ’ ’ '
Saha 2018 [27] 96/84 21.11 £ 8.24 21.22 +8.97 Collapsed factorial contrast
Amini 2020 [36] 30/32 25.76 & 9.99 26.68 & 13.53 Direct mean =+ SD;
study-level unit caution
Zittermann 2019 [39] 71/62 49.00 + 56.12 38.40 & 26.52 95% Cl to SD; wide
CI caution
Lerchbaum 2019 [10] 46/47 28.53 + 14.00 35.33 & 15.26 Median/IQR to
mean/SD; sensitivity
Lerchbaum 2017 [40] 48/49 38.70 & 11.85 39.40 & 13.70 Median/IQR to

mean/SD; sensitivity

Notes: Values are final post-intervention SHBG concentrations expressed in nmol/L. Converted values are
approximate and were used according to the prespecified primary-versus-sensitivity analysis structure. Saha
2018 [27] uses the collapsed cholecalciferol versus non-cholecalciferol factorial contrast.
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3.6. Quantitative Synthesis of SHBG

The primary conservative random-effects model included five comparisons. Vitamin
D supplementation was not associated with a statistically clear difference in final SHBG
concentrations compared with control (mean difference 0.27 nmol/L, 95% CI —2.14 to 2.68;
p = 0.770). Between-study heterogeneity was not observed (tau? = 0.000; I> = 0.0%; Q = 5.85,
p = 0.211), and the prediction interval ranged from —2.14 to 2.68 nmol /L.

The sensitivity analysis including all seven extractable SHBG comparisons, including
studies converted from medians and interquartile ranges, yielded a nearly identical null
result (mean difference —0.14 nmol/L, 95% CI —2.38 to 2.09; p = 0.881). Heterogeneity
remained absent (tau? = 0.000; I = 0.0%; Q = 11.04, p = 0.087), and the prediction interval
ranged from —2.38 to 2.09 nmol/L. These findings indicate that the SHBG result was robust
to the inclusion of studies requiring statistical conversion. The primary and sensitivity
analyses for final SHBG concentrations are summarized in Table 6. The primary SHBG
forest plot is presented in Figure 3.

Table 6. Primary and sensitivity analyses for final SHBG concentrations.

Analysis Inclusion Rule k  MD (nmol/L) 95% CI p Value tau® I Prediction Interval
Conser‘f;itﬁzrg’nalysis Meggj/cslgseii‘f:‘; o 5 0.27 —2.14t0 2.68 0.770 0.000  0.0% —2.14 10 2.68
Sensitivity gﬂsy“' IQlifiifide;?:éies 7 —0.14 23810209 0881 0000 0.0% 238 102.09
Study Vitar:in D Con;l‘trol MD [95% CI] Weight
Gheflati 2021 20 20 ; 15.09 [-0.04, 30.22] 0.9
Maghsoumi 2021 43 43 -‘:- 0.21 [-1.58, 2.00] 61.7
Saha 2018 96 84 _;._ -0.11 [-2.64, 2.42] 30.8
Amini 2020 30 32 _.JE_ -0.92 [-6.82, 4.98] 5.7
Zittermann 2019 71 62 :E 10.60 [-4.03, 25.23] 0.9
Overall effect 260 241 0.27 [-2.14, 2.68]

'
I
Favours control ' Favours vitamin D

-30 -15 0 15 30
Mean difference in SHBG (nmol/L)

Figure 3. Forest plot of the effect of vitamin D supplementation on final sex hormone-binding
globulin (SHBG) concentrations. Effect estimates are expressed as mean differences in nmol/L. The
dashed vertical line indicates the null effect (mean difference = 0). Solid horizontal lines represent
the 95% confidence intervals for individual study estimates, and square markers represent the
study-specific point estimates. The diamond represents the pooled effect estimate and its 95%
confidence interval. The pooled estimate was calculated using a random-effects model with restricted
maximum likeli-hood estimation and Hartung-Knapp adjustment. Positive values indicate higher
final SHBG concentrations in the vitamin D group compared with control. Study labels correspond
to Gheflati et al. [34], Maghsoumi-Norouzabad et al. [35], Saha et al. [27], Amini et al. [36], and
Zittermann et al. [39].

