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Systematic review of effects of weight loss interventions on measures of fertility. Created in BioRender. https://BioRender.com/mkij81v.

Obesity is a prevalent modifiable cause of male factor infertility. Preconception guidelines recommend men main-
tain a healthy weight; however, they provide limited guidance regarding methods or volume of weight loss for men with obesity.
First-line interventions for weight loss involve lifestyle optimization (healthy diet and exercise), followed by pharmacotherapy or
bariatric surgery in severe cases. Each modality has differing weight loss potential and complications for which the reproductive
implications are currently unclear.

To synthesize the available evidence regarding the reproductive effects of obesity interventions in
men with obesity. Where possible, to evaluate whether the observed effects depend on the magnitude of weight loss.

Searches for articles published in English was performed using PubMed, Web of Science, Embase, Cochrane
Central Register of Controlled Trials and Scopus from inception until December 2024, using prespecified keywords pertaining to four
categories: male, overweight/obesity, weight loss (bariatric surgery, nutrition, diet, lifestyle, exercise, pharmacotherapy) and fertility
(conception, assisted reproduction, sperm, semen). Studies of reproductive-aged men (18-50years) who underwent an obesity inter-
vention with established weight loss benefits and undertook repeated assessment of reproduction capacity (semen analysis, concep-
tion rates, assisted reproduction outcomes) before and after the intervention were included. Meta-analysis was performed when two
or more studies of the same modality assessed an outcome measure in a manner suitable for meta-analysis. A meta-regression con-
sidering weight loss achieved was performed when five or more suitable studies were available. Narrative review of studies not suit-
able for meta-analysis occurred.

32 studies were included in the analysis, with one study assessing both lifestyle interventions and pharmacotherapy.
Assessment of conception rates and assisted reproduction was limited across all modalities. In almost all cases, the effect of obesity
interventions on semen quality was examined as a surrogate for reproductive capacity and the certainty of evidence was low.
Bariatric surgery was assessed in 18 studies, including 12 quasi-experimental studies, one randomized controlled trial, one case se-
ries and four case reports. Fixed- and random-effects meta-analysis of randomized controlled trials identified no differences in
sperm parameters between control and intervention arms across any intervention, although small sample size limits interpretabil-
ity. Random-effects meta-analyses of pre-post outcomes identified no clinically significant semen parameters or DNA damage
changes following bariatric surgery. Pharmacotherapy (metformin and liraglutide) was assessed in five studies, including four quasi-
experimental studies and one case report. There were insufficient data to draw clear conclusions regarding the impact of these
agents on fertility outcomes. Lifestyle interventions were assessed in 10 studies, including five quasi-experimental studies and five
randomized controlled trials. Fixed-effect meta-analysis identified improvements in sperm normal morphology (Mean differ-
ence =0.59%, 95% Confidence interval = [0.23, 0.94]), and progressive motility (10.56% [8.97, 12.15]) following a lifestyle intervention.

Data regarding weight loss interventions and male fertility is limited primarily to observational studies ex-

amining semen quality. Improvements in semen quality following lifestyle interventions suggest a potential benefit of optimizing
nutrition and physical activity, whereas a limited change with bariatric surgery indicates obesity-associated sperm dysfunction does
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not resolve in a dose-dependent manner with weight loss and/or negative effects of rapid weight loss exist. Substantial knowledge
gaps were identified, including limited randomized trials, inadequate examination of conception outcomes and limited assessment

of GLP-1 agonist effects.
CRD 42022349665.
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Infertility is typically defined as the inability to achieve preg-
nancy after 12 months of unprotected sexual intercourse (Zegers-
Hochschild et al., 2017). Current estimates suggest infertility
affects approximately one in six people and in ~50% of cases,
there is a causal or contributing male factor (Agarwal et al., 2015;
World Health Organisation, 2023). Many causes of male factor in-
fertility are not modifiable (e.g. genetic or chromosomal abnor-
malities, anatomical defects), others such as environmental
exposures, health related behaviours (smoking, alcohol and other
substance abuse) and chronic disorders (e.g. obesity, diabetes
and obstructive sleep apnea) are emerging as critical, but modifi-
able risk factors (Agarwal et al., 2021; Bhattacharya et al., 2024).

Obesity (BMI > 30kg/m?) currently affects an estimated 40% of
Americans aged 20-39years and 23-30% of Australians aged 25—
45years (Australian Government, 2024; Hales et al, 2020).
Infertility rates are ~50% higher in men with obesity compared
with men of normal weight (Campbell and McPherson, 2019), and
overall, conception is delayed (Boxem et al., 2024). Obesity is asso-
ciated with reductions in basic sperm parameters (sperm count,
motility, viability, and morphology), increases in DNA fragmenta-
tion, aberrant sperm acrosomal reaction, and markers of oxida-
tive stress (Taha et al., 2016; Borges et al., 2017; Salas-Huetos et al.,
2021; Liet al., 2024; Santi et al., 2024b). A The mechanisms under-
lying these detrimental effects are multifactorial, involving oxi-
dative stress, inflammation, and metabolic dysregulation (Kahn
and Brannigan, 2017; Leisegang et al., 2021).

While meta-analyses identify minor variations in the specific
semen parameters affected by obesity, a consistent negative
trend is present (Salas-Huetos et al., 2021; Li et al., 2024; Santi et
al., 2024b). Given the heterogeneous nature of obesity, it is not
surprising that the effects on sperm quality are varied as these
studies classify obesity by BMI only. BMI does not accurately re-
flect adiposity in all cohorts, provides limited information about
adipose tissue distribution and does not characterize obesity re-
lated comorbidities (Nuttall, 2015; Rubino et al., 2025). While BMI
is commonly utilized to assess obesity, use of this parameter
when assessing fertility limits accurate assessment of multiple
fertility-relevant factors, including adipose tissue distribution
and changes, obesity related comorbidities and nutritional
status.

Currently, international preconception guidelines provide die-
tary and weight reduction recommendations for women with
overweight or obesity based on clear evidence of improvements
in fertility and perinatal outcomes (Hanson et al, 2015;
Federation of Obstetric and Gynaecological Societies of India
(FOGSI) 2016; Shawe et al., 2019; Australian Government, 2021;
Hunter et al., 2021; Royal Australian and New Zealand College of
Obstetricians and Gynaecologists (RANZCOG) 2021), with an evi-
dence base present to guide management of maternal obesity-
associated comorbidities and interventions that impair nutrition
(e.g. bariatric surgery, very low-energy diet [VLED]) (Kominiarek,
2010; ACOG Practice Bulletin No. 201: Pregestational Diabetes
Mellitus, 2018; National Institute for Health and Care Excellence:
Guidelines, 2020; Cheah et al., 2022; Price and Sumithran, 2022;

Dominguez et al, 2023; 15. Management of Diabetes in
Pregnancy: Standards of Care in Diabetes-2024, 2024).
Contrastingly, preconception guidelines for men advocate a
healthy weight, without more specific advice to achieve this
(Rabiei et al., 2022; Healthy Male, 2024), or the relative merits of
different dietary patterns/nutrient supplementation or physical
activity independent of weight loss (Humaidan et al, 2022;
Montano et al., 2022). Recent reviews of male weight loss lifestyle
interventions have identified a lack of randomized controlled tri-
als (Best et al., 2017; Hunter et al., 2021; Vitek and Hoeger, 2022),
and a comprehensive review of all forms of interventional studies
has not been identified.

For men with severe obesity, substantial weight loss can be
achieved with bariatric surgery and recently available highly ef-
fective incretin-based pharmacotherapy. Different bariatric sur-
gical procedures (e.g. Roux-en-Y gastric bypass (RYBG), sleeve
gastrectomy) result in differing degrees of weight loss and effects
on micronutrient balance (Gu et al., 2020; Sharples and Mahawar,
2020; Gomes-Rocha et al., 2022; De Luca et al., 2023). Recent meta-
analyses do not clearly establish the effect of bariatric surgery on
male fertility (Lee et al., 2019; Al Qurashi et al.,, 2022; Gao et al.,
2022). While no identifiable change in basic sperm parameters
occurs following bariatric surgery, these meta-analyses do not di-
rectly assess conception outcomes or specialized sperm parame-
ters such as oxidative stress or DNA damage, which more closely
reflect assisted reproduction outcomes (Marinaro and Schlegel,
2023; Takalani et al., 2023). Glucagon-like peptide-1 (GLP-1) ago-
nists are pharmaceutical agents that induce weight loss via appe-
tite suppression. The newer agents are increasingly potent and
can induce weight loss analogous to bariatric surgery (Jastreboff
et al., 2022; Campbell et al., 2023). While significant cardiovascu-
lar benefits are established, there is limited data regarding the
fertility implications of pharmacological weight loss (Andersen
etal.,, 2022; La Vignera et al., 2023).

Despite the growing body of literature identifying detrimental
effects of male obesity on fertility, there are limited high-quality
studies evaluating the effect of specific obesity interventions on
male reproduction. Studies that exist are small-scale, observa-
tional, and have significant heterogeneity in type and duration of
intervention. This systematic review and meta-analysis aims to
synthesize the evidence regarding obesity interventions’ effects
on male fertility, and where possible elucidate whether any
change in fertility is related to degree of weight change or sepa-
rate intervention-specific effects. By systematically reviewing
studies across differing modalities, this review can contrast the
effect of differing mechanisms, highlight critical knowledge gaps
and provide a foundation for further investigation for optimizing
male reproductive health.

Review questions

Q1. Is there a change in markers of fertility in men with over-
weight/obesity treated with (i) bariatric surgery; (i) pharmacolog-
ical treatment; or (iii) lifestyle interventions, including dietary
change and exercise; for weight loss?

Q2. Is there a dose-response relationship between change in
weight and markers of fertility after (i) bariatric surgery; (ii)



pharmacological treatments; or (iii) lifestyle interventions, in-
cluding dietary change and exercise for weight loss?

This systematic review has been performed following a pre-
approved protocol published in Joanna Briggs Institute (JBI)
Evidence Synthesis (Peel et al., 2024). The following section briefly
summarizes and outlines variations from initial protocol.

Search strategy

The systematic review was performed using the databases
PubMed, Embase (Ovid), Cochrane Central Register of Controlled
Trials, Web of Science and Scopus. Search terms (performed on 6
December 2023 and updated to 30 November 2024) utilized four
categories: (i) male, man, men, paternal; (ii) obesity, overweight,
overnutrition; (iii) weight loss, nutrition therapy, lifestyle, exer-
cise, diet, weight reduction, nutrition, bariatric surgery, meta-
bolic surgery, pharmacotherapy, glucagon-like peptide; and (iv)
fertility, infertility, pregnancy, conception, foetal, assisted repro-
duction, stillbirth, miscarriage, semen, semen volume, spermato-
zoa, sperm count, motility, morphology, sperm maturation,
aspermia, oligospermia, DNA damage, DNA fragmentation, reac-
tive oxygen species (ROS), and lipid peroxidation (search criteria
shown in Supplementary Table S1). Reference lists of all full-text
articles were reviewed to capture missing literature. This review
incorporated retrospective and prospective studies, including ex-
perimental studies, cohort studies, case reports, case studies,
and case-control studies.

