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Abstract

The effects of exercise in conjunction with weight-loss diets on bone health are mixed. Our objective was to systemati-
cally review and meta-analyze controlled clinical trials in adults investigating the addition of exercise to a weight-loss diet
compared with a calorie-matched weight-loss diet without exercise on bone measures. Online databases including PubMed/
MEDLINE, EMBASE, ISI (Web of Science), Scopus, and Google Scholar were searched up to April 2021 with no restriction.
A random effects model was used to calculate the overall estimates. Quality of evidence was assessed using the Grading of
Recommendations Assessment, Development and Evaluation (GRADE) methodology. Fourteen eligible controlled clini-
cal trials were included in the systematic review. The meta-analysis revealed that, compared to weight-loss diets alone, the
addition of exercise did not improve total body bone mineral density (BMD) [weighted mean difference (WMD) =0.002 g/
cm?, P=0.62, n=238], lumbar BMD (WMD =0.007 g/cmz, P=0.44, n=9), total hip BMD (WMD=0.015 g/cmz, P=0.14,
n=4) and total bone mineral content (BMC) (WMD = —11.97 g, P=0.29, n="7). Subgroup analysis revealed that resistance
exercise in conjunction with hypocaloric diets positively affects total BMD compared to an energy restrictive diet alone
(WMD=0.01 g/cm?, P=0.003, n=3). Overall, it appears that only resistance exercise beneficially affects total BMD dur-
ing a calorie-restricted diet in adults. Further well-controlled and long-term clinical trials are still needed to confirm these
results. PROSPERO registration number: CRD42020173434.
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Introduction

The global prevalence of overweight and obesity is on a
constant rise. Epidemiological studies have demonstrated
that obesity increases the risk of metabolic, cardiovascular,
and musculoskeletal diseases, considerably. Moreover, obe-
sity has also been associated with decreased life expectancy
and quality of life [1]. A calorie-restricted diet is the most
commonly prescribed lifestyle intervention for weight loss
in adults. Dietary calorie restriction reduces body weight as
well as the risk of several chronic diseases. Nevertheless, the
catabolic state caused by calorie restriction could have func-
tional and physiological effects via changes in the metabo-
lism of fat and other tissues such as the skeletal muscle,
liver, and heart [2]. Skeletal muscle mass might be reduced
during a calorie-restricted diet which in turn decreases mus-
cle strength and bone mass [3]. Although weight-loss diets
might improve metabolic health in obese adults, it can be
accompanied by a loss in bone mineral density (BMD) [4].

In general, diet and exercise are known to alter body com-
position and bone mineral density. Previous investigations
reported that the addition of exercise to a weight-loss diet
can attenuate the effects of BMD loss due to weight loss [5,
6]. Some studies revealed that exercise training may prevent
bone loss during weight loss in older adults [7, 8]. Moreo-
ver, several studies reported that regular weight-bearing or/
and resistance training can preserve bone during calorie-
restricted weight loss [9, 10]. In this line, Serra et al. [11]
showed that the addition of aerobic exercise to weight loss
tends to attenuate the reductions in femoral neck BMD in
African American and Caucasian postmenopausal women.
In addition, Villareal et al. [6] suggested that BMD of the hip
might be attenuated in a weight-loss diet plus exercise group
than in the weight-loss diet alone group. In contrast, Beavers
et al. [12] reported that exercise training did not attenuate
weight loss-associated reductions in BMD in overweight and
obese older adults with osteoarthritis. We are aware of a
systematic review and meta-analysis performed by Yariza-
deh et al. [13], which compared the effect of exercise plus
low-calorie diets with low-calorie diets alone on bone status.
However, they included studies in which caloric restriction
was different between intervention and control groups [14,
15]. They also failed to include several relevant randomized
controlled trials (RCTs) [11, 16-21]; therefore, their results
might be biased.

Given that there is a concern regarding the unfavorable
effects of adherence to a calorie-restricted diet alone on bone
health measures and the contradictory results of previous
studies regarding the effects of adding exercise to weight-
loss diets, we conducted a systematic review and meta-anal-
ysis determining the effect of weight-loss diet plus exercise
on bone mass in overweight and obese adults.
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Methods

The PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) statement was followed for
reporting this systematic review and meta-analysis. The
study protocol was registered in the International Prospec-
tive Register of Systematic Reviews (PROSPERO) database
in April 2020, with the registration code CRD42020173434
and also reported in detail elsewhere [22].