3.7. Free Androgen Index Extraction Status

FAI final-value extraction was completed after source-level verification of the eli-
gible full texts and tables. Six comparisons were identified as potentially extractable.
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Three comparisons were retained for the primary conservative model because they re-
ported FAl in a comparable scale with final mean and SD data. Lerchbaum 2019 [10] was
retained for sensitivity analysis because values were reported as medians and interquartile
ranges and converted to approximate means and SDs. Gheflati 2021 [34] and Lerchbaum
2017 [40] were excluded from the primary quantitative model be-cause their FAI scales
were not sufficiently comparable for a defensible pooled estimate. The final-value FAI
extraction dataset, scale-compatibility status, and analysis decisions are summarized in
Table 7.

Table 7. Final-value Free Androgen Index extraction dataset, scale-compatibility status, and analysis decision.

Study/Comparison

nInt/Ctrl  Final FAI Intervention  Final FAI Control Conversion/Status Analysis Decision

SE to SD; probable Excluded from primary;

Gheflati 2021 [34] 20/20 0.16 £ 0.13 0.26 + 0.45 simple-ratio scale; not exploratory onl
comparable with x100 FAI P yony
Maghsoumi- Direct mean + SD; Primary
Norouzabad 2021 [35] 43/43 40.56 +22.71 3913 +2372 FAI = T/SHBG x 100 (%) conservative model
Collapsed factorial contrast; Primar
Saha 2018 [27] 96/84 101.61 + 35.34 99.22 + 35.53 FAI reported as nary del
TT/SHBG ratio conservative mode
Direct mean + SD;
Amini 2020 [36] 30/32 14.66 + 6.05 15.74 + 9.74 FAL=TT/SHBG x 100;n0  Primary conservative
recalculation from model with caution
TT performed
Lerchbaum 2019 [10] 46/47 46.70 + 15.86 38.40 + 18.53 leziaféglélt{o];é‘e:%%u Sensitivity analysis
Median/IQR to mean/SD;
Lerchbaum 2017 [40] 48/49 7.40 + 3.04 6.80 + 3.41 reported formula x 100but  Excluded from primary
values indicate and main sensitivity

incompatible scale

Notes: Values are final post-intervention FAI values. Saha 2018 [27] uses the collapsed cholecalciferol versus
non-cholecalciferol factorial contrast. Converted values are approximate and were used only according to the
prespecified primary-versus-sensitivity analysis structure. Amini 2020 [36] was analyzed using the author-
reported FAI only; FAI was not recalculated from total testosterone because the testosterone unit required
separate caution.

3.8. Quantitative Synthesis of Free Androgen Index

The primary conservative random-effects model included three comparisons with
comparable FAI scaling. Vitamin D supplementation was not associated with a statistically
clear difference in final FAI values compared with control (mean difference —0.37, 95% CI
—4.28 to 3.55; p = 0.725). Between-study heterogeneity was not observed (tau? = 0.000;
1?2 =0.0%; Q =0.52, p = 0.771), and the prediction interval ranged from —4.28 to 3.55.

A sensitivity analysis including Lerchbaum 2019 [10], converted from median and
interquartile range, yielded a directionally higher but still non-significant pooled estimate
(mean difference 2.35, 95% CI —4.57 to 9.27; p = 0.359). In this model, heterogeneity
increased to a moderate level (tau2 =10.96; I? = 45.1%; Q =523, p = 0.156), and the
prediction interval was wide (—10.26 to 14.95). Overall, the FAI findings do not support
a statistically clear effect of vitamin D supplementation on androgen bioavailability as
estimated by FAIL The primary FAI forest plot is presented in Figure 4.

3.9. Calculated Free Testosterone Extraction Status

Free testosterone extraction was completed with method-specific classification. Di-
rectly measured FT and calculated FT were not pooled together. Amini 2020 [36] reported
directly measured FT by ECLIA and was retained for narrative interpretation only. Ler-
chbaum 2019 [10], Zittermann 2019/EVITA [39], and Pilz 2011 [9] reported calculated
FT using the Vermeulen framework and were eligible for a sensitivity-only quantitative
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Study