Inclusion and exclusion criteria

The inclusion criteria were studies of reproductive age men (age
<50years) with either overweight or obesity as determined by
BMI (>25 kg/m?) who underwent a health intervention typically
associated with weight loss [divided into three primary methods:
lifestyle change (dietary/exercise intervention), bariatric surgery,
or pharmacotherapy] and had serial monitoring of either direct
or indirect measures of fertility (see outcomes below). The age
limit of 50years was chosen to limit age-associated comorbidities
that impact on fertility and based on census data indicating most
male reproduction occurs prior to this age (Jimbo et al., 2022;
Australian Government, 2023; Martinez and Daniels, 2023).
Animal studies, letters, conference abstracts or previous meta-
analyses were excluded, as were studies not published or trans-
lated to English. Where studies had a portion of patients greater
than age 50 years, they were included if the mean age plus one
SD was less than 50years. Due to paucity of studies, studies that
did not correct for female factors were not excluded for analysis.

Outcomes

Outcome measures that were assessed included both direct
measures of fertility and semen quality (as a surrogate marker
for fertility) (Peel et al., 2024). Direct measures of fertility assessed
include time to conception, fecundity rate, and assisted repro-
duction outcomes (fertilization rate, embryo development, im-
plantation rate, pregnancy rate). Semen quality outcomes
measured include semen volume, sperm concentration, progres-
sive motility and morphology, sperm DNA damage, lipid peroxi-
dation and ROS as measured utilizing WHO laboratory manual
for examination and processing of human semen (5th or 6th edi-
tions depending on time of publication) (World Health
Organisation, 2010; Bjorndahl and Kirkman Brown, 2022). When
serial monitoring was performed post-intervention, the latest
data were utilized to increase probability that intervention-

related changes were captured. Study details including author,
journal, year of publication, participant number, age, study de-
sign, intervention, were also collected.

Study selection

All identified citations were assessed by two independent
reviewers against the dichotomous inclusion criteria. Relevant
articles were subsequently reviewed in full text by two reviewers.
Methodological risk of bias was assessed using the standard JBI
critical appraisal checklist for experimental, quasi-experimental,
cohort, case control, and case report studies (Moola et al., 2020;
Munn et al., 2020; Tufanaru, 2020). Additionally, the Risk of Bias 2
(RoB2) tool was utilized to assess randomized controlled trials.
Data extracted included: author, year of publication, journal of
publication, participants, study methods, intervention, initial
BMI, post-intervention BMI, follow-up duration, fertility parame-
ters, and data analysis methods. Discrepancy was resolved
through discussion between reviewers and authors were con-
tacted if additional information was required.

Data analysis

The effect of individual health interventions (Study Q1) was
assessed through meta-analyses of change in sperm outcomes
(mean and standard error of the mean) before and after interven-
tion, whereas influence on degree of weight loss on sperm
outcomes (Study Q2) was assessed in random effects meta-
regressions, with the inclusion of change in BMI as an effect mod-
erator. We prespecified that a meta-analysis would be performed
when at least two studies for an outcome measure were avail-
able, and a meta-regression when at least five studies were avail-
able. For all outcomes, treatment effect on mean differences
(MD) was assessed. Studies were deemed available for inclusion
if the following data were reported: type of intervention, pre- and
post-intervention BMI mean, and SD and pre- and post-
intervention outcome measurement mean and SD. Initial ran-
dom effects meta-analyses were constructed. Heterogeneity was
considered mild when the inconsistency statistic ?<30% and the
treatment effect was re-estimated using fixed effects models
(Higgins and Thompson, 2002). Publication bias was assessed us-
ing the Egger’s tests and funnel plots. If no evidence of publica-
tion bias was apparent, then significance was set at a=0.05
(two-sided).

Due to multiple randomized controlled trials being identified
during study selection, a modification to the protocol was made
whereby a systematic review and meta-analysis of the MD be-
tween intervention and control arms of randomized controlled
trials was also examined and reported. Meta-analysis was per-
formed when at least two randomized controlled trials examined
an outcome measure in a manner suitable for meta-analysis
were identified. Heterogeneity was deemed mild when inconsis-
tency statistic °<30% and fixed effects models were utilized; oth-
erwise, random effects models were used (Higgins and
Thompson, 2002). Again, publication bias was examined via
Egger’s tests and funnel plots.

Quality of evidence for estimates of meta-analyses was
assessed according to Grade of Recommendations, Assessment,
Development and Evaluation (GRADE) classification (Guyatt et al.,
2008). A narrative review was provided for studies not suitable
for meta-analysis (e.g. case reports).

Where mean and SD were not available, equations established
by Wan et al. (2014), which utilize alternative summary statistics
(minimum value, first, second and third quartile, and maximum
value) to determine an approximated mean and SD, were used to
calculate said values. For studies that report ‘median (minimum,
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maximum)’, equations 2, 7 (n<50), and 9 (n >50) were used. A
deviation from protocol was performed for studies reporting
‘median (interquartile range [IQR])’ without the Q (Quartile) 1
and Q3 values, resulting in equations 14, 15 (n<50), and 16
(n>50) being unusable. Instead, the following inferences were
made: median=mean and SD=IQR/1.35 (Wan et al., 2014). The
formulas utilized are present in Supplementary Table S2. When a
variance estimate for the change score was not reported, we as-
sumed a pre-post correlation of 0.5, conservatively based on two
studies which reported pre-SD, post-SD and the SD of the differ-
ence (Samavat et al., 2018; Carette et al., 2019). In these studies,
estimates of the pre-post correlations across sperm outcomes
ranged from 0.46 to 0.96, with most being <0.7. Sensitivity analy-
ses excluding studies with inferred data were performed to en-
sure this assumption did not unduly affect results. All statistical
analyses were performed using R package metafor version 4.6-0
(Free Software Foundation, Inc., Boston, USA).

There was significant heterogeneity of bariatric surgery study
outcomes, and a subsequent post hoc exploratory meta-
regression was performed to determine whether type of surgical
intervention (RYGB, Sleeve gastrectomy or mixed) related to
changes in sperm parameters. Two lifestyle intervention studies
published by Mir/Jaffar et al. (Jaffar and Ashraf, 2017; Mir et al.,
2018) utilized the same cohort, as did a further two bariatric in-
tervention studies published by Calderdn et al. (2019, 2020).
Outcome data of these studies with identical cohorts were com-
bined and analysed only once in meta-analyses (listed as studies
Mir et al., 2018 and Calderdén et al., 2019, respectively).

Literature retrieval results

The PRIMSA flow chart presents the search results (Fig. 1). A total
of 23 673 articles were identified (10 315 duplicates). Following
reviewing titles and abstracts, a total of 58 full-text reviews were
performed. A total of 32 studies met inclusion criteria, with one
study assessing interventions across multiple modalities
(Andersen et al., 2022). Reason for articles excluded at full-text re-
view are available in Supplementary Table S3. Study characteris-
tics are presented based on the type of intervention (bariatric
surgery, pharmacotherapy, and lifestyle intervention as Tables
1-3, respectively). JBI Critical appraisal assessments classified by
type of intervention (Supplementary Tables S4-S6), RoB2
Assessments (Supplementary Table S7) and GRADE quality of ev-
idence profile (Supplementary Table S8) are presented in supple-
mentary data. In the following sections, specific outcomes are
reported as mean (SD) unless otherwise specified.

Bariatric surgery

Bariatric surgery was assessed in a total of one randomized con-
trolled trial (Reis et al., 2012), 13 quasi-experimental studies [clas-
sified as pre-post studies with controls(Samavat et al., 2018;
Wood et al., 2020), and without controls (Legro et al., 2015; El
Bardisi et al., 2016; Calderdn et al., 2019, 2020; Carette et al., 2019;
Fariello et al., 2021; Minambres et al., 2022; Abouelgreed et al,,
2023; Javani et al., 2023; Gao et al., 2024)], one case series (Velotti
et al., 2021) and four case reports (di Frega et al., 2005; Lazaros
et al., 2012; Sermondade et al., 2012; Razzaq et al., 2021) involving
a total of 352 men. Outcome parameters were generally reported
as mean (SD); however, calculation of these values from alterna-
tive summary statistics was required in two studies (El Bardisi
et al., 2016; Wood et al., 2020). Notably, only three bariatric sur-
gery studies reported prospective registration (Carette et al., 2019;
Wood et al., 2020; Gao et al., 2024) with established trial registries

(e.g. International Clinical Trial Registry, Australian New Zealand
Clinical Trials Registry).

Randomized controlled trials

A single randomized controlled trial examining the effect of bar-
latric surgery was identified (Reis et al., 2012), with a RoB2 score
overall identifying ‘some concerns’ (specifically in domains two
and five, Supplementary Table S7) and qualitative assessment of
9/13 limited by lack of blinding. The trial randomized 20 men (10
in each group) to either a strict dietary intervention followed by
gastric bypass surgery or a brief dietary intervention (generalized
dietary advice without stringent follow-up). The trial did not ex-
amine the sole effects of bariatric surgery as a semen analysis
was not conducted between the dietary and surgical interven-
tions. Additionally, substantial changes in BMI occurred follow-
ing the initial dietary intervention resulting in differing patient
demographics prior to surgical intervention [e.g. Pre-surgical in-
tervention arm BMI: 43.1kg/m? (4.7), control arm BMI: 51.9kg/m?
(5.7)]. Despite substantial weight loss in the intervention arm
(post-surgical BMI 31.0kg/m? (5,3). No differences in semen vol-
ume, concentration, normal morphology, or vitality were present
between groups prior to dietary intervention or following bariat-
ric surgery.

Observational studies and pre-post meta-analysis

The type of bariatric surgery performed across these studies in-
cluded RYGB, sleeve gastrectomy, mixed (combination of RYGB
with either sleeve or ventral gastrectomy) and unspecified. Mean
age, pre- and post-surgical BMI and duration of follow-up are
provided in Table 1. Mean BMI pre-surgery ranged from 37.42 to
70.45kg/m?, reduction in BMI ranged from 7.56 to 24.70kg/m?
and mean critical appraisal assessment of 6/9. Common qualita-
tive flaws identified across these studies included a lack of suit-
able control, lack of repeated outcome measurements, and lack
of complete follow-up (Supplementary Table S4). Due to the pre-
dominance of observational studies, multiple study limitations
and heterogeneity of data, a GRADE Quality assessment of ‘Very
Low’ was assigned for all bariatric surgery meta-analysis out-
comes (Supplementary Table S8).

Semen volume

Pre- and post-operative semen volume was assessed in 13 studies
suitable for meta-analysis (Fig. 2A, n=336) (Reis et al., 2012;
Legro et al., 2015; El Bardisi et al,, 2016; Samavat et al., 2018;
Calderdn et al., 2019; Carette et al., 2019; Wood et al., 2020; Fariello
et al, 2021; Velotti et al, 2021; Minambres et al., 2022;
Abouelgreed et al., 2023; Javani et al., 2023; Gao et al., 2024). The
random effects model identified no association between bariatric
surgery and semen volume (MD=0.13ml, 95% CI=[-0.26, 0.52],
P=0.50) and no significant publication bias (Egger’s test P=0.75).
A high degree of heterogeneity was identified (I°=88.6%).
Following exclusion of studies with calculated mean and SD
(consisting of a mix of RYGB and SG) (El Bardisi et al., 2016; Wood
et al, 2020), we found a small increase in semen volume
(MD =0.34ml, 95% CI=[0.05, 0.64], P=0.02) and similar heteroge-
neity (°=75.4%).