Search strategy

A systematic literature search was conducted in PubMed/
MEDLINE, EMBASE, ISI (Web of Science), Scopus, and
Google Scholar up to April 2021, using the following Medi-
cal Subject Headings (MeSH) and non-MeSH keywords:
(1) nutrition, nutrition therapy, caloric restriction, weight-
reducing, diet”, hypo-caloric; (2) exercise, physical activity,
training, physical fitness; (3) intervention, controlled trial,
randomized, random”, randomly, placebo, assignment, clini-
cal trial, trial. The full list of keywords and search strategies
for each database are provided in Supplementary Table 1.
No language, publication date, or any other restrictions were
applied while searching databases. To locate unpublished
studies, pre-print indexing websites (e.g., https://www.resea
rchsquare.com/) and the registered clinical trials approved
by the World Health Organization (WHO) were investigated.

Eligibility criteria

Studies with the following criteria were included in this
review: original articles (1) with a controlled clinical trial
design (either parallel or cross-over); (2) conducted on over-
weight or obese adults (> 18 years of age, and BMI >25 kg/
m?); (3) assessed the effect of a weight-loss diet combined
with exercise in comparison with a weight-loss diet alone on
bone mass, while the energy restriction of diets was the same
in both groups. Studies were excluded if (1) they were con-
ducted in pregnant or lactating women, (2) their intervention
period was short (<2 weeks), or (3) reported duplicate data.

Data extraction

Six researchers (Z.Y, S.S, S.B, SH.R, S.MT, and T.Z) inde-
pendently screened and cross-checked the titles and abstracts
as well as final full-text screening to find the relevant arti-
cles based on the inclusion and exclusion criteria. Data were
extracted independently by 2 investigators (ZY and SB) from
eligible studies: publication details (first author’s last name,
publication year, and country), participants’ characteristics
(number, age, gender, and health status), study characteris-
tics (number of study arms, duration of intervention, type
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of the weight-loss diet, the amount of calorie restriction,
and exercise plan), and mean and standard deviation (SD)
of desired outcomes. These included total, lumbar and hip
BMD, total BMC obtained at baseline, post-intervention,
and their change from the baseline, including where pos-
sible, P-values for within-group and between-group com-
parison. Discrepancies were resolved by discussion and
consensus with the senior author (ASA).

Quality assessment

The Cochrane collaboration’s tool was used to examine
the quality of the eligible studies based on 7 domains: (1)
random sequence generation (selection bias), (2) allocation
concealment (selection bias), (3) blinding of participants
and personnel (performance bias), (4) blinding of outcome
assessment (detection bias), (5) incomplete outcome data
(attrition bias), (6) selective outcome reporting (reporting
bias), and (7) compliance to the diet as another possible
source of bias. Each domain was judged as “low risk of
bias,” “high risk of bias,” or “unclear risk of bias.” Since
blindness is not possible for studies that examine the effects
of diet and exercise, the blinding of participants, person-
nel, and reviewers was not considered as a major factor in
assessing the risk of bias. Finally, the overall quality of each
eligible trial was categorized as “low risk” (“low risk” for all
key domains), “unclear risk” (“unclear risk of bias” in 1 or
more domains), and “high risk” (“high risk” for 1 or more
domains). Furthermore, the non-randomized trials were
evaluated using risk of bias in non-randomized studies of
interventions (ROBINS-I) tool [23]. The factors contribut-
ing to study quality were 7 domains ( confounding factors,
selection of participants, interventions classification, devia-
tions from intended interventions, missing data, outcomes
measurement, and selective reporting) and overall risk of
bias was reported as low, moderate, serious, critical, or no
information.

Quality of evidence

The quality assessment of evidence for each outcome was
assessed by the GRADE (Grading of Recommendations
Assessment, Development, and Evaluation) approach,
based on the following domains: risk of bias, publication
bias, imprecision of results, heterogeneity, and indirectness
of evidence [24]. Eventually, quality of evidence was clas-
sified as high, moderate, low, and very low.