Maghsoumi 2021

Saha 2018

Amini 2020

Overall effect

Vitamin D Control

synthesis. Lerchbaum 2017 [40] was not included because the reported IQR for FT was
internally questionable and precluded reliable conversion. Gheflati 2021 [34], Maghsoumi-
Norouzabad 2021 [35], Heijboer 2015 [11], and Saha 2018 [27] did not provide extractable
final-value FT data suitable for this synthesis. Jain 2024 [33] reported a free/total testos-
terone ratio graphically within a vitamin D plus L-cysteine co-supplementation design and
was retained only for narrative contextualization. The method-specific FT extraction status
and quantitative decisions are summarized in Table 8.

o n MD [95% CI] Weight
43 43 1.43 [-8.39, 11.25] 12.7
96 84 2.39[-7.99, 12.77] 11.3

30 32 -1.08 [-5.09, 2.93] 76.0

Favours control Favours vitamin D

!
1
1
1
!
1
1
1
!
1
!
1
+
|
169 159 ’ -0.37 [-4.29, 3.55]
1
1

-15 -10 -5 0 5 10 15
Mean difference in Free Androgen Index
Figure 4. Forest plot of the effect of vitamin D supplementation on final free androgen index (FAI).
Effect estimates are expressed as mean differences using comparable FAI scaling. The pooled estimate
was calculated using a random-effects model with restricted maximum likelihood estimation and
Hartung-Knapp adjustment. Positive values indicate higher final FAI values in the vitamin D group

compared with control. Study labels correspond to Maghsoumi-Norouzabad et al. [35], Saha et al. [27]
and Amini et al. [36].

Table 8. Method-specific free testosterone extraction status and quantitative decision.

Study/Comparison FT Extractable Method Quantitative Decision
. . Narrative only; not pooled
Amini 2020 [36] Yes Direct FT, ECLIA with calculated ET
Lerchbaum 2019 [10] Yes Calculated FT, Vermeulen Sensitivity analysis
Zittermann 2019/EVITA [39] Yes Calculated FT, Vermeulen Sensitivity analysis
Pilz 2011 [9] Yes Calculated FT, Vermeulen Sensitivity analysis
Lerchbaum 2017 [40] Partial Calculated FT, Vermeulen Excludeq Pendmg
IQR verification
Gheflati 2021 [34] No Not reported Not extractable
Maghsoumi-Norouzabad
2021 [35] No Not reported Not extractable
Heijboer 2015 [11] No Only total testosterone Not extractable for FT
Saha 2018 [27] No Not reported Not extractable

Jain 2024 [33]

Free/total testosterone ratio;

Ratio only graphical; VD + L-cysteine design

Narrative only

Notes: FT = free testosterone. The quantitative FT model was restricted to calculated FT studies to avoid combining
direct assay-based FT with equation-derived FT. Additional extraction details and decision rules are provided in
Supplementary Table S3.
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3.10. Quantitative Synthesis of Calculated Free Testosterone

Calculated free testosterone was evaluated in a sensitivity-only analysis restricted
to studies using compatible calculated FT methods. Three comparisons were included.
Vitamin D supplementation did not significantly affect final calculated free testosterone
values compared with control (mean difference —0.0096 nmol/L, 95% CI —0.0525 to 0.0332;
p = 0.435). No between-study heterogeneity was observed (tau? = 0.000; I = 0.0%; Q = 1.35,
p =0.508), and the prediction interval ranged from —0.0525 to 0.0332. The calculated FT
sensitivity analysis is summarized in Table 9.

Table 9. Sensitivity analysis restricted to method-compatible calculated free testosterone.

Analysis Inclusion Rule k  MD (nmol/L) 95% CI p Value tau? I? Prediction Interval
Calculated Vermeulen- —0.0525 o
FT sensitivity calculated FT only 3 —0.0096 to 0.0332 0.435 0.000  0.0% —0.0525 to 0.0332

3.11. Bioactive Testosterone Extraction Status and Exploratory Synthesis

Bioactive testosterone was reported with sufficient extractable final-value data in two
studies, Pilz 2011 [9] and Zittermann 2019/EVITA [39]. Both reported BAT as a calculated
index. Jain 2024 [33] was not eligible for the BAT analysis because it focused on bioavailable
25-hydroxyvitamin D and reported an androgen-related free/total testosterone ratio within
a vitamin D plus L-cysteine co-supplementation design rather than a compatible vitamin
D-only BAT outcome. Heijboer 2015 [11] and Saha 2018 [27] did not report extractable BAT.
The BAT extraction status and quantitative decisions are summarized in Table 10.