Due to the high heterogeneity, a post hoc meta-regression
adjusting for type of surgery was undertaken. Heterogeneity re-
duced following adjusting for type of surgery undertaken
(I’=80.1%), and studies undertaking solely RYGB had greater
increments in semen volume compared to other forms of inter-
vention (Mixed, Solely Sleeve gastrectomy, Supplementary Table
S9). The relationship between change in BMI, surgical intervention
and semen volume is displayed in Supplementary Fig. S1A-D.
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Articles identified via database
search (n = 23,673)

Individual database results

Scopus: 8,714

Embase: 6,820

Pubmed: 4,408

Web of Science: 1,901

Cochrane Central Register of Controlled
Trials: 1263

Clinicaltrials.gov: 470

World Health Organisation International

13,358 Abstracts screened

Registry: 97
| J
' p
> 10,315 Duplicates identified
\_ J

13,300 Abstracts not meeting
inclusion criteria (e.g. wrong cohort,

58 Full text articles assessed

A 4

intervention or outcome
measurement) )

26 Studies excluded
(Supplemental table 1)
¢ 14 Conference abstracts
e 4 Incorrect participant population

P
32 Articles included*
e 18 Bariatric surgery articles
o 5 Pharmacotherapy articles
e 10 Lifestyle intervention articles
\ J

4

¢ 3 Non-English study
e 1 Letter to Editor
¢ 3 Incorrect outcome measure
¢ 1 Incorrect study design

Figure 1. PRISMA flowchart of systematic review. *Single study (Andersen et al., 2022) was composed of both pharmacotherapy and lifestyle
intervention cohorts and therefore included in both sections. Created in BioRender. McPherson, N. (2025) https://BioRender.com/mkij81v

Change in BMI after bariatric surgery was not identified as a signif-
icant moderating factor (MD=-0.01ml, 95% CI=[-0.10, 0.08],
P=0.85, 1’=89.6%).

Sperm concentration

Sperm concentration was assessed pre- and post-operatively in
13 studies suitable for meta-analysis (Fig. 2B, n=319) (Reis et al,,
2012; Sermondade et al., 2012; Legro et al., 2015; El Bardisi et al.,
2016; Samavat et al., 2018; Calderdn et al., 2019; Carette et al.,
2019; Wood et al., 2020; Fariello et al., 2021; Velotti et al., 2021;
Minambres et al., 2022; Abouelgreed et al., 2023; Gao et al., 2024).
The random effects model identified no association between bar-
iatric surgery and sperm concentration (MD =—4.84mil/ml, 95%
CI=[-18.23, 8.54], P=0.48). No publication bias was identified by
Egger’s test (P=0.13) and a high heterogeneity was observed
(I’=99.2%). Following exclusion of studies with calculated mean
and SD (El Bardisi et al., 2016; Wood et al., 2020), we identified no
change in sperm concentration following bariatric surgery
(MD =-3.84mil/ml, 95% CI=[-19.82, 12.13], P=0.64) with a simi-
lar degree of heterogeneity (1°=99.43%).

Due to the high heterogeneity, post hoc meta-regression adjust-
ing for type of surgery was performed. Adjustment for surgical
intervention identified that studies reporting mixed interventions
had reductions in sperm concentration compared to RYGB

studies (Supplementary Table S10). There was no moderating ef-
fect of change in BMI on sperm concentration by random effects
meta-regression (MD=0.68mil/ml, 95% Cl=[-3.54, 12.17],
P=0.64, [’=97%). A graphical representation of the relationship
between the change in BMI, surgical intervention and change in
sperm concentration is displayed in Supplementary Fig. S2A-D.
Three case reports reporting on sperm concentration were not
suitable for incorporation into the meta-analysis (di Frega et al.,
2005; Lazaros et al.,, 2012; Razzaq et al., 2021). In a series of six
Italian men with previously proven fertility who underwent
Roux-en-Y gastric bypass (BMI >40kg/m?, weight loss of 60-80kg
each), serial semen analyses performed over the next year post-
operatively (n=3-4 for each man) identified azoospermia (di
Frega et al,, 2005). In a second report, two men (BMI 40.1 and
38.2kg/m?, respectively) underwent assisted reproduction before
and after bariatric surgery (gastric sleeve and not specified).
Semen analysis performed 1-1.5years following surgery showed
reductions in sperm concentration compared to pre-operative
assessments (59x10°/ml to 21x10%/ml and 32x10%/ml to azoo-
spermia, respectively) (Lazaros et al., 2012). In the third report,
two men (BMI 81.2 and 52kg/m? who also had previously
fathered children underwent sleeve gastrectomy. Despite
successful paternity pre-operatively, both men suffered from
post-operative infertility and semen analyses confirmed


https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmaf025#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmaf025#supplementary-data
https://BioRender.com/mkij81v
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A Post
Author, Year Mean SE Mean SE Sample size Semen volume (ml) Estimate [95% CI]
Reis, 2012 2.90 0.25 4.10 0.25 10 —— 1.20[0.70, 1.70]
Legro, 2015 2.10 0.64 2.00 1.15 3 - -0.10 [-2.06, 1.86]
El bardisi, 2016 5.18 0.48 3.35 0.26 46 H -1.83 [-2.65, -1.01]
Samavat, 2018 220 0.27 2.80 0.29 23 0.60[0.03, 1.17]
Calderon, 2019 250 0.22 230 0.40 20 -0.20 [-0.88, 0.48]
Carette, 2019 2.75 0.19 2.71 0.18 46 -0.04 [-0.36, 0.28]
Wood, 2020 1.50 0.14 1.20 017 18 -0.30 [-0.61, 0.01]
Fariello, 2021 2.00 0.28 3.00 0.18 15 1.00[0.51, 1.49]
Velotti, 2021 225 0.16 2.80 0.14 35 0.55[0.25, 0.85]
Minambres, 2022 2.90 0.51 3.16 043 12 0.26 [-0.66, 1.18]
Abouelgreed, 2023 2.80 0.24 2.96 0.19 54 0.16 [-0.27, 0.59]
Javani, 2023 268 0.27 246 0.19 20 -0.22 [-0.69, 0.25]
Gao, 2024 3.28 0.13 343 0.19 34 + 0.15[-0.19, 0.49]
RE Model for All Studies (Q = 73.22, df = 12, p = <.0001; > = 88.6%, ©* = 0.41) Total = 336 —fe— 0.13[-0.26, 0.52]

r T T T T 1
3 -2 -1 0 1 2
Pre-intervention Post-intervention
Author, Year Mean SE Mean SE Sample size ‘Sperm concentration (million/ml) Estimate [95% CI]
Reis, 2012 78.70 18.53 104.00 21.03 10 —_——— 25.30 [-13.70, 64.30]
Sermondade, 2012 18.30 14.95 0.40 0.26 3 —— -17.90 [ -46.96, 11.16]
Legro, 2015 65.00 42.15 99.00 85.45 3 34.00 [-111.04, 179.04]
El bardisi, 2016 37.75 4.76 36.22 4.26 46 - -1.53[-10.41, 7.34]
Samavat, 2018 83.00 20.85 55.00 13.14 23 —— -28.00 [ -60.37, 4.37]
Calderon, 2019 18.00 15.43 12.00 8.50 20 ——— -6.00 [ -32.23, 20.23]
Carette, 2019 177.70 26.20 108.20 13.70 46 —— -69.50 [ -96.03, -42.97]
Wood, 2020 72.50 19.21 47.00 11.75 18 —— -25.50 [ -58.37, 7.37]
Fariello, 2021 42,00 12.50 60.70 10.07 15 18.70 [ -3.80, 41.20]
Velotti, 2021 6.47 0.67 10.85 0.89 35 4.38[ 2.81, 5.95]
Minambres, 2022 4875 9.94 44.85 12.59 12 -3.90 [ -26.43, 18.63]
Abouelgreed, 2023 295 0.16 9.87 0.21 54 6.92[ 6.55, 7.29]
Gao, 2024 70.26 3.77 86.18 212 34 15.92[ 9.51, 22.33]
RE Model for Al Studies (Q = 67.24, df = 12, p = <.0001; I = 99.2%, t* = 436.89) Total = 319 — -4.84[-18.23, 8.54]
T T T T T 1
-150 -100 -50 0 50 100 150 200

C Pre-intervention Post-intervention
Author, Year Mean SE Mean SE Sample size Sperm progressive motility (%) Estimate [95% CI]
Reis, 2012 34.00 2.81 36.00 2.69 10 —-— 2.00 [ -3.40, 7.40]
Sermondade, 2012 22.00 8.49 5.70 2.94 3 —_— -16.30 [-30.93, -1.67]
Legro, 2015 46.00 14.43 55.00 16.17 3 9.00 [-21.13, 39.13]
El bardisi, 2016 22.77 233 23.47 223 46 —— 0.70[-3.77, 5.17]
Samavat, 2018 38.90 4.11 43.00 4.40 23 —— 4.10[-2.77,10.97]
Calderon, 2019 20.00 6.71 25.00 7.83 20 —_— 5.00[-9.37, 19.37]
Carette, 2019 35.00 1.86 31.80 AT 46 —— -3.20[-6.50, 0.10]
Wood, 2020 39.00 5.06 31.00 5.59 18 —_—— -8.00 [-18.47, 2.47]
Fariello, 2021 32.10 3.07 59.20 217 15 —— 27.10[21.74, 32.46]
Velotti, 2021 13.84 1.41 23.29 1.54 35 —— 9.45 6.55, 12.35]
Minambres, 2022 38.66 5.10 26.00 425 12 —— -12.66 [-21.94, -3.38]
Abouelgreed, 2023 17.50 0.36 21.20 0.29 54 [ ] 3.70[ 3.06, 4.34]
RE Model for All Studies (Q = 131.13, df = 11, p = <.0001; I = 96.5%, 1 = 110.99) Total = 285 —— 2.00[-4.54, 8.54]

r T T 1
-40 -20 0 20 40

D Pre-intervention Post-intervention
Author, Year Mean Mean Sample size Sperm morphology (% Normal) Estimate [95% CI]
Reis, 2012 8.20 1.26 11.00 0.82 10 —— 2.80[ 0.32, 5.28]
Sermondade, 2012 7.00 3.46 3.00 242 3 —_— -4.00 [-10.79, 2.79]
Legro, 2015 10.00 462 7.00 6.35 3 _— -3.00 [-12.05, 6.05]
El bardisi, 2016 56.36 333 67.12 333 46 —_— 10.76 [ 4.24,17.28]
Samavat, 2018 8.50 1.63 5.00 0.96 23 ——— -3.50 [ -6.28, -0.72]
Calderon, 2019 2.00 0.89 2.00 0.89 20 —— 0.00[-1.75, 1.75]
Carette, 2019 15.40 1.28 12.30 0.94 46 —-— -3.10[-5.61, -0.59]
Wood, 2020 3.00 0.35 2.00 0.52 18 i -1.00 [-1.68, -0.32]
Fariello, 2021 4.90 0.36 950 0.41 15 - 460 3.89, 5.31]
Velotti, 2021 234 0.19 3.00 0.16 35 - 0.66 [ 0.29, 1.03]
Minambres, 2022 583 130 282 0.60 12 —— -3.01 [ -5.56, -0.46]
Abouelgreed, 2023 15.83 0.63 16.45 0.64 54 - 0.62[-0.61, 1.85]
Javani, 2023 45.58 5.00 43.95 373 20 -1.63 [-11.43, 8.17]
RE Model for All Studies (Q = 179.61, df = 12, p = <.0001; I* = 95.8%, * = 8.53) Total = 305 — 0.10[-1.75, 1.95]

I T T T T T 1
-15 -10 -5 0 5 10 15 20
E . -
Author, Year Mean SE Mean SE Sample size Sperm DNA damage (%) Estimate [95% CI]
Samavat, 2018 44.80 4.80 31.90 327 23 —_— -12.90 [-21.22, -4.58]
Carette, 2019 9.90 0.93 7.70 0.52 46 - -2.20[-3.32, -1.08]
Minambres, 2022 25.27 266 34.22 401 12 —— 8.95[ 2.02, 15.88]
RE Model for All Studies (Q = 16.28, df = 2, p = 0.0003; I? = 92.8%, t* = 98.81) Total = 81 -1.89[-13.68, 9.90]
r T T T 1
-25 -20 -15 -10 -5 0 5 10 15 20

Figure 2. Meta-analysis forest plots of semen parameters in relation to bariatric surgery interventions. (A) Semen volume, (B) Sperm concentration,

(C) Sperm progressive motility, (D) Sperm normal morphology, (E) Sperm DNA damage. SE, standard error of the mean, RE, random effects, FE, fixed

effects, Q, Cochran’s Q statistic, df, degrees of freedom, I?, I’ heterogeneity statistic, t°, t° variance statistic.



azoospermia (at 4 years and 1-year post-operation, respectively).
(Razzagqg et al., 2021).