Statistical analysis
The mean change in outcome variables and their correspond-

ing standard deviations (SDs) were extracted from each
study arm to calculate the mean difference of changes and

its standard error (SE) to be used as effect size for meta-
analyses. Since, change values were not reported in eligible
studies, they were calculated by using 0.5 as the correlation
coefficient between baseline and follow-up values. To ensure
the meta-analysis was not sensitive to the selected corre-
lation coefficient, all analysis were repeated using correla-
tion coefficients of 0.2 and 0.8. The DerSimonian and Laird
random-effects model, which considers the between-study
variability, was used to calculate the weighted mean differ-
ence (WMD) and its corresponding 95% Cls (confidence
intervals). The heterogeneity between studies was assessed
using Cochran’s Q test and the I-squared (I°) statistic. To
explore the potential sources of heterogeneity, several sub-
group analyses were performed based on gender (female/
both), menopausal status (both men and women/postmeno-
pausal /premenopausal), exercise type (aerobic/resistance/
both), ingestion of vitamins or mineral supplements (yes/
no), and diet type [low calorie (800—1200)/moderate low cal-
orie (>1200)]. As a complete bone remodeling cycle takes
3—4 months to occur [25], the study duration of < 16—weeks
and > 16 weeks was defined as short and long term, respec-
tively for subgroup analysis. Sensitivity analysis was con-
ducted to explore whether the overall effects depended on
a specific study. In addition, sensitivity analyses were car-
ried out by excluding the studies with <16 weeks to further
confirm the robustness of the findings. Publication bias was
assessed by visual inspection for asymmetry of the funnel
plot since there were fewer than 10 studies in the meta-anal-
ysis. All analyses were performed using STATA, version
11.2 (Stata Corp, College Station, TX, USA), and P <0.05
was considered statistically significant.

Results
Study selection and characteristics

As shown in Fig. 1, 42,189 publications were retrieved
by searching the electronic databases and 36,582 articles
remained following the removal of duplicates. The screen-
ing of titles/abstracts resulted in 469 papers that had full
texts assessed for further consideration. Of these, 455 arti-
cles were excluded because of the following reasons: (1)
119 articles were repeated publications on the same study
population, (2) we could not access the full text of 17 stud-
ies even after contacting the authors, (3) 31 studies did not
provide an equal calorie restriction in diet alone and diet
plus exercise groups, (4) 155 studies did not consider the
selected outcome variable, (5) 1 study presented data after
a follow-up period and another study did not have adequate
data to calculate changes. Seventy-six trials did not report
any weight-loss program and 55 other articles were excluded
due other reasons (letters to the editor, conducted in pregnant
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Title and abstract excluded
(n=36113)

Full-text articles excluded, with reasons (n = 455)

- Repeated publications on the same study (n =119)
- Lacking of access to the full text (n=17)

- Not equal energy deficit in the diet alone and diet
plus exercise groups (n=31)

- Without outcomes of interest (n = 155)
- No weight loss program (n = 76)
- Represented data after a follow up period (n = 1)

- Lack of sufficient data to calculate changes (n= 1)
- Other reasons (n = 55)
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and lactating women, participants < 18 years old). Finally,
fourteen eligible controlled clinical trials were included in
the current systematic review and meta-analysis [6, 911,
16-21, 26-29].

Study and participant characteristics

The included investigations were published between 1997
and 2018. Eight eligible articles were published in the USA
[6, 11, 17, 21, 26-29], one in Canada [20], Egypt [10],
Brazil [16], and three in Asian countries [9, 18, 19]. All
studies used a parallel design and the intervention duration
ranged from 12 to 36 weeks. Most studies were conducted
on females, except 3 studies which included both genders [6,
16, 29], and the participants were aged 30-80 years. Eight
trials were conducted among postmenopausal women [6, 11,
16, 20, 21, 27-29], 3 trials included premenopausal par-
ticipants [9, 10, 17] and pre-and post-menopausal women
[18, 19, 26]. Moreover, the health status of participants was
as follows: healthy overweight and/or obese individuals [9,