Table 10. Bioactive testosterone extraction status and quantitative decision.

Study/Comparison BAT Extractable Method Quantitative Decision
Pilz 2011 [9] Yes Calculated BAT Exploratory analysis
Zittermann 2019/EVITA [39] Yes Calculated BAT Exploratory analysis
Jain 2024 [33] No fregi/otzjc’aali{ci};’f)sztiigrll_(le)g;tio Narrative only; not BAT
Heijboer 2015 [11] No Not reported Not extractable
Saha 2018 [27] No Not reported Not extractable

The exploratory BAT analysis did not show a statistically significant effect of vitamin
D supplementation on final bioactive testosterone values (mean difference —0.47 nmol/L,
95% CI —1.77 to 0.83; p = 0.137). No heterogeneity was detected (tau? = 0.000; I> = 0.0%;
Q=0.07, p = 0.787), although this analysis should be interpreted cautiously because only
two studies contributed data. The exploratory BAT analysis is summarized in Table 11.

Table 11. Exploratory analysis for final bioactive testosterone concentrations.

Analysis

Inclusion Rule k  MD (nmol/L) 95% CI p Value  tau? I? Prediction Interval

BAT exploratory

Calculated BAT

. 2 —0.47 —1.77 t0 0.83 0.137 0.000 0.0% —1.77t0 0.83
studies only

3.12. GRADE Certainty of Evidence and Summary of Findings

The certainty of evidence was low for TT, SHBG, and FAI, and very low for calculated
FT and BAT. Downgrading was mainly driven by outcome-level risk-of-bias concerns,
imprecision, small numbers of comparisons for some outcomes, and the method-restricted
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or exploratory nature of calculated FT and BAT. Statistical inconsistency was not serious
in the main models, but clinical and methodological heterogeneity was considered in
interpretation. Detailed GRADE judgements are provided in Supplementary Table S5. The
Summary of Findings and GRADE certainty ratings are presented in Table 12.

Table 12. Summary of findings and certainty of evidence for vitamin D supplementation and

androgen-related outcomes.

Certainty GRADE

Outcome Evidence Base Effect Estimate of Evidence Downgrading Domains Interpretation
Downgraded for risk of
bias .and imprecision. Vitamin D
Inconsistency not serious; supplementation did
Total testosterone 11 comparisons; MD 0.47 nmol/L; Low indirectness not serious for ggt show a clear
703 participants 95% CI —0.50 to 1.44 the broad adult male .
S effect on final
framework; publication R
. TT concentrations.
bias not
formally assessable.
qungradgd for F'I.Sk of Vitamin D
bias and imprecision. supplementation did
Sex hormone- 5 comparisons; MD 0.27 nmol/L; Low Inconsistency not serious; Egt show a clear
binding globulin 501 participants 95% CI —2.14 t0 2.68 indirectness not serious; .
A . effect on final
publication bias not .
SHBG concentrations.
formally assessable.
Downgraded for risk of
bias and imprecision.
Inconsistency not serious in Vitamin D
Free androgen index 3 comparisons; MD —-0.37; 95% CI Low the primary model; supplementation did
& 328 participants —4.29 to 3.55 indirectness not serious for not show a clear
comparable FAI scaling; effect on final FAL
publication bias not
formally assessable.
Downgraded for risk of
bias, serious imprecision,
and indirectness because I .
this was sensitivity-only A sensitivity analysis
. MD —0.010 nmol/L; . . restricted to
Calculated 3 comparisons; o evidence restricted to .
. 95% CI —0.053 Very low . method-compatible
free testosterone 279 participants method-compatible .
to 0.033 . calculated FT did not
calculated FT studies.
. . suggesta clear effect.
Inconsistency not serious;
publication bias not
formally assessable.
Downgraded for very
serious imprecision and
indirectness because this .
. Exploratory evidence
was exploratory evidence did not sugwest a
Bioactive testosterone 2 comparisons; MD —0.47 nmol/L; Very low from only two studies. clear effect, gbgut the
95% CI —1.77 t0 0.83 y Risk-of-bias concerns were g

187 participants

considered; inconsistency
not estimable with
confidence; publication bias
not formally assessable.

estimate remains
highly uncertain.