Progressive motility

Sperm progressive motility was assessed in 12 studies suitable
for meta-analysis (Fig. 2C, n=285) (Reis et al., 2012; Sermondade
et al., 2012; Legro et al., 2015; El Bardisi et al., 2016; Samavat et al.,
2018; Calderdn et al., 2019; Carette et al., 2019; Wood et al., 2020;
Fariello et al., 2021; Velotti et al., 2021; Minambres et al., 2022;
Abouelgreed et al., 2023). The random effects model identified no
association between bariatric surgery and sperm progressive mo-
tility (MD=2.0%, 95% CI=[—4.54, 8.54], P=0.55). No evidence of
publication bias was identified via Egger’s test (P=0.85). A signifi-
cant degree of heterogeneity was observed (I°=96.5%). Exclusion
of studies with calculated mean and SD (El Bardisi et al., 2016;
Wood et al., 2020) showed similar findings (MD =3.06%, 95% Cl=
[-4.62, 10.75], P=0.43) with similar heterogeneity (I*>=97.1%).

Due to high heterogeneity, post hoc meta-regression adjusting
for surgical intervention was performed, with studies examining
solely RYGB being associated with increases in sperm concentra-
tion (Supplementary Table S11). There was no moderating effect
of change in BMI on progressive motility by random effects meta-
regression (MD =0.09%, 95% Cl=[—1.30, 1.48], P=0.90, [’=96.8%).
A graphical representation of the relationship between the
change in BMI, surgical intervention and change in sperm con-
centration is displayed in Supplementary Fig. S3A-D.

One case report was unsuitable for inclusion in the
meta-analysis. In the report, two men (BMI 41.1 and 38.2kg/m?)
underwent semen analysis before and after bariatric surgery
(gastric sleeve and not specified, respectively). Compared to
pre-operative assessment, sperm progressive motility assessed
1-1.5years following surgery was reduced in both men (42% re-
duced to 17% and 41% with subsequent azoospermia, respec-
tively) (Lazaros et al., 2012).

Normal morphology

Normal morphology was assessed in 13 studies suitable for
meta-analysis (Fig. 2D, n=305) (Reis et al.,, 2012; Sermondade
et al., 2012; Legro et al., 2015; El Bardisi et al., 2016; Samavat et al.,
2018; Calderdn et al., 2019; Carette et al., 2019; Wood et al., 2020;
Fariello et al., 2021; Velotti et al., 2021; Minambres et al., 2022;
Abouelgreed et al., 2023; Javani et al.,, 2023). The random effects
model identified no association between bariatric surgery and
sperm normal morphology (MD=0.10%, 95% CI=[-1.75, 1.95],
P=0.92). No evidence of publication bias was identified (Egger’s
test P=0.64). A significant degree of heterogeneity was observed
(I*=95.8%). Similar findings (MD =—0.28%, 95% Cl=[-2.14, 1.57],
P=0.77) and heterogeneity (I°’=93.9%) were identified following
exclusion of studies with calculated mean and SD (El Bardisi
et al., 2016; Wood et al., 2020).

Due to significant heterogeneity, post hoc meta-regressions
adjusting for surgical intervention were performed, with a minor
reduction in heterogeneity (I°’=89.4%) (Supplementary Table
S12). There was no moderating effect of change in BMI on sperm
normal morphology (MD =-0.29%, 95% CI=[-0.65, 0.06], P=0.10,
°’=92.5%). Supplementary Figure S4A-D shows the relationship
between the change in BMI, surgical intervention and change in
sperm normal morphology.

One case report and one interventional study reporting
on normal morphology were not suitable for inclusion in the
meta-analysis. In the report, two men (BMI 40.1 and 38.2kg/m?)
underwent bariatric surgery (gastric sleeve and not specified, re-
spectively). A reduction in normal morphology was identified on
semen analysis performed 1-1.5 years following bariatric surgery

(31% reduced to 18% and 25% with subsequent azoospermia, re-
spectively) (Lazaros et al., 2012). In a series by Gao et al. (2024), 34
Chinese men (BMI 37.4kg/m? [3.64]) underwent laparoscopic
sleeve gastrectomy with serial semen analyses performed over
the following 12 months. Normal morphology was not reported,
however, the proportion of neck/middle segment deformities in-
creased in the first 3months following surgery, with subsequent
reduction to below pre-surgical rates by 12months post-
operatively (Gao et al., 2024).

Sperm DNA damage

Sperm DNA damage was reported in five studies (Samavat et al.,
2018; Carette et al., 2019; Wood et al., 2020; Fariello et al., 2021;
Minambres et al., 2022). The method of sperm DNA damage
analysis varied between studies; and included terminal uridine
nick end labelling (TUNEL) assay (Samavat et al., 2018; Carette
et al., 2019), comet classification (Wood et al., 2020; Fariello et al.,
2021) and sperm chromatin dispersion test (Minambres et al.,
2022). A meta-analysis was possible of the TUNEL and sperm
chromatin dispersion test outcomes (Fig. 2E, n=281). Included
studies involved a mix of RYGB and SG interventions. The ran-
dom effects model identified no association between bariatric
surgery and change in sperm DNA damage (MD=-1.89%, 95%
CI=[-13.68, 9.90], P=0.75). No evidence of publication bias was
identified (Egger’s test P =0.943). A significant degree of heteroge-
neity was observed (I°’=92.8%). Due to the small sample size,
analysis by type of surgical intervention was not performed.

Two studies were unable to be incorporated into the meta-
analysis as DNA damage was assessed via Comet classification
(Visual assessment of fragmentation) (Wood et al., 2020; Fariello
et al,, 2021). In a study of 18 men [BMI median 43.9kg/m? (IQR
11.60)], the proportion of sperm with Comet class 1 (high DNA in-
tegrity) increased 6months following bariatric surgery (mix of
RYGB and SG) as compared to pre-operative assessment [Pre:
12.5% (19), Post: 30.5% (33)] (Wood et al., 2020). In a second study
of 15 men [BMI mean 45.7 kg/m? (SD 8.3)], a similar increase in
Comet class 1 sperm occurred 12months following RYGB [Pre
24%(3.7), Post 47.3%(5.5)]. (Fariello et al., 2021).

Lipid peroxidation
Lipid peroxidation was reported in a cohort of 15 men [BMI
45.7kg/m? (SD 8.3)] undergoing RYGB. There was a reduction in
malondialdehyde concentration 12months following bariatric
surgery [pre: concentration 27.9ng/ml (4.3), post: 14ng/ml (3)]
(Fariello et al., 2021).

Conception rate and assisted reproduction outcomes
Conception outcomes were reported in three case reports
(Lazaros et al., 2012; Sermondade et al., 2012; Razzaq et al., 2021).
A total of seven men, four of which had previously fathered chil-
dren, developed infertility following bariatric surgery (either
RYGB or SG) with post-operative follow-up ranging from 1 to
4 years. A total of three men across two of these series under-
went ICSI, however, conception was not achieved (Lazaros et al.,
2012; Sermondade et al., 2012).

Assisted reproduction outcomes were reported in one addi-
tional study of 35 men [BMI 39.56 kg/m? (1.51)] with idiopathic in-
fertility who underwent assisted reproduction prior to and
6months after laparoscopic sleeve gastrectomy (Velotti et al,
2021). An increase in top-quality embryos, implantation rate and
pregnancy rate occurred post-operatively. However, this finding
is confounded by concurrent increases in top-quality oocytes and
number of fertilized oocytes in the post-operative collection,
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which is unlikely to be solely due to paternal bariatric surgery
(Velotti et al., 2021).

Weight loss pharmacotherapy

Pharmacotherapy targeted for weight loss or as an insulin sensi-
tiser was assessed in a total of one sub-study of a randomized
control trial (Andersen et al., 2022), three pre-post studies without
controls (Morgante et al., 2011; Raghif, 2015; La Vignera et al,
2023) and one case report (Fontoura et al., 2014) with a total of
119 patients (Table 2). Two agents, metformin and liraglutide,
were assessed and discussed individually.

Metformin

Metformin was assessed in two quasi-experimental studies
(n=63) (Morgante et al., 2011; Raghif, 2015). In the first study of
45 men with overweight/obesity [BMI 28 kg/m? (3.5)], 6 months of
maximally tolerated metformin was associated with improve-
ments in sperm concentration [16.2x10%/ml (3.4) vs 20.0x10%/ml
(4.2)], progressive motility [39% (8) vs 51%(7)] and normal mor-
phology [25% (3) vs 30% (2)] without change in semen volume
(results not reported) or BMI [post: 27.3kg/m? (3.1)] (Morgante
et al., 2011). In the second study of 18 men with obesity [35.93kg/
m? (5.7)], 3months of maximally tolerated metformin was associ-
ated with a reduction in sperm concentration [19.0x10%/ml (14.5)
vs 16.1x10°/ml (13.8)] without change in semen volume [3.04ml
(1.12) vs 3.08ml (0.93)] or normal morphology [62.1% (11.0) vs
64.6% (5.0)] (Raghif, 2015). The mean BMI was reduced by ~1kg
following metformin use (post-weight 34.85kg/m® (5.2).
Specialized sperm parameters, conception rates or assisted re-
production outcomes were not reported in either study.

A meta-analysis was performed where data were suitable
from both studies, acknowledging that a meta-analysis of two
small studies has limited representative capacity. Random effect
meta-analysis (Fig. 3A, n=63) identified no changes in sperm
concentration following metformin use (MD=1.28 mil/ml, 95%
Cl=[-5.07, 7.62], P=0.69), with a high degree of heterogeneity
(I’=74.2%). Random effects meta-analysis (Fig. 3B, n=63) identi-
fied an increase in sperm normal morphology following metfor-
min use (MD =4.40, 95% CI=[1.94, 6.86], P=0.001) with moderate
heterogeneity (I’=33.6%) Due to study limitations, observational
studies and limited sample size, GRADE Quality of assessment
rating was ‘Very Low  for meta-analysis outcomes
(Supplementary Table S8).