@ Springer

10, 17-21, 26, 27], patients with T2DM [16], healthy and
individuals with stable hyperlipidemia and hypertension [11,
28], healthy and subjects with stable medication [6], and
overweight/obese with cardiometabolic disease or metabolic
syndrome [29]. With regard to the exercise protocol, 7 stud-
ies utilized aerobic exercise [10, 11, 16, 19, 27-29], 6 inves-
tigations assessed the effects of resistance exercise [9, 17,
19, 20, 26, 29], and 3 studies examined the effects of aero-
bic and resistance exercise together [6, 18, 21]. Low-calorie
diets (800-1200 kcal/day) were presented as the interven-
tion in 3 studies [9, 18, 26], and the other included studies
recommended moderate low-calorie diets (> 1200 kcal/day)
[6,10, 11, 16, 17, 19-21, 27-29]. The characteristics of the
included studies are listed in Table 1.

Risk of bias assessment and the quality of evidence
A summary of the risk of bias assessment for included stud-

ies is reported in Table 2. All studies except one (Silverman
et al. [28]) expressed that the participants were randomized,
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but a number of studies mentioned the usage of the ran-
dom sequence generation method [6, 17, 29]. There was no
report of allocation concealment except in one study [6],
and 4 studies were considered to be at low risk of bias for
blinding of outcome assessment [6, 26, 27, 29]. None of
the included trials described a method for blinding partici-
pants or personnel. No indication of selective reporting and
incomplete outcome data [apart from the study of Serra et al.
[11]] was observed in all the included studies. The majority
of included trials described the methods that were used for
dietary compliance assessment, so they were regarded as
low risk [6, 9, 11, 17-21, 26-29]. According to the Robins-I
tool, the study done by Silverman et al. [28] was considered
as low risk of bias in all domains.

Moreover, with regard to the quality of evidence, the
application of the GRADE system showed a low certainty
for total BMD, hip BMD, total BMC, and a moderate level
of certainty for lumbar BMD (Supplemental Table 2).

Meta-analysis
Total bone mineral density

The analysis of 8 controlled clinical trials with 9 treatment
arms (n=328) [6, 9, 16, 18, 19, 21, 26, 27] revealed that low
calorie diets plus exercise had no significant additive effect
on total bone mineral density (total BMD) (WMD =0.002 g/
cm?, 95% CI—0.007, 0.012, P=0.62) compared to diet-
induced weight loss alone. The between-study heterogene-
ity was shown to be moderate (Cochran’s Q test, Q statis-
tic=15.75, P=0.046, ?=49.20%).

As illustrated in Table 3, the subgroup analysis revealed
that total BMD was significantly improved in participants
who had resistance exercise during diet-induced weight
loss when compared to those who went on an energy-
restrictive diet without exercise (WMD =0.01 g/cm?,
95% CI 0.003, 0.016, P=0.003) and no heterogeneity
was seen between included studies (Cochran’s Q test, Q
statistic=0.23, P=0.88, I=0%). The subgroup analysis
showed that study duration, diet type, and taking vitamin
or mineral supplements were potential sources of heteroge-
neity. In addition, significant alterations were not observed
in the analysis for studies with vitamin or mineral supple-
ment intake (WMD =0.003 g/cmz, 95% CI—0.009, 0.015,
P =0.64). Moreover, no significant effect on total BMD
was observed in both subgroups of duration.

Lumbar bone mineral density

Nine studies [6, 9-11, 19, 26-29] assessed the effects of
exercise and low-calorie diets compared with low-calorie
diets alone on lumbar bone mineral density (lumbar BMD)

(562 participants). According to the pooled analysis,
weight-loss diets in conjunction with exercise had no sig-
nificant positive effect on lumbar BMD in comparison with
weight-loss diets alone (WMD =0.007; 95% CI—0.011,
0.025 g/cm?, P=0.44) and the between-study heterogene-
ity was high (Q statistic =24.86, P =0.002, 12=67.80%,
Table 3). Similar results were obtained when studies with
a duration of < 16 weeks [9, 10] were removed. After per-
forming subgroup analysis, no significant relationship
was detected based on any of the variables. However, the
heterogeneity between studies was explained by the sub-
group analysis according to menopausal status, diet, and
exercise type.

