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ABSTRACT
Objective: This study aimed to investigate whether a single infusion of 5 mg zoledronic acid, given before bariatric surgery to 
prevent bone loss, could also hinder the loss of muscle mass, strength, and physical function.
Methods: In this double-blinded study, patients referred for bariatric surgery were randomized 1:1 to either intervention (INT: 
single dose zoledronic acid 5 mg) or placebo (CON). Assessments were conducted at baseline and 12 months postoperatively. The 
outcomes were body composition (DXA), muscle strength for knee extensor (KE) and knee flexor (KF), and physical function.
Results: Fifty-nine patients (age: 48.9 ± 6.3 years, BMI: 42.3 ± 5.3 kg/m2) were allocated to INT (n = 31) or CON (n = 28). At 
12 months, no between-group differences were observed in body weight, fat mass, or lean body mass. Both groups experienced 
~14% loss of lean body mass. No between-group differences were observed for absolute or relative muscle strength. Absolute 
strength declined by 11%–18%, while relative strength improved by 10%–22%. No between-group differences were found in phys-
ical function measures, all of which improved by 5%–18%.
Conclusions: A single infusion of 5 mg zoledronic acid did not prevent the loss of muscle mass or strength or improve physical 
function.
Trial Registration: Clini​calTr​ials.​gov identifier: NCT04742010; EudraCT number: 2019-001650-26

1   |   Introduction

Bariatric surgery is the most effective method for treating obe-
sity, improving obesity-related comorbidities, and lowering 

mortality rates [1]. Roux-en-Y gastric bypass (RYGB) and sleeve 
gastrectomy (SG) are the most performed procedures, inducing 
an ~32% reduction in body weight within the first year after sur-
gery [2].
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Rapid weight loss following bariatric surgery leads to substan-
tial loss of skeletal muscle tissue. The mechanism for this is mul-
tifactorial, including mechanical unloading, malnutrition (such 
as protein deficiency), and inadequate caloric intake [3]. Lean 
body mass (LBM) and fat-free mass (FFM) are frequently used 
as surrogate measures for muscle mass [4]. Skeletal muscle is 
a major component of FFM, typically accounting for ~45% in 
MRI-based measurement (the gold standard) among individuals 
with obesity, although this proportion varies, ranging from 40% 
to 50% [5]. Within the first year post surgery, studies have shown 
a loss of 14%–19% in FFM, LBM, and appendicular lean mass 
(ALM) [2–4], which represents the LBM in the arms and legs [3]. 
During weight loss, it is generally expected that approximately 
25% of total weight loss consists of FFM [6]. However, following 
bariatric surgery, there is considerable variability in FFM loss 
among patients, with 7%–28% experiencing excessive FFM loss 
at 12 months post surgery, defined as a reduction of 25%–35% or 
more of FFM relative to total body weight lost [2, 3].

Excessive loss of skeletal muscle mass has several undesirable 
consequences. Skeletal muscle tissue is metabolically active, 
and excessive loss leads to a decrease in basal metabolic rate 
[7], contributing to weight regain following bariatric surgery [8]. 
Improvements in physical function and relative muscle strength 
(i.e., muscle strength relative to body weight) are commonly ob-
served during the first 12 months after surgery [9–11], but these 
changes are generally considered to be primarily driven by the 
weight loss itself rather than actual improvements in muscle 
function. Conversely, muscle mechanical function is negatively 
affected, with 16%–23% reductions in absolute maximal isoki-
netic and isometric lower limb muscle strength within the first 
year post surgery [10, 11]. A decline in absolute muscle strength 
may be problematic, as it independently associates with a greater 
risk of frailty [12], cardiometabolic diseases, and an increase 
in mortality [13–15]. Therefore, it is important to implement 

effective intervention protocols aimed at maintaining muscle 
mass and strength in this population.