Liraglutide

Liraglutide was assessed in one quasi-experimental pre-post
study without control arm (La Vignera et al., 2023), one sub-study
of a randomized controlled trial (Andersen et al., 2022) and one
case report (n=56) (Fontoura et al., 2014). Follow-up duration
ranged from 4 to 12months, and JBI Critical Appraisal scores
were 7/9 (La Vignera et al., 2023), 10/13 (Andersen et al., 2022) and
8/8 (Fontoura et al., 2014) (Table 2, Supplementary Table S5).
Mean pre-intervention BMI ranged from 31.6 to 36kg/m? Mean
BMI change ranged from +1 to —6kg/m?, noting that the two
arms of the study by Andersen et al. (2022) utilized liraglutide fol-
lowing 8 weeks VLED which may mask weight loss potency of lir-
aglutide alone. The primary limitation was a lack of repeated
measurement of outcome variables in both cases.

The first study is a subgroup analysis of the S-Lite randomized
control trial, where participants underwent an 8-week VLED with
subsequent random allocation to one of four groups (exercise
[n=9], liraglutide [n=29], liraglutide and exercise [n=13] or con-
trol [n=8])for extended weight maintenance over 52 weeks with
semen analysis before VLED, before randomization and after

weight maintenance (Andersen et al, 2022). RoB2 critical ap-
praisal assessment identified ‘some concerns’ related to Domain
two and five (Supplementary Table S7).

Mean pre-commencement BMI ranged from 35.76 to 38.2kg/
m?, and significant weight loss occurred following VLED resulting
in mean pre-randomization BMI ranging from 30.8 to 32.4kg/m?.
Statistical analysis examined changes dependent on degree of
weight loss maintained rather than specific intervention pro-
vided; identifying that sperm concentration increased in those
who maintained a >11.7 kg weight loss over the entire trial (1.71-
fold increase, 95% CI [1.22-3.18], P < 0.05). No changes in semen
volume, sperm concentration or motility were identified.
Intervention arm-based outcomes were available in supplemen-
tary data, and in both the liraglutide (n=7) and liraglutide and
exercise (n=13) cohorts, no change in BMI occurred over the 52-
week weight maintenance period. Liraglutide use was not associ-
ated with changes in semen volume or sperm concentration.
Sperm progressive motility was not assessed; however, sperm to-
tal motility also did not change in either cohort.

The second study assessed the effect multiple pharmaco-
therapies (urofillotropin [n=35], maximally tolerated liraglutide
[n=35], transdermal testosterone [n=40]) in men with obesity
for 4 months (La Vignera et al., 2023). In the Liraglutide cohort
[BMI 36kg/m? (3)], liraglutide use was associated significant
weight reduction to 30kg/m? (2) with an increase in sperm con-
centration (mean 6x10%/ml vs 16x10°/ml, P <0.05), progressive
motility [14% (2) vs 35% (4)] and normal morphology (mean 4% vs
10%, P < 0.05).

A meta-analysis was performed where data were suitable
from both studies, again acknowledging that meta-analysis of
two studies has limited representative capacity. In this section,
Andersen (1) refers to the S-Lite subgroup who underwent the lir-
aglutide intervention (n=7), whereas Andersen (2) refers to the
subgroup who underwent liraglutide and exercise intervention
(n=13). Regarding sperm concentration, the random effects
meta-analysis (Fig. 3C, n=55) identified moderate heterogeneity
(I’=38.1%) and no change in sperm concentration in response to
treatment with liraglutide (MD=0.58mil/ml, 95% CI=[-24.76,
25.91], P=0.96). GRADE Quality of assessment rating was ‘Very
Low’ (Supplementary Table S8).

The single case report describes a man with obesity (weight
100kg) who was undergoing an infertility assessment (Fontoura
et al., 2014). Serial semen analysis identified a gradual onset of
azoospermia occurring ~5months following commencement of
liraglutide 0.6 mg daily. Liraglutide was ceased at this time, and
three serial semen analyses performed over the following
5 months showed incremental partial recovery of sperm concen-
tration. No significant changes in semen volume or sperm motil-
ity occurred over this period, although sperm normal
morphology did not recover (8% initial vs 2.5% 5months post-
cessation). ICSI was performed 5 months following liraglutide
cessation and a successful twin pregnancy occurred.

Lifestyle intervention (diet/exercise)

Lifestyle interventions were assessed in five randomized con-
trolled trials (Rafiee et al.,, 2016; Rosety et al., 2017; Mombeyni
et al., 2021; Ismail et al., 2023; Sharma et al., 2024), one sub-study
of a randomized controlled trial (with two components, an initial
pre-post study followed by the randomized intervention)
(Andersen et al., 2022), three pre-post studies without control
arms (Hakonsen et al., 2011; Jaffar and Ashraf, 2017; Mir et al,,
2018) and one case series (Faure et al., 2014) with a total of 319
participants (Table 3). Only one study was found to have
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A

Pre-intervention

Post-intervention

Author, Year Mean SE Mean SE Sample size Sperm concentration (million/ml) Estimate [95% CI]

Morgante, 2011 16.20 0.51 20.00 0.63 45 —— 3.80[2.67,4.93]

Raghif, 2015 19.00 342 16.13 3.24 18 -2.87 [-9.41, 3.67]
o Total = 63

RE Model for All Studies (Q = 3.88, df = 1, p = 0.0489; | = 74.2%, t° = 16.51) 1.28[-5.07, 7.62]

10 -8 6 -4 -2 4
B Pre-intervention Post-intervention
Author, Year Mean SE Mean SE  Sample size Sperm morphology (% Normal) Estimate [95% CI]
Morgante, 2011 25.00 0.45 30.00 0.30 45 —— 5.00[4.12,5.88]
Raghif, 2015 62.80 259 64.58 Ll 18 1.78 [-3.29, 6.85]
. " Total = 63
RE Model for All Studies (Q = 1.51, df =1, p = 0.2198; I = 33.6%, 1" = 1.74) ——— 4.40[1.94, 6.86]
r T T T
-4 -2 2 6
C Pre-intervention  Post-intervention
Author, Year Mean SE Mean SE Sample size Sperm concentration (million/ml) Estimate [95% CI]
Andersen(1), 2022 115.50 29.59 80.00 22.00 i -35.50 [-87.68, 16.68]
Andersen(2), 2022 99.10 27.98 99.00 32.03 13 -0.10 [-59.32, 59.12]
La Vignera, 2023 6.00 0.17 16.00 0.34 85 10.00 [ 9.43, 10.57]
Total = 55 :
RE Model for All Studies (Q = 3.03, df = 2, p = 0.2195; I = 38.1%, ?ia= 245.32) ————— 0.58 [-24.76, 25.91]
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Figure 3. Meta-analysis forest plots of semen parameters in relation to weight loss pharmacotherapy use interventions. (A) Sperm concentration
following metformin, (B) Sperm normal morphology following metformin, (C) Sperm concentration following liraglutide. SE, standard error of the
mean, RE, random effects, FE, fixed effects, Q, Cochran’s Q statistic, df, degrees of freedom, %2 heterogeneity statistic, ©°, ° variance statistic.

prospective registration with an established trial registry
(Andersen et al., 2022).

Randomized controlled trials and intervention-control
meta-analyses

A total of six parallel arm randomized controlled trials were per-
formed examining lifestyle interventions, five of which examined
varying exercise interventions (Rafiee et al.,, 2016; Rosety et al.,
2017; Mombeyni et al., 2021; Andersen et al., 2022; Ismail et al.,
2023), and one examined dietary optimization (Sharma et al.,
2024). All studies had varying degrees of biases resulting in mean
JBI Critical Appraisal assessment of 7.5/13 (Supplementary Table
S6) and RoB2 scores ranging from ‘some concerns’ to ‘high risk’
(Supplementary Table S7). Duration of interventions ranged from
3 to 12months. Due to limitations in study design and sample
size, GRADE Quality of assessment rating of ‘Low’ for meta-
analysis outcomes (Supplementary Table S8).

Meta-analysis forest plots are shown in Fig. 4A-D. Each in-
cluded study had small sample sizes, with total participants in
each arm (intervention/control) ranging from 32 to 53 partici-
pants. No heterogeneity was identified for meta-analyses of se-
men volume (I’=0%). Fixed effects model identified no
association between lifestyle intervention and changes in semen
volume (MD=0.03ml, 95% CI=[0.12, 0.18] P=0.7), with no evi-
dence of publication bias identified (Egger’s test P=0.21). A high
degree of heterogeneity was observed in meta-analyses of sperm
concentration, progressive motility and normal morphology
(I’=51.9%, 89.4% and 85.3%, respectively). Random effects meta-
analysis identified no change in sperm concentration (MD
6.66 mil/ml, 95% CI=[-7.21, 20.53], P=0.35) or sperm progressive
motility (MD=9.24%, 95% CI=[—1.94, 20.41], P=0.11) with no

evidence of publication bias (Egger’s test P=0.54 and P=10.84, re-
spectively). Random effects meta-analysis also identified no
change in sperm normal morphology (MD=4.77%, 95% Cl=
[—4.67, 14.20], P =0.32).

Two trials presented data not suitable for meta-analysis
(Rafiee et al., 2016; Rosety et al., 2017).

In first, sperm quality was assessed in men randomly allo-
cated to either a 6-month intensive exercise program or vitamin
C supplementation. Significant qualitative concerns are present
including unclear control cohort, unclear sample size and incom-
plete participant demographics, resulting in a RoB2 assessment
identified ‘high risk’ (Supplementary Table S7). Outcomes were
categorized based on baseline BMI categorization. Following an
exercise intervention, an increase in semen volume (2.64ml
(3.15) vs 3.52ml (3.51)), sperm concentration (48.5x10%/ml (1.95)
vs 55.8x10°/ml (2.13)) and normal morphology (40.2% vs 58.1%)
was identified in men who were overweight at baseline. Similar
improvements in semen volume (1.8ml (2.95) vs 2.85ml (3.1)),
sperm concentration (35.3 x 10%/ml (2.11)vs 48.9 x 10%/ml (3.11))
and normal morphology (28.2-35%) occurred in men with obesity
(Rafiee et al., 2016). Demographic data comparing the control co-
hort to exercise not reported.
Comparison of outcomes between the control and intervention
arm was not available.