Hip bone mineral density

Meta-analysis of 4 trials (n=295) [6, 10, 19, 29] reported
that a combination of calorie restriction and exercise did
not significantly affect hip bone mineral density (hip BMD)
(WMD =0.015 g/cm?, 95% CI—0.005, 0.036, P=0.14),
with high between-study heterogeneity (Q statistic =12.50,
P=0.006, I>=76.00%, Table 3). The exclusion of a study
with a duration of <16 weeks [10] did not significantly alter
the result.

Total bone mineral content

Seven trials with 8 treatment arms (n=320) provided
information on changes in total bone mineral content
(total BMC) following exercise and calorie restriction and
calorie restriction alone [9, 17-20, 26, 27]. As shown in
Table 3, the addition of exercise to a weight-loss program
does not significantly affect BMC (WMD= —11.97 g,95%
CI-34.21, 10.27, P=0.29). It is also worth pointing out that
no evidence of between-study heterogeneity was detected (Q
statistic=4.02, P=0.77, 1*=0%). Subgroup analysis was
performed based on the studies’ duration and menopausal
status so that the intervention period and menopausal status
did not modify the effects of exercise in conjunction with
weight-loss diets.

Sensitivity analysis and publication bias

Sensitivity analysis indicated that omitting a study done
by Nakata et al. [18] changed the overall effect of low
calorie diet plus exercise on total BMD to a statistically
significant increase (WMD =0.008 g/cmz, 95% CI0.002,
0.013). None of the other pooled effects were sensitive to
the included studies.

There was no evidence of publication bias in the meta-
analysis of low-calorie diet plus exercise on bone mineral

@ Springer
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Table 3 Meta-analysis showing the effect of exercise plus low-calorie diets compared with low-calorie diets alone on total and lumbar BMD and
total BMC based on several subgroups (all analyses were performed using random effects model)

Study group No. of studies [references] Meta-analysis Heterogeneity
WMD (95%CI) P ofree O statistic P yinin group > (%) P between group
Total BMD (g/cm?) 8 0.002 (-0.007,0.01) 0.62 1575 0.046  49.2 -
Gender
Both 2[6, 16] 0.01 (—0.004, 0.035) 0.11 0.35 0.55 0.00 0.18
Females 619, 18, 19, 21, 26, 27] 0.00 (-0.01, 0.01) 098 13.62 0.034 56
Duration
<16-wk 319,16, 18] 0.00 (-0.013, 0.01) 095 13.99 0.003 78.6 0.33
> 16-wk 516,19, 21, 26, 27] 0.01 (—0.006, 0.02) 0.21 0.83 0.93 0.00
Menopausal status
Both 318, 19, 26] —0.007 (-0.014, 0.00) 0.054 1.72 0.63 0.00 0.003
Postmenopausal 2 [21,27] —0.002 (—=0.04, 0.03) 0.91 0.05 0.83 0.00
Men & postmenopausal 2 [6, 16] 0.015(=0.004, 0.035) 0.11 0.35 0.55 0.00
Premenopausal 1[9] 0.01 (0.003, 0.017) 0.003 - - -
Exercise type
Aerobic 3[16, 19, 27] 0.005 (-0.042,0.052)  0.83 0.45 0.79 0.00 0.01
Resistance 319, 19, 26] 0.01 (0.003, 0.016) 0.003 0.23 0.88 0.00
Both 316, 18, 21] —0.001 (-0.013,0.01) 0.82 6.06 0.10 50.50
Taking vitamin or mineral supplements
Yes 36,9, 18] 0.003 (-0.009,0.015)  0.64 15.17 0.002 80.2 0.84
No 5[16, 19, 21, 26, 27] —0.001 (-0.032,0.031) 0.97 0.55 0.96 0.00
Diet type (Kcal)
Low calorie (800-1200) 319, 18, 26] 0.00 (-0.013, 0.013) 097 13.52 0.004 778 0.30
Moderate low calorie 516, 16, 19, 21, 27] 0.011 (-0.006,0.028)  0.19 1.16 0.88 0.00
(=1200)
Lumbar BMD (g/cm?) 9 0.007 (-0.011,0.025) 044 24.86 0.002 6780 -
Menopausal status
Both 2[19, 26] —0.003 (-0.074, 0.067) 0.92 0.16 0.69 0.00 0.42
Postmenopausal 3[11,27, 28] —0.005 (-0.023,0.014) 0.62 0.38 0.82 0.00
Men & postmenopausal 2[6,29] —0.005 (-0.015, 0.005) 0.30 0.23 0.63 0.00
Premenopausal 219, 10] 0.072 (-0.075,0.219)  0.33  21.32 <0.001  95.30
Exercise type
Aerobic 61[10, 11, 19, 27-29] 0.021 (-0.015,0.057)  0.25 24.95 <0.001  80.00 0.70
Resistance 419, 19, 26, 29] —0.002 (-0.013, 0.009) 0.74 0.25 0.96 0.00
Both 1[6] —0.002 (-0.018, 0.014) 0.81 - - -
Diet type (Kcal)
Low calorie (800-1200) 219, 26] 0.00 (—0.017, 0.017) 0.97 0.08 0.77 0.00 0.80
Moderate low calorie 716, 10, 11, 19, 27-29] 0.011 (-0.012,0.035) 0.34 24.72 <0.001  75.70
(=>1200)
Hip BMD (g/cm?) 416, 10, 19, 29] 0.015 (=0.005,0.036)  0.14 125 0.006 76.00 -
Total BMC (g) 7 —11.97 (-34.21,10.27) 0.29 4.02 0.77 0.00 -
Duration
<16-wk 319,17, 18] —9.88 (—36.53,16.76) 0.46 342 0.33 12.30 0.96
> 16-wk 4119, 20, 26, 27] —10.40 (—84.80, 63.99) 0.78 0.59 0.89 0.00
Menopausal status
Both 3[18, 19, 26] —23.35(-49.95,3.24) 0.085 1.23 0.74 0.00 0.28
Postmenopausal 2 [20, 27] —1.43 (—83.61,80.75) 0.97 0.24 0.62 0.00
Premenopausal 2109, 17] 19.66 (—26.99, 66.33) 0.40 0.01 0.91 0.00