Notes: CI, confidence interval; FAI, free androgen index; FT, free testosterone; MD, mean difference; SHBG, sex
hormone-binding globulin. Certainty of evidence was assessed using the GRADE framework. Randomized
controlled trials started as high-certainty evidence and were rated down for concerns related to risk of bias,
inconsistency, indirectness, imprecision, and publication bias. Outcomes based on sensitivity-only or exploratory
analyses were additionally downgraded for indirectness and limited evidence base.

This systematic review and meta-analysis found no statistically clear or reproducible
effect of vitamin D supplementation on TT or androgen bioavailability markers in adult
men. Across the prespecified outcome hierarchy, pooled estimates for TT, SHBG, FAI,
calculated FT, and BAT were compatible with no clear effect. The certainty of evidence was
low for TT, SHBG, and FAI and very low for calculated FT and BAT. These findings should
be interpreted as evidence that current randomized trials do not demonstrate a consistent
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androgen-related benefit of vitamin D supplementation, rather than as definitive proof that
vitamin D has no biological relevance in all male endocrine contexts.

The present results are consistent with the broader vitamin D trial literature, where
extra-skeletal effects often appear weaker in randomized evidence than in observational
studies [3-6]. Vitamin D supplementation effects depend on baseline 25(OH)D status, dose,
formulation, adherence, duration, body composition, and whether participants are deficient
or already replete at baseline [3-6]. The androgen trials included here were heterogeneous
across these dimensions, and most were not designed primarily to test androgen-related
hypotheses. Therefore, absence of a pooled effect may reflect a true lack of clinically
relevant androgenic action, insufficient targeting of biologically plausible subgroups, or
limited precision of secondary biomarker reporting.

The randomized literature does not point in a single direction. Pilz et al. reported
within-group increases in TT, calculated FT, and BAT after one year of vitamin D supplemen-
tation in overweight men participating in a weight-loss program [9]. However, subsequent
trials were less supportive. Lerchbaum et al. found no significant effect on TT or secondary
androgen outcomes in men with low baseline testosterone [10], Zittermann et al. reported
no between-group differences in TT, SHBG, calculated FT, or BAT in men with advanced
heart failure [39], and Heijboer et al., Jorde et al., and Ulrich et al. did not demonstrate a
consistent testosterone-raising effect [11,28,37]. The positive signal from early work should
therefore be regarded as hypothesis-generating rather than confirmatory.

Several features may explain these discrepancies. First, androgen outcomes were often
secondary or post hoc biochemical measures rather than prespecified primary endpoints.
Second, the trials enrolled clinically diverse populations, including infertile men, healthy
men, overweight men, athletes, dialysis patients, and men with advanced heart failure.
Third, cointerventions such as weight loss, athletic training, calcium co-supplementation, or
prior sunlight exposure may have influenced endocrine markers independently of vitamin
D. Fourth, biochemical methods varied across studies, including differences in TT, SHBG,
25(OH)D, FT, and BAT ascertainment. These issues support the conservative synthesis
strategy used in this review.

The TT model provides the broadest quantitative anchor because TT was the most con-
sistently extractable androgen outcome. The primary model showed a small pooled mean
difference with a confidence interval crossing the null and a prediction interval compatible
with small effects in either direction. Excluding high-risk-of-bias studies did not materially
change the conclusion. The sensitivity analysis excluding clinically extreme populations
became statistically significant, but it should not be overread: it was sensitivity-dependent,
removed advanced heart failure and hemodialysis cohorts, and narrowed generalizability.
Conversely, excluding athlete, military, active sport, or strong cointervention studies atten-
uated the estimate toward the null. Overall, the TT findings suggest that apparent signals
are context-dependent and vulnerable to study-selection decisions.

SHBG and FAI are central to the androgen bioavailability framework. SHBG influences
the interpretation of TT by determining the proportion of hormone that is free or weakly
albumin-bound. In this review, vitamin D supplementation did not show a clear effect on
SHBG, and the all-study sensitivity analysis produced a similar null result. FAI also did not
show a clear effect in the conservative scale-compatible model. Although the FAI sensitivity
analysis including a median/IQR-derived comparison shifted the estimate upward, the
confidence interval remained wide. These findings do not support a consistent vitamin
D-mediated effect through SHBG-related androgen distribution or calculated androgen
index changes.