The second study involved 90 men with obesity (BMI 31.2kg/
m? (1.1)) randomized to either a 16-week aerobic training pro-

intervention cohort was

gram or no intervention. RoB2 assessment identified ‘some con-
cerns’ in domains one, two and five. No significant change in
semen volume was identified following the intervention (median
[5th, 95th percentile]—2.81 mls [0.89, 6.2] vs 2.92 mls [1.12, 6.5],
P=0.18) (Rosety et al,, 2017). Increases in sperm concentration
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Author, Year Control Intervention

Semen volume (ml) Estimate [95% CI]

Mean SE  Sample size Mean SE  Sample size
Mombeyni, 2021 6.60 0.38 12 6.60 0.82 12 0.00 [-1.77, 1.77]
Andersen(2), 2022 2.60 0.33 8 2.60 0.37 9 0.00[-0.97, 0.97]
Ismail, 2023 2.58 0.05 20 2.61 0.05 20 —.— 0.03 [-0.12, 0.18]

RE Model for All Studies (Q = 0.00, df = 2, p = 0.9977; I> = 0.0%, ©* = 0.00)

Favors Control :
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Sperm concentration (million/ml) Estimate [95% CI]

Mean SE Sample size Mean SE  Sample size
Mombeyni, 2021 44.08 7.67 12 69.03 6.56 12 —_—— 24.95[ 5.16, 44.74]
Andersen(2), 2022 54.20 14.70 8 63.90 14.77 9 H 9.70 [-31.14, 50.54]
Ismail, 2023 36.40 1.20 20 37.10 1.48 20 '—.—' 0.70[-3.04, 4.44]
Sharma(1), 2023 58.50 9.47 12 5360  10.51 12 -4.90 [-32.62, 22.82]

RE Model for All Studies (Q = 5.93, df =3, p = 0.1151; 1? = 51.9%, 1 = 98.79)
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Control
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Sperm progressive motility (%) Estimate [95% CI]

Mean SE Sample size Mean SE  Sample size
Mombeyni, 2021 54.45 5.63 12 74.64 294 12 20.19[7.74, 32.63]
Ismail, 2023 28.80 0.53 20 39.70 0.92 20 —— 10.90 [ 8.82, 12.98]
Sharma(1), 2023 54.00 1.73 12 53.00 2.89 12 »—I1—< -1.00 [-7.60, 5.60]

RE Model for All Studies (Q = 13.96, df = 2, p = 0.0009; I = 89.4%, ©° = 82.43)
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Sperm morphology (% Normal) Estimate [95% CI]

Mean SE  Sample size Mean SE  Sample size
Mombeyni, 2021 69.67 3.42 12 80.00 1.44 12 10.33[3.06, 17.61]
Ismail, 2023 8.80 0.28 20 9.40 0.22 20 -I—< 0.60 [-0.10, 1.30]

RE Model for All Studies (Q = 6.81, df = 1, p = 0.0091; 1? = 85.3%, 1 = 40.42)
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Figure 4. Meta-analysis forest plots of semen parameters comparing lifestyle intervention versus placebo in parallel arm randomized controlled
trials. (A) Semen volume, (B) Sperm concentration, (C) Sperm progressive motility, (D) Sperm normal morphology. SE, standard error of the mean, RE,
random effects, FE, fixed effects, Q, Cochran’s Q statistic, df, degrees of freedom, 212 heterogeneity statistic, %, variance statistic.

(45mil/ml [4.70, 296.4] vs 48.8mil/ml [5.3-312.8] P=0.04), pro-
gressive motility (42.6% [9.0, 56.8] vs 46.2% [10.2, 60.0], P=0.02)
and normal morphology (21% [2.70, 61.8] vs 23.3% [3.9, 64.6],
P=0.03) were identified following the exercise intervention
(Rosety et al.,, 2017). Both the control and intervention cohorts
were similar at baseline (age, BMI, high-density lipoprotein con-
centration, triglyceride concentration, glycaemia, energy intake).
Analyses only examined pre-post differences within the same co-
hort, and no changes in sperm parameters in the control cohort
were identified.

Observational studies and pre-post meta-analyses

Mean pre-intervention BMI of observational studies ranged from
30.58 to 45.33kg/m?, and when reported, mean weight change
ranged from +1 to =5kg/m?. Mean JBI Critical Appraisal assess-
ments were 5.67/9 for quasi-experimental studies and 7/10 for
the case series (Supplementary Table S6). Consistent qualitative
limitations of quasi-experimental studies included lack of suit-

able control and lack of multiple measures. Types of

interventions included healthy dietary changes, exercise, VLED,
or a combination. Duration of interventions ranged from 2 to
12months, although most were less than 6 months. Limitations
in study design and likely insufficient sample size again resulted
in a GRADE Quality of assessment rating was ‘Low’ for meta-
analysis outcomes (Supplementary Table S8).

Outcomes from one observational study were presented in a
manner not suitable for incorporation to any meta-analysis
(Hakonsen et al.,, 2011). A narrative review of this study occurs
following meta-analysis results. Two studies utilized the same
cohort of patients and have been amalgamated for the purposes
of meta-analysis (Jaffar and Ashraf, 2017; Mir et al.,, 2018). The
study by Andersen et al. (2022) had two components that were
assessed separately; an initial weight loss intervention via a
VLED for 2months, followed by randomization into four groups
(exercise, liraglutide, both or control), for which the exercise co-
hort is assessed in this section. Andersen (1) will refer to the ini-
tial pre-post LVED intervention (Weeks 0-8), whereas Andersen
(2) will refer to the subsequent ‘exercise’ randomized subgroup
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(Weeks 8-60). Similarly, Sharma (1) refers to the cohort with nor-
mozoospermia within the Sharma et al. (2024) study, whereas
Sharma (2) refers to the cohort with oligozoospermia.

Semen volume

Semen volume was assessed before and after a lifestyle interven-
tion in seven studies (Hakonsen et al.,, 2011; Rafiee et al., 2016;
Rosety et al, 2017; Mir et al, 2018; Mombeyni et al., 2021;
Andersen et al., 2022; Ismail et al., 2023), of which four studies
were suitable for meta-analysis (Fig. SA, n=193) (Mir et al., 2018;
Mombeyni et al., 2021; Andersen et al., 2022; Ismail et al., 2023).
No heterogeneity was observed (I>=0%). Fixed effects model iden-
tified no association between lifestyle intervention and change in
semen volume (MD=0.07ml, 95% CI=[-0.03, 0.16], P=0.17).
Egger's test did not identify evidence of publication
bias (P=0.33).

Sperm concentration

Sperm concentration was assessed before and after a lifestyle in-
tervention in eight studies (Hakonsen et al., 2011; Rafiee et al,
2016; Rosety et al.,, 2017; Mir et al.,, 2018; Mombeyni et al., 2021,
Andersen et al., 2022; Ismail et al., 2023; Sharma et al., 2024), of
which five were suitable for meta-analysis (Fig. 5B, n=205) (Mir
et al., 2018; Mombeyni et al.,, 2021; Andersen et al., 2022; Ismail
et al., 2023; Sharma et al., 2024). There was no evidence of publi-
cation bias (Egger's Test P=0.44) and low heterogeneity
(I°=23.64%). The fixed effects model identified no association be-
tween lifestyle intervention and change in sperm concentration
(MD =1.29mil/ml, 95% CI=[-1.03, 3.61], P=0.26). There was no
detectable association of effect of change in BMI with change in
sperm concentration (MD=-2.06 mil/ml, 95% CI=[-5.73, 1.61]
P=0.27). Graphical representation of weight loss and semen vol-
ume is shown in Supplementary Fig. S5A.

In the subgroup with oligozoospermia of Sharma et al. (2024)
(n=43) the median (IQR) was reported before and after a 16-week
VLED. No significant change in sperm concentration was identi-
fied after the dietary intervention [pre: 5.6mil/ml (6.0), post:
3.4mil/ml (13.1)] (Sharma et al., 2024).

Sperm progressive motility

Progressive motility was assessed in six studies (Faure et al., 2014;
Rosety et al., 2017; Mir et al., 2018; Mombeyni et al., 2021; Ismail
et al., 2023; Sharma et al., 2024), of which five were suitable for
meta-analysis (n =155, Fig. 5C) (Faure et al., 2014; Mir et al., 2018;
Mombeyni et al.,, 2021; Ismail et al., 2023; Sharma et al., 2024).
There was neither publication bias Egger’s test (P=1.0) or hetero-
geneity (’=0%). The fixed effects model identified a positive as-
sociation between lifestyle intervention and progressive motility
(MD =10.6%, 95% CI=[8.97, 12.15], P<0.001). There was no effect
of change in BMI on change in progressive sperm motility
(Supplementary Fig. S5B).

In the subgroup of Sharma et al. (2024) with oligozoospermia
(n=43) the median (IQR) was reported before and after a 16-week
LVED. An increase in sperm progressive motility was identified
after the dietary intervention [pre: 28.7% (23), post: 44% (25)]
(Sharma et al., 2024).

Normal sperm morphology

Normal morphology was assessed in seven studies (Hakonsen
etal., 2011; Faure et al., 2014; Rafiee et al., 2016; Rosety et al., 2017;
Mir et al., 2018; Mombeyni et al., 2021; Ismail et al., 2023), of which
four studies were suitable for meta-analysis (Fig. 5D, n=143)
(Faure et al., 2014; Mir et al., 2018; Mombeyni et al., 2021; Ismail
et al., 2023). There was no evidence of publication bias (Egger’s

test P=0.21), nor heterogeneity (I’=0%). The fixed effects model
identified a positive association between lifestyle intervention
and normal sperm morphology (MD=0.59%, 95% CI=[0.23,
0.94], P=0.001).

Sperm DNA damage

Sperm DNA damage was reported in four studies (H&konsen
et al.,, 2011; Mir et al., 2018; Ismail et al., 2023; Sharma et al., 2024)
and one case series (Faure et al, 2014). Differing methods of
assessing sperm DNA damage or fragmentation were performed,
including TUNEL assay (Faure et al, 2014; Sharma et al,
2024), sperm chromatin dispersion test (Mir et al.,, 2018; Ismail
et al., 2023) and sperm chromatin structure assay (Hakonsen
et al., 2011). Four studies were suitable for meta-analysis (n = 143,
Fig. SE) (Faure et al, 2014; Mir et al, 2018; Ismail et al.,, 2023;
Sharma et al., 2024). There was no publication bias (Egger’s test
P=0.409) and a high degree of heterogeneity was identified
(1’=98.3%). The random effects model identified no reduction in
sperm DNA damage following a lifestyle intervention
(MD = —6.95%, 95% Cl=[-16.05, 2.15], P=0.13).

Reactive oxygen species

In the Sharma et al. cohort with oligozoospermia, ROS was mea-
sured by a chemiluminescence assay utilizing luminol. The de-
gree of ROS luminescence increased following a 12-week VLED
and 4-week food reintroduction phase (median [IQR] relative light
units—pre: 8.5[171.5], post: 13.02 [36.14]) (Sharma et al., 2024).

Conception rate and assisted reproduction outcomes

A single case series assessed conception rates before and after a
lifestyle intervention. 15 infertile men from the ALIFERT cohort
met the inclusion criteria of: non-smoking, DNA fragmentation
>25%, abdominal fat >4 measured by impendency, and in an
established relationship. Eight of the men agreed to participate in
a dietary program involving a complete nutritional assessment
and advice based on the French national nutrition and health
programme. All eight men who participated in the program
achieved pregnancy within 8months of the intervention.
Comparatively, only one of the seven men who did not partici-
pate in the dietary program achieved pregnancy (although time-
frame for follow-up is unclear) (Faure et al., 2014).

Narrative review of study not suitable for meta-analysis

A single observational study reported findings in a manner not
suitable for incorporation into aforementioned meta-analyses
(Hakonsen et al., 2011). In this study, men with obesity (n=43 at
enrolment, 26 at completion, BMI median 44 kg/m?), underwent a
14-week healthy diet and exercise program with serial monitor-
ing of sperm parameters before and after the intervention. The
change in sperm parameters was reported in relation to tertile of
weight loss (Tertile A: 3.5-12.1%,; Tertile B 12.1-17.1%; Tertile C:
17.2-25.4%). An increase in normal morphology was identified
only in the men achieving the greatest weight loss (Tertile 3:
mean increase 4%, 95% CI [1,7]). No changes in semen volume,
sperm concentration, or sperm DNA damage irrespective of de-
gree of weight lost were detected (Hakonsen et al., 2011).