BMD, bone mineral density; WMD, weighted mean difference; wk, week; BMC, bone mineral content; g, grams
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density and content according to visual inspection for asym-
metry of the funnel plots (Fig. 2).

Discussion

The findings of the current systematic review and meta-anal-
ysis revealed that BMD of the total body, lumbar, and hip
did not significantly change following exercise plus caloric
restriction compared to an iso-energetic hypocaloric diet
alone. However, total BMD was greater following the addi-
tion of resistance exercise to a calorie-restriction program
compared with those who were under conditions of similar
calorie restriction without exercise. Low-calorie diets plus
exercise failed to generate significant changes in total BMC
when compared with the same hypocaloric diets.

A previously published meta-analysis demonstrated that
diet-induced weight loss might not significantly affect the
lumbar spine and whole-body BMD, while total hip BMD
was decreased [30]. The results of a further meta-analysis
showed that exercise combined with calorie restriction led
to a reduction in hip and an increased total BMD but not in
lumbar BMD, compared with a control group [31]. Also, the
results of a systematic review and meta-analysis revealed
that different types of exercise have a favorable effect on
BMD in postmenopausal women [32]. In addition, a meta-
analysis conducted by Soltani et al. reported that exercise-
induced weight loss in adults had an increasing effect on hip
and lumbar spine BMD without affecting total BMD [31]
compared to a control group (without any intervention). The
mechanisms underlying the alteration in bone mass during
weight loss have not been fully elucidated. Some evidence

@ Springer
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has shown that weight reduction might improve bone mass
through increasing serum 25(OH) D and this may be due
to its release from adipose tissue [33]. Moreover, ghrelin, a
major regulator of appetite, increases in response to weight
loss and modulates the proliferation and differentiation of
osteoblasts [34]. The incretin hormones, GLP-1 (glucagon-
like peptide-1), and gastric inhibitory polypeptide appear to
have an anabolic effect on bone which are increased with
weight loss [35]. Additionally, elevated adiponectin with
weight loss, might lead to suppressing the osteoclast num-
ber and activating the osteoblastogenesis [36]. In general,
there is no obvious link between the changes in gut peptides
during caloric restriction and its effects on bone metabo-
lism and its loss [37]. In contrast, some studies have pro-
posed that reducing adiposity during weight loss could lead
to a decreased circulating estrogen and other sex hormones
[38]. These changes negatively influence bone osteoblasts
[39], and in addition, calorie restriction may diminish cal-
cium absorption efficiency [40]. This could occur in several
ways, for example, through reducing estrogen levels, a rise
in cortisol levels, and/or high serum PTH following weight
reduction [41]. Overall, the interplay between hormones,
cytokines, and growth factors and their influences on cal-
cium absorption and bone during calorie restriction are mul-
tifaceted, and this can be affected by other factors including
the diet duration, amount of weight loss, ethnicity, age, and
gender [37].