Bisphosphonates (e.g., risedronate, zoledronic acid) are used for 
the treatment of osteoporosis, and both frequent administra-
tion and a single administration of zoledronic acid have been 
shown to prevent bone loss and significantly reduce fracture 
risk [16, 17]. We have recently shown that zoledronic acid can 
be used as a prophylactic treatment for bone loss in patients who 
underwent bariatric surgery [18]. Bisphosphonates might have a 
protective effect on skeletal muscle tissue under muscle-wasting 
conditions, as primarily observed in preclinical studies and in 
one clinical study involving bariatric surgery patients [19–23]. 
However, several human studies in older adults with age-related 
muscle loss have not shown significant effects of bisphospho-
nates on muscle mass or strength [24–28]. The potential mech-
anism for bisphosphonates' muscle-sparing effect might work 
through two distinct or complementary mechanisms. Firstly, 
bisphosphonates prevent abnormal osteoclastic bone resorption 
(as observed following bariatric surgery) and thereby prevent the 
release of the cytokines stored in the bone matrix, such as trans-
forming growth factor β (TGFβ) and receptor activator of nu-
clear factor kappa-B ligand (RANKL). TGFβ and RANKL play 
a direct role in causing muscle loss and weakness [21, 29, 30]. 
The second mechanism is that bisphosphonates may act directly 
on skeletal muscle tissue by preventing the activation of muscle 
atrophy pathways during muscle-wasting conditions [20, 22].

In our study, we found that zoledronic acid prevented bone loss 
in patients undergoing bariatric surgery and may thereby have 
prevented the release of stored TGFβ and RANKL [18]. These 
findings, combined with a study showing that the bisphospho-
nate risedronate blunted muscle loss in patients undergoing 
bariatric surgery [23], indicate that bisphosphonates could be a 
potential treatment for mitigating the loss of muscle mass and 
strength in patients undergoing bariatric surgery. Therefore, we 
aimed to investigate whether zoledronic acid can be used as a 
prophylactic treatment not only with respect to bone loss but 
also to prevent the loss of LBM and muscle strength in patients 
undergoing bariatric surgery. We hypothesized that zoledronic 
acid will preserve muscle mass and function compared with a 
placebo group.

2   |   Methods

2.1   |   Study Design

The present study is a secondary analysis of a randomized, 
double-blinded, single-center study that investigated the ef-
fect of zoledronic acid for the prevention of bone loss following 
bariatric surgery, including assessment of safety and tolerabil-
ity [18]. In this study, we specifically aimed to investigate the 
effect of zoledronic acid for the prevention of loss of lean body 
mass and muscle function. The study was carried out at the 
University Hospital of Southern Denmark, Esbjerg. A detailed 
description of the study protocol has been published [31]. The 
study was registered at ClinicalTrials.gov (NCT04742010) and 
approved by the Regional Committee on Health Research Ethics 
for Southern Denmark (project identifier S-20190134) and the 
Danish Medicines Agency (Z0L6700). All planned outcomes 

Study Importance

•	 What is already known?
○	 Bariatric surgery induces substantial loss of muscle 

mass and strength, which may impair physical func-
tion and increase frailty

○	 Zoledronic acid prevents bone loss and may also 
preserve skeletal muscle under muscle-wasting 
conditions

○	 The potential of bisphosphonates to protect muscle 
mass and function in humans after bariatric surgery 
remains to be explored

•	 What does this study add?
○	 This study shows that zoledronic acid does not pre-

vent the loss of muscle mass or muscle strength, nor 
does it improve physical function 12 months after 
surgery

•	 How might these results change the direction of re-
search or the focus of clinical practice?
○	 Future studies should explore alternative dosing 

strategies (e.g., repeated dosing, postoperative ad-
ministration) or investigate other pharmacological 
or exercise-based interventions to counteract muscle 
loss in this population.
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were reported in accordance with the CONSORT guidelines. 
After enrollment and baseline assessment, we randomized the 
participants into two groups: the zoledronic acid group or the 
placebo group. According to the protocol, the study drug was 
to be administered between 59 and 7 days prior to surgery. 
However, due to COVID-19-related delays, 20% of participants 
exceeded this window, and the maximum interval was extended 
to 180 days, which was considered acceptable given the long-
lasting effects of zoledronic acid [17].

2.2   |   Participants, Randomization, and Blinding

All recruited participants were patients referred for bariat-
ric surgery at the University Hospital of Southern Denmark, 
Esbjerg. All participants provided informed written consent. We 
randomized participants 1:1 to either zoledronic acid (INT) or 
placebo (CON) using block randomization (with block sizes of 2, 
4, and 6) and stratified an equal number of participants under-
going RYGB or SG into each study arm. Details about inclusion 
and exclusion criteria, surgical procedures, blinding, sequence 
generation, allocation concealment, and implementation have 
been published elsewhere [31].