This review is the first comprehensive systematic review and
meta-analysis of various methods of weight loss on fertility
parameters in men with obesity. Our review assessed several
measures of fertility and identified that current data involve
multiple small sample size studies that are highly heterogeneous
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Figure 5. Meta-analysis forest plots of semen parameters in relation to lifestyle interventions. (A) Semen Volume, (B) Sperm concentration, (C) Sperm
progressive motility, (D) Sperm normal morphology, (E) Sperm DNA damage. SE, standard error of the mean, RE, random effects, FE, fixed effects, Q,
Cochran’s Q statistic, df, degrees of freedom, I?, I* heterogeneity statistic, t°, t° variance statistic.



in terms of participant demographics, intervention performed,
and outcomes assessed. Both pre-commencement BMI and de-
gree of weight loss were substantially different between each
type of intervention in this analysis, with those undergoing bar-
iatric surgery having on average higher BMI and greater weight
loss compared to other modalities. Greater BMI is associated with
an increased frequency of medical comorbidities (Liu et al., 2021,
Kivimaki et al., 2022), which may affect the efficacy of individual
interventions. As such, comparison of efficacy between interven-
tions is not possible, and findings of the review are limited to the
cohort BMI examined. In most cases, semen parameters are
assessed as a surrogate marker for fertility, while data related to
conception and assisted reproduction outcomes are limited.

Our meta-analyses of semen parameters are consistent with
recent meta-analyses identifying the absence of significant
sperm parameter changes following bariatric surgery(Lee et al.,
2019; Al Qurashi et al., 2022; Gao et al., 2022), while incorporating
additional prospective studies (Aboulghar et al., 2016; Minambres
et al., 2022). Post hoc meta-regression was performed due to high
degrees of heterogeneity identified differing reproductive out-
comes dependent on the type of surgery performed, although in-
terpretation is limited by the need for a ‘mixed’ cohort as many
different procedures outcomes were reported together in multi-
ple studies (Carette et al., 2019; Calderdn et al., 2020; Wood et al.,
2020; Minambres et al., 2022; Javani et al., 2023). This review is
also the first to systematically assess the effect of bariatric sur-
gery on sperm DNA damage, and while our meta-analysis did not
identify a change in DNA damage, the small sample size and in-
ability to incorporate studies utilizing the visualization method
of assessment necessitate further assessment (Wood et al., 2020;
Fariello et al., 2021). Sperm DNA damage is associated with higher
rates of miscarriage, poorer embryo implantation and lower ART
pregnancy rates (Agarwal et al., 2019; Ribas-Maynou et al., 2021;
Lourenco et al., 2023), as such clearly establishing the impact of
bariatric surgery is necessary while data regarding direct concep-
tion outcomes are limited. Data regarding conception outcomes
are limited primarily to case reports and case series, with multi-
ple reports of detrimental fertility outcomes following bariat-
ric surgery.

Chronic obesity related disorders such as OSA or diabetes mel-
litus have independent adverse effects on sperm quality (Peel
et al., 2023). Intermittent hypoxia in animal models (Torres et al.,
2014; Wang et al., 2020) and OSA in humans (Kyrkou et al., 2022;
Alvarenga et al., 2023; Wang et al.,, 2023) cause reductions in
sperm count and motility, increased sperm DNA damage and in-
fertility. The severity of OSA, defined as the apnoea hypopnoea
index, correlates with degree of impairment (Wang et al., 2023).
Men with diabetes mellitus also have sperm dysfunction charac-
terized by reductions in normal morphology and motility (Imani
et al., 2021; Facondo et al.,, 2022; Lotti and Maggi, 2023), and ani-
mal models of both Type 1 (autoimmune insulin deficiency) and
Type 2 diabetes mellitus (insulin resistance and metabolic dys-
function) reveal testicular microarchitectural disruption and in-
creased seminal reactive oxygen species, DNA damage and
apoptotic pathways (Shrilatha and Muralidhara, 2007; Mangoli
et al., 2013; Zhu et al., 2019; Omolaoye and Du Plessis, 2021; Wang
et al., 2021), mitigated by reduction in hyperglycaemia by insulin
administration (Zhu et al., 2019). Bariatric surgery is associated
with profound improvements in metabolic comorbidities of obe-
sity including functional hypogonadism, steatotic liver disease,
dyslipidaemia, diabetes mellitus, hypertension, and obstructive
sleep apnoea (Arterburn et al., 2020; Courcoulas et al., 2023). The
lack of change in sperm quality despite resolution of these

comorbidities suggests factors unrelated to adiposity likely also
contribute to impaired sperm and reproductive capacity in
these men.

A likely factor contributing to sperm dysfunction is nutritional
insufficiency, which is common in men requiring bariatric sur-
gery both preoperatively (Krzizek et al., 2018; Mohapatra et al,
2020; Gonzélez-Sdnchez et al., 2023) and post-operatively (Weng
et al., 2015; Mohapatra et al., 2020; Ha et al.,, 2021; Gasmi et al.,
2022; Cao et al., 2023; Gonzalez-Sanchez et al., 2023). While micro-
nutrient supplementation is standard of care, adherence to sup-
plementation is often limited (Ha et al., 2021). In men requiring
bariatric surgery, nutritional deficiencies such as zinc, iron, and
copper) have been associated with detrimental changes in sperm
parameters (Calderdn et al., 2020). Additionally, supplementation
of various micronutrients (in non-bariatric surgery cohorts) (e.g.
antioxidants, Q-3 fatty acids, Vitamin C, Vitamin E) has also been
associated with improvements in sperm parameters (Su et al,
2022; Zhou et al., 2022; Chen et al., 2023). The degree of nutritional
insufficiency varies depending on the type of surgery performed
(Vix et al., 2014; Salminen et al., 2022; Steenackers et al., 2023),
which is consistent with our post hoc analysis finding that correc-
tion for type of surgery significantly reduced heterogeneity of
sperm quality outcomes.

A second hypothesis to explain the lack of sperm improve-
ment following bariatric surgery is due to increased exposure to
endocrine-disrupting chemicals (EDCs) (Magalhaes et al., 2022).
EDCs are environmental molecules that disrupt normal endo-
crine function (Heindel and Blumberg, 2019; Lahimer et al., 2023).
Due to their lipophilic nature, they become concentrated in adi-
pose tissue, and serum concentrations increase following signifi-
cant weight loss (Hue et al., 2006; Kim et al., 2011). Exposure to
some EDCs such as dichloro-diphenyl-dichloroethylene has been
cross-sectionally associated with changes in basic sperm param-
eters and DNA fragmentation (Magalhaes et al., 2022). The consis-
tent increase in serum LH and testosterone concentration
following bariatric surgery (Lee et al.,, 2019; Moxthe et al., 2020),
and the lack of relationship between change in sperm parame-
ters to degree of weight lost argue against EDC exposure as a ma-
jor factor causing infertility post-bariatric surgery.

The limited assessment of pregnancy outcomes identified in
this review hampers stratification of reproductive risk; however,
repeated reports of azoospermia suggest reproductive complica-
tions are not infrequent (Lazaros et al.,, 2012; Sermondade et al.,
2012; Razzaq et al., 2021). Current guidelines suggest delaying
pregnancy by 12-18 months following female bariatric surgery
due to antenatal and perinatal risks (ACOG Committee Opinion
No. 549: Obesity in Pregnancy, 2013; Busetto et al., 2017).
Establishing the timing, mechanism, and degree of effect on
sperm is necessary to establish similar male recommendations.

Data relating to the effect of weight loss medications on male
reproductive outcomes are sparse and at least insofar as criteria
for inclusion, identified studies only related to metformin and lir-
aglutide. The effect of other weight loss pharmaceutical may not
have been captured by the search criteria, and the effect of these
agents cannot be commented on. Additionally, within the study
(Andersen et al., 2022) pharmacotherapy use was preceded by an
8-week VLED with resultant substantial weight loss, which likely
confounds attempts to elucidate the effects of liraglutide alone.
Fixed effects models identified minor positive effect of both met-
formin (normal morphology) and liraglutide (sperm concentra-
tion), however, the number of studies and sample size limiting
the generalizability of data.



The limited changes identified for men with obesity are con-
sistent with studies of metformin and GLP-1 agonists across dif-
ferent cohorts. A single study of 15 men with hyperinsulinemia
(weight not specified) provided with a multivitamin and metfor-
min therapy showed a minor improvement normal morphology
(Bosman et al.,, 2015). Further, Dulaglutide use in 13 men with
normal weight for 4 weeks was associated with no change in
sperm parameters (Lengsfeld et al., 2024). A study of 13 men with
obesity aged 46-60years treated with Semaglutide and an in-
creased protein low-carbohydrate diet for 6 months was excluded
from inclusion due to the reproductive age limitation. On aver-
age, these men had 16kg weight reduction and normal sperm
morphology increased from 2% to 4% (Gregori¢ et al., 2025).
Notably, the effect of isolated GLP-1 agonist-associated weight
loss on male fertility in men with obesity is limited primarily to
two studies (La Vignera et al, 2023; Gregori¢ et al., 2025),
highlighting a knowledge gap requiring further investigation (Du
Plessis et al., 2024).

The seminal concentration of metformin induced by thera-
peutic metformin use is unclear, however, in vitro incubation of
sperm with metformin shows benefits to capacitation and sperm
function at low concentration, while impairing sperm function at
higher (100x larger) concentrations (Calle-Guisado et al., 2019;
Yang et al., 2020). Metformin use in obese animal models shows
improvements in basic sperm parameters with concurrent reduc-
tions in testicular ROS, testicular inflammation, and sperm DNA
damage (Yan et al., 2015; Liu et al., 2020; McPherson and Lane,
2020). Similarly, the use of a GLP-1 agonist in obese animal mod-
els is also associated with reduced testicular inflammation im-
provement and improvements in basic sperm parameters (Zhang
etal., 2015; Correia et al., 2022; Attia et al., 2024).

The underlying mechanism for these benefits is not estab-
lished and is likely multifactorial in nature. Metformin and lira-
glutide both cause weight loss, with liraglutide being associated
with a more prominent effect (Konwar et al., 2022; Haber et al.,
2024). They both also improve metabolic complications of obesity
such as diabetes, obstructive sleep apnoea and fatty liver disease
(Armstrong et al.,, 2016; Madsen et al., 2019; Huang et al., 2022;
Jiang et al., 2023). Additionally, the presence of GLP-1 receptors
within both human and animal testis highlights possible direct
effects on spermatogenesis (Caltabiano et al., 2020; Rago et al.,
2020). Human and animal studies across multiple cohorts (e.g.
without obesity, with obesity, with obesity and metabolic compli-
cations) are necessary to further delineate the precise fertility
implications and elucidate the underlying mechanisms.