Free testosterone required particularly strict handling. Directly measured FT and
calculated FT were not pooled because they are analytically non-equivalent and may
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differ in calibration, assay performance, assumptions, and dependence on TT, SHBG,
and albumin [8-10]. The quantitative FT analysis was therefore restricted to method-
compatible calculated FT studies, and it did not show a clear effect. BAT was even more
limited, with compatible data available from only two studies; it was therefore treated
as exploratory. This approach avoids producing misleading precision from biologically
related but analytically non-equivalent biomarkers.

The present synthesis also helps contextualize observational associations between
25(OH)D and androgen markers. Such associations may reflect shared determinants rather
than a direct causal pathway. Adiposity, insulin resistance, inflammation, physical activity,
sunlight exposure, chronic disease, and general health status can influence both vitamin D
status and androgen physiology. Modern mechanistic literature on Leydig-cell aging and
metabolic dysfunction supports the biological plausibility of endocrine vulnerability, but it
also indicates that testosterone decline is multifactorial and unlikely to be reversed by a
single micronutrient intervention in unselected populations [13,14]. Randomized evidence
therefore remains essential.

Compared with prior syntheses, this review adds several methodological refinements.
We focused on randomized controlled trials, applied comparison-level data handling, used
outcome-specific RoB 2 assessment, implemented GRADE certainty judgments, separated
direct and calculated FT, restricted FAI pooling to compatible scales, and distinguished pri-
mary, sensitivity, and exploratory analyses. These decisions make the synthesis more conser-
vative, but also more defensible in the literature where endocrine outcomes are frequently
secondary, incompletely reported, or measured using heterogeneous biochemical methods.

This review has several strengths. It was prospectively registered, followed PRISMA
2020 and Cochrane methodological guidance, used structured extraction and audit trails,
assessed risk of bias at the outcome level, and documented scale-compatibility and ex-
tractability decisions in the Supplementary Materials. The review also avoided combining
analytically non-equivalent constructs, which is particularly important for FT and BAT.

Several limitations should be acknowledged. First, Embase was not searched because
institutional access was unavailable. This deviation from the original plan was documented
before screening, extraction, risk-of-bias assessment, and synthesis, but it remains a real
limitation because eligible intervention studies may be variably indexed. Second, 27 reports
could not be assessed because the full text was unavailable or had not been obtained for
review. Third, several potentially relevant studies could not be included in quantitative
synthesis because final values, dispersion measures, units, or scale definitions were unavail-
able, internally inconsistent, or not comparable. Fourth, the broad adult male framework
improved feasibility but introduced clinical heterogeneity. Finally, most androgen out-
comes were secondary or exploratory endpoints, limiting confidence in effect-modification
analyses and formal publication-bias assessment.

Future trials should be designed specifically to test androgen-related hypotheses
rather than treating testosterone and bioavailability markers as secondary observations.
Priority should be given to men with confirmed vitamin D deficiency and biochemical
hypogonadism, because this subgroup is the most biologically plausible population in
which an endocrine effect, if present, might be detected. Trials should prespecify TT, SHBG,
calculated FT, and BAT; use standardized morning sampling; report baseline and achieved
25(0OH)D using traceable assays where possible; clearly describe vitamin D formulation,
dose, frequency, adherence, and cointerventions; distinguish direct from calculated FT;
report albumin when derived estimates are used; and provide complete final values with
dispersion measures. Without these improvements, future evidence will remain difficult to
pool and vulnerable to the same interpretive limitations identified here.
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4. Conclusions

In summary, the available randomized evidence does not demonstrate a consistent
effect of vitamin D supplementation on TT or androgen bioavailability markers in adult
men, including SHBG, FAI, calculated FT, and BAT. The certainty of evidence was low for
TT, SHBG, and FAI and very low for calculated FT and BAT. These findings should not
be interpreted as definitive proof of absence of biological activity in all male subgroups;
rather, they indicate that current randomized trials do not provide reproducible evidence
of an androgen-related benefit. Future trials should focus on men with confirmed vitamin
D deficiency and biochemical hypogonadism, prespecify androgen outcomes, standardize
FT ascertainment, and report complete extractable data.
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