2.3   |   Intervention

We administered a single dose of the study drug (zoledronic 
acid 5 mg or placebo) intravenously in a solution containing 
100 mL of isotonic saline over a period of ≥ 15 min. All partic-
ipants received standard bariatric care in Denmark, including 
dietary counseling before surgery and at 1, 6, 12, and 24 months 
postoperatively.

2.4   |   Outcomes

2.4.1   |   Body Weight and Composition

Height and body weight were measured using a stadiometer and 
calibrated scale. Fat mass, LBM, and ALM were determined by 
dual-energy X-ray absorptiometry (DXA) (Hologic Horizon A). 
LBM refers to the weight of all body components except for fat 
and bones and thus includes muscles, water, organs, and con-
nective tissues [3].

2.4.2   |   Muscle Strength for Lower and Upper 
Extremities

We measured both upper and lower extremity muscle strength. 
Detailed descriptions of the applied test protocol and reliability 
data have been published [32–34]. The reliability for the applied 
muscle strength assessment ranged from good to excellent (ICC: 
0.85–0.97) [32, 33].

For the lower extremities, we assessed the isokinetic and iso-
metric knee flexor/extensor (KF/KE) [32] and ankle dorsi/plan-
tar flexor (DF/PF) strength [33] of the nondominant leg using 
an isokinetic dynamometer (System 4, Biodex Medical System 
Inc.). For the upper extremities, we measured isometric shoulder 

elevation strength using a Bofors MODEL dynamometer (Bofors 
Elektronic) mounted in a reproducible standardized setup [35], 
and for maximal handgrip strength (HGS) of the nondominant 
arm, we used a handheld dynamometer (Jamar Plus, Patterson 
Medical) [36]. The participants performed three to five maximal 
attempts separated by 30–60 s. For all muscle strength assess-
ments, the participants were instructed to contract as “hard 
and fast” as possible, and verbal encouragement was provided 
during testing.

2.4.3   |   Physical Function

We measured habitual and maximal walking speed, walking 
endurance capacity, and lower limb muscle power. We have 
previously published the test procedures and reliability data for 
the applied physical function tests, which demonstrated good-
to-excellent reliability (ICC: 0.84–0.94) for all tests except for 
habitual walk speed (ICC: 0.54) [34].

For habitual and maximal walking speed, we used the 3-min 
walk test (3MWT) and the 7.6-min walk test (7.6MWT), respec-
tively. Each participant performed two attempts, and the fastest 
attempt was recorded as walking speed (m/s).

For endurance capacity, we used a 2-min walk test (2MWT). 
Participants were instructed to walk as far as possible on a 
20-m track for 2 min. Results were reported as mean walking 
speed (m/s).

For assessing lower limb power, we used the stair climb power 
test (SCPT) and the 5-repetition sit-to-stand test (STS5). A de-
tailed description of procedures and equations for the calcula-
tion of power (W and W/kg) can be found elsewhere [34].

2.4.4   |   Physical Activity

We used the International Physical Activity Questionnaire—
Short Form (IPAQ-SF) to assess differences in self-reported 
physical activity levels between the groups based on the fol-
lowing categories: walking, moderate-intensity activity, high-
intensity activity, and total physical activity level.

2.5   |   Statistical Analysis

This study is a secondary analysis of a randomized controlled 
trial originally powered to detect changes in volumetric bone 
mineral density in the lumbar spine at 12 months. No formal 
power calculations were performed for the present secondary 
outcomes related to muscle strength and physical function. The 
study sample size of 42 participants was determined based on 
the expected change in the primary bone outcome. To allow for 
dropouts, we aimed to randomize 60 participants. The second-
ary outcomes have a flat outcome structure with multiple evenly 
valued outcome measures and not a specified hierarchy of out-
comes as seen for confirmatory trials [37].

Prior to analysis, data normality was tested by the Shapiro–
Wilk test and graphically displayed by Q–Q plots. In the case 
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4 Obesity, 2025

of a non-normal distribution, data were transformed using 
logarithm or square root. After transformation, normality was 
tested again. If normality was still violated, a nonparametric test 
was used.

An independent t-test was used to assess differences in base-
line values between groups. The effect of zoledronic acid was 
assessed following the intention-to-treat principle. We employed 
a mixed-effects model with repeated measures, incorporat-
ing fixed factors as group (INT or CON) and time, along with 
their interaction. For the adjusted analysis, the covariates age, 
sex, and surgery type (randomization factor) were included. 
Participants were treated as random factors to account for indi-
vidual variability.