The single case report on pregnancy outcomes highlights that
GLP-1 agonist use is not without risk (Fontoura et al., 2014). While
in this case, azoospermia and infertility resolved following lira-
glutide cessation, the underlying aetiology is not established.
GLP-1 agonists have a significant adverse reaction profile charac-
terized by nausea, vomiting and diarrhoea with a resultant high
discontinuation rate (Lincoff et al., 2023; Ryan et al., 2024). As
newer agents such as tirzepatide induce weight loss analogous to
bariatric surgery (Tan et al., 2023), the probability of exacerbating
nutritional deficiencies also increases. Nutritional concerns al-
ready limited the use of these agents in some cohorts (Despain
and Hoffman, 2024), and given the reproductive implication of
nutritional deficiencies outlined above, further assessment of the
nutritional implications of these agents is necessary.

Irrespective of the type of intervention, lifestyle changes
broadly were effective at improving sperm quality in observa-
tional studies, with an improvement in sperm progressive
motility, normal morphology and DNA damage identified in this

meta-analysis. While no benefit to sperm parameters was identi-
fied in randomized controlled trials, small sample size and quali-
tative limitations substantially hamper the interpretation of
these findings. Larger randomized trials are necessary to ade-
quately characterize the effect of these interventions.

Lifestyle interventions were associated with smaller volumes
of weight loss compared to surgical or pharmacotherapy weight
loss. Additionally, type of lifestyle intervention performed was
also heterogeneous, and it is likely that differing methods have
unique risks and benefits. Due to limited number in studies avail-
able, further subcategorization of lifestyle intervention was not
performed. The duration of follow-up of lifestyle intervention
studies was short (typically 2-4 months) indicating the rapidity
with which beneficial changes can occur. Given the duration of
spermatozoa formation is ~64 days (Heller and Clermont, 1963),
it is likely that maximal benefit may only be determined with
studies of a longer duration.

Dietary choices have significant implications for fertility. Diets
with a high proportion of ultra processed foods (classically de-
scribed as a ‘Western diet’) are obesogenic and proinflammatory
(Cao et al, 2017; Garcfa-Montero et al, 2021), and cross-
sectionally associated with poorer sperm quality and increased
risk of male infertility in comparison with the ‘Mediterranean
diet’, with limited processed food and increase fruits, vegetables,
whole grains and monounsaturated fats (Karayiannis et al., 2017;
Salas-Huetos et al., 2017, 2019; Efrat et al., 2018; Cutillas-Tolin
et al., 2019; Ricci et al., 2019; Cristodoro et al., 2024). Further, con-
sistent healthy dietary changes are also associated with improve-
ments in sperm quality in both healthy and infertile cohorts
(Caruso et al., 2020; Humaidan et al., 2022; Montano et al., 2022),
indicating inherent benefits unrelated to changes in adiposity.
These benefits likely are derived from underlying dietary nutri-
tional differences. Micronutrient deficiencies are more likely to
occur with the Western Diet (Astrup and Buigel, 2019; Jiang et al.,
2020; Jun et al.,, 2020), many of which are associated with im-
paired spermatogenesis in animal models (Tvrda et al., 2015; Peng
et al., 2022; Pouriayevali et al., 2022; Tsao et al., 2022; Ren et al.,
2023). Differences in consumption of monounsaturated fatty
acids, Q-3 fatty acid and antioxidants can also impact on basic
sperm parameters (Safarinejad et al., 2010; Ferramosca et al.,
2017; Salas-Huetos et al., 2018).

The effect of solely exercise interventions has recently been
assessed by meta-analysis of randomized controlled trials, iden-
tifying similar improvements in sperm concentration, motility,
count and morphology to our combined lifestyle analysis (Lo
Giudice et al., 2024), although meta-analyses were not limited by
adiposity and were limited to two to three studies of varying
durations ranging from 3 to 12months. The beneficial effects of
exercise include increased insulin sensitivity, and lowered blood
glucose, improved testicular blood flow and reduced inflamma-
tion and oxidative stress (Adelowo et al., 2024). The effects of dif-
fering forms of exercise (e.g. low vs high intensity, endurance vs
resistance) remain to be determined (Abedpoor et al., 2024).

There is insufficient data from this review to form a conclu-
sion regarding the effect of lifestyle interventions on pregnancy
outcomes. The aforementioned meta-analysis of exercise inter-
ventions did report an improvement in pregnancy rates following
an exercise intervention (Lo Giudice et al., 2024), however, this
conclusion depended solely on three studies by Maleki et al.
(Hajizadeh Maleki and Tartibian, 2017, 2018; Maleki and
Tartibian, 2017). The reliability of these studies is uncertain, as
two additional articles by the same group have been retracted



due to concerns of duplicate publication and statistical anoma-
lies (Maleki and Tartibian, 2023, 2024).

Multiple studies are currently in progress examining the im-
pact of paternal and maternal lifestyle interventions in infertile
cohorts, which will provide much-needed guidance regarding
this topic (Boedt et al., 2019; Dupont et al., 2020).

Limitations

While this review provides the most recent review of studies
assessing the weight loss interventions and fertility in men with
obesity, significant qualitative limitations result in GRADE qual-
ity classifications of ‘very low’ and ‘low’. Notably, meta-analysis
of randomized controlled trials could only be performed for life-
style interventions, with qualitative limitations and small sample
size greatly impacts reliability and generalizability of the find-
ings. Significant qualitative limitations were identified including
lack of or inappropriate control arms, and in the few randomized
trials, unclear or lack of appropriate randomization. Where pos-
sible, these limitations were overcome by a narrative review of
data not suitable for meta-analysis. Additionally, most studies
(both randomized and observational) were not prospectively reg-
istered, suggesting a possibility of other unpublished, unregis-
tered data.

While categorization by modality of weight loss is necessary
due to differences in participant demographics and intervention-
specific reproductive effects, this limited the sample size of each
meta-analysis. Within each modality, further subcategorization
is possible (e.g. type of surgery, type of lifestyle intervention) with
likely differing effects, evidenced by exploratory meta-
regressions which showed differing changes in sperm parameters
based on the type of surgical intervention performed (RYGB vs
Sleeve gastrectomy vs mixed intervention studies).

It is also possible that weight loss pharmaceutical agents be-
yond metformin and GLP-1 agonists have reproductive implica-
tions, however, were not captured by the search criteria and
review of cited articles in all full-text articles.

As BMI is the most common measure of adiposity, it was used
to define obesity in this review. It is not, however, reliable in all
populations and alternative parameters such as waist circumfer-
ence may be more accurate at reflecting visceral adiposity (Flegal
et al., 2009; Escamilla et al., 2024). Similarly, relevant comorbid-
ities such as diabetes or metabolic syndrome, which have inde-
pendent effects on sperm quality (Zhou et al., 2020; Facondo et al.,
2022), were not regularly reported and therefore could not be
accounted for in this analysis. There was also significant varia-
tion in follow-up duration across studies, with surgical studies
typically assessing outcomes ~6-12months following interven-
tion, whereas lifestyle interventions were shorter at 2-4 months
following intervention commencement. Weight loss following
bariatric surgery predominantly occurs in the first 3months and
plateaus at ~12months (Xu et al., 2020; Sylivris et al., 2022) with
corresponding dietary pattern changes over this timeframe
(Glusti et al., 2016; Livingstone et al., 2022). While short-term neg-
ative energy balance (VLED interventions) shows beneficial
sperm effects (Andersen et al., 2022; Sharma et al.,, 2024), it is
unclear whether sperm quality changes depending on degree
and duration of negative energy balance. Serial monitoring
extending beyond weight stabilization is necessary to fully char-
acterize the impact of surgical procedures. Contrastingly, longer
duration of follow-up in lifestyle intervention studies is neces-
sary due to the risk of false negative results related to the dura-
tion of spermatogenesis.

Our study did not identify a dose-dependent relationship be-
tween change in BMI and change in sperm parameters following

either bariatric surgery or a lifestyle intervention. This finding is
inconsistent with a recent meta-analysis suggesting a dose-
dependent benefit of weight loss for semen quality (Santi et al,,
2024). There are, however, significant limitations of the previous
meta-analysis, including a limited search strategy (identifying a
total of 12 studies), repeated analysis of multiple study time-
points and incorporation of studies from differing weight loss
modalities. Further, the meta-regressions performed for ‘weight
loss’ appear to have an erroneous interpretation as the graphical
representation suggests that greater weight loss was detrimental.

Overall, the paucity of high-quality data is consistent with
prior reports of reduced male reproductive research and health-
care (Roudsari et al.,, 2023; Lyons et al., 2025). Paternal involve-
ment in reproductive care is anticipated to improve pregnancy
outcomes (Yargawa and Leonardi-Bee, 2015; Fletcher et al., 2024)
and as such, identification and minimization of barriers is neces-
sary to allow further research and improved care for couples
worldwide (Roudsari et al., 2023).

Preconception health messaging
The relationship between adiposity and fertility is more nuanced
than a dose-dependent effect of fat on sperm quality, with multi-
ple contributing factors including dietary quality, nutritional sta-
tus, and obesity related comorbidities. Current guidelines
provide limited information regarding appropriate methods or
degree of weight loss in men with obesity attempting to improve
fertility, and current data are limited primarily to observational
studies of small cohorts. Data suggest that lifestyle interventions
may have benefit irrespective of small degrees of weight loss
achieved, and that normalization of BMI is not necessary to im-
prove sperm quality. Contrastingly, surgical interventions with
potent weight loss effects have unclear/limited reproductive ben-
efits and possible short-term detrimental effects, especially as
the effect of nutritional (in)sufficiency is poorly characterized in
this cohort. Similarly, marked knowledge deficits regarding the
effect of GLP-1 agonists on conception require addressing due to
the increasing use worldwide (Han et al., 2023; Du Plessis et al.,
2024; Shareef et al., 2024; Watanabe et al., 2024).

Significant knowledge deficiencies were identified from this
review, including:

Lack of high-quality randomized controlled trials across all
interventions,

Need for more accurate measurements of adiposity beyond
BMI in reproductive studies,

Need to assess effects of individual interventions rather than
combined (e.g. Roux-en-Y gastric bypass vs Gastric sleeve,
specific dietary changes, specific exercise regimen),

Need to account for the effect for confounders (nutritional
sufficiency, obesity related comorbidities), and determine re-
versibility of these effects via differing modalities,

Need to further characterize specialized sperm parameters
such as DNA damage, lipid peroxidation or ROS across all
modalities of weight loss,

Need for further assessment of direct pregnancy outcomes
including conception rate and assisted reproduction out-
comes across all modalities of weight loss,

Urgent need to establish the impact of weight loss pharmaco-
therapy, particularly more potent GLP-1 receptor agonists, on
sperm parameters in both men with and without obesity, and
Need for serial monitoring of sperm quality to further charac-
terize the impact of rate of weight loss (specifically with sur-
gery or pharmacotherapy where weight loss is more
profound).



Despite data primarily examining sperm parameters as a surro-
gate for fertility outcomes, current evidence highlights likely dif-
fering reproductive implications of weight loss modalities in men
with obesity. Lifestyle interventions such as dietary and exercise
optimization are associated with measurable improvements in
sperm quality (in observational studies) despite limited weight
loss, whereas limited benefit and potential harm have been iden-
tified from medical weight loss interventions (e.g. bariatric sur-
gery, pharmacotherapy) despite greater weight loss potential.
There is a need for large, randomized studies incorporating as-
sessment of known confounders to further elucidate potential
mechanisms of fertility improvement and subsequently establish
optimal preconception weight loss recommendations.
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