To analyze differences between surgery types, we employed 
a mixed-effects model with repeated measures, incorporat-
ing fixed factors of type of surgery and time, along with their 
interaction, and included covariates of age and sex. All data 
are presented as mean ± standard deviation (SD) or 95% con-
fidence interval (95% CI), and the significance level was set at 
p < 0.05.

3   |   Results

Fifty-nine participants were included in the intention-to-treat 
analysis, and a detailed description of the participants' flow is 
published elsewhere [18].

At baseline, there were no differences between the two study 
groups regarding age, height, weight, BMI, LBM, fat mass, type 
of surgery, physical activity level, or the time of administration 
of the study medication prior to surgery (Table  1). However, 
there was a difference in sex distribution (more males assigned 
to INT), fat percentage, ALM, and several measures of muscle 
strength and physical function.

3.1   |   Body Composition

At the 12-month follow-up, there were no between-group dif-
ferences in the reduction of body weight, fat mass, LBM, or 
ALM (Table  2). Body weight, fat mass, LBM, and ALM de-
creased by 25%, 37%, 14%, and 14%, respectively (Figure  1, 
Panel A). The observed LBM loss accounted for 29% of the 
total weight loss.

3.2   |   Muscle Strength

We did not observe any between-group differences for isoki-
netic and isometric strength in the lower extremities (KE, KF, 
PF, and DF) in neither absolute or relative terms (Table 2), ex-
cept for relative isometric KE, which favored INT (0.16 Nm/kg, 
95% CI: 0.02–0.29, p = 0.021) and absolute isometric PF, which 
favored CON (−12.0 Nm/kg, 95% CI: −23.4 to −0.6, p = 0.039). 
For the upper extremities, a between-group difference was ob-
served in favor of the CON group for isometric shoulder strength 
(−16.8 Nm, 95% CI: −29.1 to −4.4, p = 0.008), while no difference 
was observed for handgrip strength.

3.3   |   Within-Group Comparisons for Muscle 
Strength Outcomes

Within-group comparisons showed that both groups declined 
in absolute knee extensor and flexor muscle strength across 
all contraction modalities (10.7%–15.4%, Figure 1 Panels B and 
C), while relative muscle strength improved across all con-
traction modalities (10.0%–22.0%, Figure 1, Panels B and C). 
For absolute PF muscle strength, both groups had preserved 
muscle strength across contraction modalities (Figure 1, Panel 
E), while relative muscle strength improved (31.0%–40.4%). 
For DF, muscle strength remained overall unchanged in both 
groups. For handgrip and shoulder strength, only INT ex-
perienced reductions of 4.6% and 15.6% (Figure  1, Panel H), 
respectively.

3.4   |   Physical Function

We did not observe any between-group differences in habitual 
and maximal walking speed or endurance capacity (Table  2). 
Similarly, no between-group differences were observed for lower 
limb muscle power in absolute or relative terms.

3.5   |   Within-Group Comparisons for Physical 
Function Outcomes

Habitual walking speed was unchanged in both groups, while 
maximal walking speed increased by 6.3%–9.1% (Figure 1, Panel 
G). Furthermore, both groups improved their endurance capac-
ity of ~10% (Figure 1, Panel G). Overall, for lower limb muscle 
power, both groups experienced a reduction in absolute power of 
10%–17%, while relative power improved by 9%–16% (Figure 1, 
Panel D).

3.6   |   Physical Activity

At the 12-month follow-up, there were no between-group dif-
ferences for self-reported total physical activity level (p = 0.243). 
However, for the subcategories, CON spent more time on moder-
ate (p = 0.047) and high-intensity (p = 0.048) activities compared 
with INT, while there was no difference in time spent walking 
(p = 0.377).

3.7   |   Between-Surgery Type Comparison

For body composition, RYGB resulted in a greater fat mass re-
duction compared with SG (6.8 kg, 95% CI: 2.7–11.1, p < 0.001). 
There were no differences between RYGB and SG in reductions 
of ALM, LBM, or total body weight (Table S1 and Figure S1).

For all isokinetic muscle strength assessments, we observed 
between-surgery differences, with SG showing greater declines 
in absolute muscle strength compared with RYGB (except for 
PF 90°/s), while RYGB had greater increases in relative muscle 
strength across all assessments compared with SG (Table  S1 
and Figure S1). For all isometric muscle strength assessments, 
there were no between-surgery differences in absolute muscle 
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5Obesity, 2025

TABLE 1    |    Participant characteristics at baseline.

N

INT (n = 31)

N

CON (n = 28)

pMean ± SD Mean ± SD

Age (years) 31 48.5 ± 6.3 28 49.3 ± 6.5 0.603

Sex: F/M (n) 31 19/12 28 24/4 0.019

Height (cm) 31 172.3 ± 8.6 28 169.5 ± 8.4 0.236

Weight (kg) 31 124.6 ± 20.9 28 122.8 ± 14.4 0.703

BMI (kg/m2) 31 41.8 ± 5.6 28 42.8 ± 4.8 0.485

Surgery type: RYGB/SG (n) 31 20/11 28 20/8 0.590

Administration of the study medication prior to surgery (days) 31 26.3 ± 21.0 28 40.4 ± 46.2 0.401

Body composition

Fat mass (kg) 31 53.5 ± 11.2 28 58.1 ± 9.1 0.089

Fat percentage (%) 31 43.0 ± 5.8 28 47.1 ± 4.5 0.004

LBM (kg) 31 67.0 ± 13.0 28 61.4 ± 8.6 0.058

ALM (kg) 31 31.0 ± 7.2 28 27.7 ± 4.9 0.047

Muscle strength

Handgrip strength (kg) 30 40.7 ± 11.5 28 36.6 ± 11.2 0.173

Shoulder elevation strength (Nm) 30 131.0 ± 62.9 28 94.0 ± 36.1 0.009

KE 180°/s (Nm) 30 140.5 ± 44.1 27 123.8 ± 34.0 0.118

KE 180°/s (Nm/kg) 30 1.12 ± 0.27 27 1.00 ± 0.24 0.092

KE 75° (Nm) 30 248.4 ± 77.4 27 224.1 ± 64.1 0.206

KE 75° (Nm/kg) 30 1.98 ± 0.49 27 1.81 ± 0.46 0.200

KF 180°/s (Nm) 30 72.9 ± 25.8 27 61.1 ± 15.3 0.044

KF 180°/s (Nm/kg) 30 0.57 ± 0.14 27 0.50 ± 0.11 0.028

KF 30° (Nm) 30 110.6 ± 35.7 27 95.2 ± 22.3 0.059

KF 30° (Nm/kg) 30 0.88 ± 0.21 27 0.77 ± 0.17 0.048

PF 90°/s (Nm) 30 75.1 ± 21.4 27 67.3 ± 18.0 0.204

PF 90°/s (Nm/kg) 30 0.59 ± 0.14 27 0.59 ± 0.25 0.939

PF 0° (Nm) 30 118.1 ± 40.6 27 106.5 ± 24.6 0.204

PF 0° (Nm/kg) 30 0.94 ± 0.26 27 0.87 ± 0.23 0.304

DF 90°/s (Nm) 26 9.2 ± 6.9 23 5.0 ± 4.3 0.015

DF 90°/s (Nm/kg) 26 0.07 ± 0.05 23 0.05 ± 0.04 0.045

DF 20° (Nm) 29 24.1 ± 10.6 23 17.5 ± 7.9 0.016

DF 20° (Nm/kg) 29 0.19 ± 0.08 23 0.15 ± 0.07 0.026

Physical function test

3MWT (m/s) 30 1.10 ± 0.18 28 1.03 ± 0.19 0.166

7.6MWT (m/s) 27 2.00 ± 0.34 28 1.75 ± 0.31 0.007

2MWT (m/s) 30 194.6 ± 26.4 28 177.8 ± 34.3 0.041

STS5 (W) 30 544.4 ± 184.6 28 458.3 ± 118.8 0.041

STS5 (W/kg) 30 4.3 ± 1.1 28 3.7 ± 0.8 0.026

(Continues)
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6 Obesity, 2025

strength, except for HGS, which favored RYGB (−2.4 kg, 95% 
CI: −4.4 to −0.3, p = 0.022). For relative muscle strength, we ob-
served no between-surgery differences for contraction modali-
ties (Table S1 and Figure S1).

Regarding physical function, we did not observe a between-surgery 
difference for any of the outcomes (Table S1 and Figure S1).

4   |   Discussion

In this randomized controlled trial, we investigated whether 
a single infusion of zoledronic acid 5 mg prior to bariatric sur-
gery could be used as a prophylactic treatment to prevent the 
loss of muscle mass, muscle strength, and physical function 
following bariatric surgery. Our main finding was that zole-
dronic acid did not prevent the loss of LBM, muscle strength, 
or physical function compared with placebo. Therefore, we 
cannot confirm our hypothesis that a single infusion of zole-
dronic acid 5 mg would preserve LBM and muscle strength fol-
lowing bariatric surgery.

Zoledronic acid has been proposed to preserve muscle under con-
ditions of muscle wasting [19–22], although evidence remains in-
consistent, with some studies failing to support this effect [24–26]. 
We did not observe differences between INT and CON for the ma-
jority of our outcomes (24 out of 27), indicating that preoperative 
administration of 5 mg zoledronic acid does not have protective 
effects against the loss of muscle mass and strength. Both groups 
experienced a similar loss of LBM and absolute muscle strength, 
along with similar improvements in relative muscle strength and 
physical function. These observations are in line with previous 
findings, showing similar declines in LBM and absolute strength, 
while relative muscle strength and physical function improve fol-
lowing surgery [2–4, 9–11].

As we did not perform a power analysis for the muscle and 
physical function outcomes prior to the trial, we cannot defin-
itively rule out the possibility that the lack of between-group 
differences was due to insufficient statistical power. However, 
we observed no between-group differences in 24 out of 27 out-
comes, with none approaching borderline significance (p values 
ranging from 0.126 to 0.900). Furthermore, in light of the poten-
tially modest effects of bisphosphonates on muscle strength and 
physical function, we conducted two separate test–retest studies 
in a cohort meeting the criteria for bariatric surgery to deter-
mine the precision and the threshold that each outcome would 
need to surpass to be considered beyond the range of measure-
ment error, defined by the standard error of measurement (SEM) 

[32, 34]. Overall, these studies demonstrated excellent reliabil-
ity and low SEM across the applied assessments. In the present 
study, relative between-group differences ranged from 0.3% to 
6.2% (all nonsignificant), while SEM% thresholds ranged from 
4.5% to 10.1%. None of the observed differences exceeded the 
threshold for any individual outcome, indicating that all effects 
fell within the range of measurement error. Therefore, our re-
sults do not indicate that a potential effect of zoledronic acid was 
masked by measurement error.

It may appear counterintuitive that zoledronic acid preserves 
bone density without also preserving lean mass. Bone and mus-
cle are connected both mechanically and hormonally and often 
decline in parallel, especially with aging and catabolic condi-
tions [38]. While increased muscle mass and strength can help 
maintain or increase bone mass through mechanical loading 
and myokine release, the reverse is less clear. Bone may influ-
ence muscle via osteokines and mineral release, but these sig-
nals are likely weaker and less direct than muscle's mechanical 
effect on bone [38]. Thus, treatment with antiresorptives like 
zoledronic acid may not preserve muscle mass, even when bone 
mass is maintained. For example, Haeri et  al. and Blay et  al. 
showed that zoledronic acid or risedronate increased bone min-
eral density in older women with and without osteoporosis but 
had no effect on age-related decline in appendicular or total lean 
mass [27, 28]. Similarly, in our study, zoledronic acid prevented 
bone loss [18] but did not attenuate lean mass reduction. This 
suggests that targeting bone resorption alone is insufficient to 
preserve skeletal muscle in humans, despite promising preclin-
ical findings.

If bisphosphonates have a muscle-sparing effect, there are sev-
eral reasons why we may not have observed it. Cytokines like 
TGF-β and RANKL, which are embedded in the bone matrix, 
can promote muscle loss and impair muscle function when re-
leased during abnormal osteoclastic bone resorption [21, 29, 30]. 
Our previous findings showed that a single infusion of 5 mg 
zoledronic acid prevented bone loss in the spine and reduced 
bone loss in the hip but only partially suppressed bone resorp-
tion markers (85% vs. 166%) [18]. This suggests that the cytokine 
release was not fully prevented and may still have affected mus-
cle tissue.

Bisphosphonates may also preserve muscle mass by downreg-
ulating atrophy pathways [20, 22]. Since zoledronic acid was 
administered an average of 26 ± 21 days preoperatively, it is un-
likely that unbound bisphosphonate was available to act on mus-
cle tissue postoperatively, as 60% is absorbed within 24 h and 
the rest is rapidly cleared from the bloodstream [39]. In animal 

N

INT (n = 31)

N

CON (n = 28)

pMean ± SD Mean ± SD

SCPT (W) 30 629.5 ± 150.4 27 583.7 ± 161.0 0.271

SCPT (W/kg) 30 5.0 ± 0.9 27 4.7 ± 1.1 0.276

Note: p values denote significant differences between zoledronic acid and placebo groups.
Abbreviations: 2MWT, 2-min walk test; 3MWT, 3-min walk test; 7.6MWT, 7.6-min walk test; ALM, appendicular lean mass; CON, placebo group (n = 28); DF, 
dorsiflexion; F, female; INT, zoledronic acid group (n = 31); KE, knee extension; KF, knee flexion; LBM, lean body mass; M, male; PF, plantar flexion; RYGB, Roux-en-Y 
gastric bypass; SCPT, stair climb power test; SG, sleeve gastrectomy; STS5, 5-repetition sit-to-stand test.
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studies, muscle preservation occurred with frequent bisphos-
phonate administration (two to three times per week) during 
muscle-wasting conditions [20, 21, 29]. Translating these find-
ings to humans is difficult, but one study showed that monthly 
risedronate for 6 months after bariatric surgery preserved ALM 
at 12 months, with a tendency for preserved midthigh CSA [23]. 
These findings should be interpreted with caution until larger 
trials from the same group may confirm risedronate's efficacy 
(NCT04922333) [40].

4.1   |   Nonuniform Loss of Muscle Strength Across 
Muscle Groups

We observed that muscle strength changes were not uniform 
across different muscle groups, suggesting that muscles respond 
differently to bariatric surgery. Thigh muscle strength (KE/KF) 
declined by 11%–18%, while calf muscles (DF/PF) showed no 
change. Shoulder elevation and handgrip strength declined mod-
estly by ~9% (p = 0.017) and ~4% (p = 0.011) (data not shown). 
Variations in muscle fiber type composition may explain these 
differences, as Type II fibers (more abundant in thigh muscles) 
are more prone to atrophy after caloric restriction, malnutri-
tion, and detraining [41, 42]. Additionally, it is possible that the 
thigh muscles are more affected by mechanical unloading and 
detraining as a result of the 25% weight reduction after bariatric 

surgery. This reduction in weight decreases the force required 
for activities like walking and stair climbing, leading to reduced 
stimulation of the thigh muscles, which may mimic a detrain-
ing condition. In contrast, the calf muscles may be less impacted 
by such unloading, as they are continuously active in balancing 
and stabilizing the body during movement and work closer to 
their maximal force capacity. Similarly, handgrip strength may 
be preserved as the hands are used frequently in daily activities, 
and minimal reductions in handgrip strength after bariatric sur-
gery are not uncommon [43].

4.2   |   The Impact of the Type of Surgery on Muscle 
Strength and Body Composition

We observed that RYGB and SG had different effects on body 
composition and muscle function. While there was no differ-
ence in the reduction in body weight or ALM, RYGB led to a 
significantly greater decline in fat mass (6.8 kg corresponding 
to 42% greater reduction) compared with SG, aligning with a 
previous study [44]. RYGB showed less decline in isokinetic 
muscle strength (three out of four tests), while there were no 
differences in isometric muscle strength and muscle power. For 
relative muscle strength, RYGB showed greater improvements 
than SG in the isokinetic test, while there were no differences 
for isometric strength and power. The inconsistent results 

FIGURE 1    |    Within-group relative changes in various body composition, muscle strength, and physical function metrics at 12 months post treat-
ment. The light gray bars represent the zoledronic acid group, while the dark gray bars represent the control group. 2MWT, 2-min walk test; 3MWT, 
3-min walk test; 7.6MWT, 7.6-min walk test; ALM, appendicular lean mass; BW, body weight; CON, control group; DF, dorsiflexion; HGS, handgrip 
strength; INT, intervention group; KE, knee extension; KF, knee flexion; LBM, lean body mass; PF, plantar flexion; SCPT, stair climb power test; SE, 
shoulder elevation; STS5, 5-repetition sit-to-stand test. Statistical significance between baseline and 12 months within group is indicated by *p < 0.05, 
**p < 0.01, ***p < 0.001. # indicates a significant interaction between the INT and CON, showing different changes over time between the two groups.
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between isokinetic and isometric tests may be explained by the 
fact that these assessments measure different strength capa-
bilities, with fast dynamic assessments being linked to rapid 
force generation due to the shorter time required to reach peak 
force (0.3–0.5 s vs. 3–5 s). Given that fat infiltration in skele-
tal muscle is closely linked to total fat mass [45], it is plausible 
that the greater fat mass reduction observed after RYGB (6.8 kg 
more than SG) also led to a greater reduction in fat infiltration. 
Reduced intramuscular fat has been associated with improved 
muscle strength and function [45], which could explain the 
greater improvements observed in dynamic strength follow-
ing RYGB.

4.3   |   Strengths and Limitations

This study has several strengths. We employed a randomized 
controlled trial design, the gold standard for assessing interven-
tion efficacy, ensuring that our findings are both reliable and 
unbiased. Additionally, we comprehensively assessed muscle 
and physical function across multiple domains using methods 
proven to be highly reliable in individuals who meet the criteria 
for bariatric surgery [32, 34].

There are several limitations to consider in this study. We ac-
knowledge that the present results represent secondary anal-
yses, and the study may therefore be underpowered to detect 
subtle differences between INT and CON. Further, our study 
design may make it difficult to determine whether bisphospho-
nates have muscle-sparing effects. We administered zoledronic 
acid only once prior to surgery, which may not have been the 
optimal timing or provided in a sufficient dose to achieve a 
muscle-sparing effect. Lower dosing and more frequent ad-
ministration regimens, as used in other patient groups that are 
exposed to severe bone loss, could be an alternative treatment 
approach but require further investigation. Additionally, we 
did not measure key cytokines like TGF-β and RANKL, which 
are hypothesized to contribute to muscle loss through bone 
resorption. Finally, the study population, consisting solely of 
individuals undergoing bariatric surgery, may limit the gener-
alizability of our findings. It is uncertain whether bisphospho-
nates would be applicable to other populations experiencing 
muscle-wasting conditions.

5   |   Conclusion

In conclusion, a single infusion of 5 mg zoledronic acid prior to 
bariatric surgery did not prevent the loss of muscle mass, muscle 
strength, or physical function compared with placebo.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: The figure displays the 
within-group relative changes in various body composition, muscle 
strength, and physical function metrics at 12 months post surgery. The 
light gray bars represent RYGB, while the dark gray bars represent SG. 
RYGB: Roux-en-Y gastric bypass; SG: sleeve gastrectomy; ALM: appen-
dicular lean mass; LBM: lean body mass; HGS: handgrip strength; SE: 
shoulder elevation; KE: knee extension; KF: knee flexion; PF: plantar 
flexion; DF: dorsiflexion; STS5: 5-repetition  sit-to-stand test; SCPT: 
stair climb power test; 3MWT: 3-min walk test; 7.6MWT: 7.6-min walk 
test; 2MWT: 2-min walk test. Statistical significance between base-
line and 12 months within group is indicated by *p < 0.05, **p < 0.01, 
***p < 0.001. Statistical interaction between RYGB and SG is indicated 
by #p < 0.05, ##p < 0.01, ###p < 0.001. Table S1: Surgery effect estimates 
on body composition, muscle strength, and physical function. Table S1 
presents the estimated means of participants' characteristics at baseline 
and 12 months post surgery. Data are presented as means with 95% con-
fidence intervals (CI). The number of participants (N) at each time point 
is indicated in the table for both RYGB and SG. RYGB: Roux-en-Y gastric 
bypass; SG: sleeve gastrectomy; ALM: appendicular lean mass; LBM: 
lean body mass; HGS: handgrip strength; SE: shoulder elevation; KE: 
knee extension; KF: knee flexion; PF: plantar flexion; DF: dorsiflexion; 
STS5: 5-repetition sit-to-stand test; SCPT: stair climb power test; 3MWT: 
3-min walk test; 7.6MWT: 7.6-min walk test; 2MWT: 2-min walk test. p 
values denote significant differences between RYGB and SG, represent-
ing the interaction values from the mixed model. The P value indicates 
whether the development in the variable over time differs between the 
surgery types. Bold text indicates within-group differences from base-
line to 12 months. * indicates between-group differences at baseline. 
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