Exercise is recognized as having favorable effects on
bone mineral composition [31, 32]; however, findings are
contradictory regarding whether exercise incorporated into
a hypocaloric diet can be more beneficial against bone
loss. The conclusion of the present study indicated that
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adding resistance exercise to an energy-restricted diet has
a positive effect on total BMD. Since increasing muscle
strength is related to enhancement of bone mass, it is pro-
posed that osteogenesis is stimulated in response to muscle
contraction. Thus, the main mechanism facilitating resist-
ance training and effects on osteogenic development is
the action of muscle via the force of muscular contraction
at the site of attachment of the tendon area on the bone
[42]. Another mechanism that might explain the positive
effects of the addition of resistance exercise to weight loss
on BMD is the increment in lean mass which increases
growth factors levels such as IGF-1 [43]. Exercise seems
to establish a further stimulus for decreasing fat mass
when incorporated with the dietary intervention [19]. It
is postulated that weight-loss diets combined with exercise
may help attenuate some of the factors involved in bone
loss inclusive of increments in IGF-1, and a decline in
systemic inflammation [28]. Exercise during weight loss
could improve physical function that is just as important
as increasing BMD to prevent fractures [6, 37]. Never-
theless, we observed that the overall mean difference for
BMD and BMC between dietary restriction incorporated
with exercise and dietary restriction alone were non-sig-
nificant. Our meta-analysis found no obvious differences
in effectiveness between low-calorie diets in conjunction
with exercise and low-calorie diets alone. This may reflect
that a number of factors such as the difference in the types
of exercise programs, duration and intensity of exercise,
type of diet, and the amount of calorie restriction were
heterogeneous between studies. It is noteworthy that, there
were discrepancies regarding the compliance and dropout
rates between studies. In addition, it is suggested that an
exercise program may have different effects on individuals
with diverse physical activity levels. It is also conceivable
that the influence of exercise on bone mass differs between
races [44]. Considering the factors mentioned previously,
it seems that more studies are needed to arrive at a firm
conclusion. It is worth noting that exercise and weight
loss are low-cost non-pharmacological approaches that
are available to the public. Exercise and weight loss can
improve obesity-related medical complications, physiolog-
ical and psychological performance [6] and this approach
has health benefits beyond the skeleton.

It appears that a very low or low-calorie diet versus mod-
erate energy restriction causes more reductions in BMD and
increases in bone turnover. This is because severe energy
restriction results in greater weight-loss diets than moder-
ate energy restriction, which might cause more mechani-
cal unloading of bone and thus greater bone loss [45, 46].
However, our subgroup analysis (based on the amount of
calorie restriction) did not provide any difference regard-
ing the effect of exercise when added to low-calorie or
very-low-calorie diets. This highlights the need for further

investigation into the role of various diet types on the bone
at different ages, as well as the interaction of different types
of exercise with them.

A systematic review by Yarizadeh et al. [13] concluded
that physical training significantly affects total BMC, hip
BMD during weight reduction, whereas our study could not
confirm these findings. Two duplicated studies [Shah et al.
[5] and Villareal et al. [6], and several publications with
the same data] were included in the meta-analysis done by
Yarizadeh et al. [13]; furthermore, they included a study
completed by Daly et al. [47] in which the weight-loss
group participated in stationary cycling and a series of static
stretching exercises. Additionally, follow-up data of Shah
et al. [5], Villareal et al. [6], and Beavers et al. [12] includ-
ing the weight maintenance phase of the studies had been
considered in the mentioned meta-analysis, while the aim of
the study was to assess the effect of exercise-calorie restric-
tion compared to energy restriction and only before and after
intervention period data should be extracted. It should be
noted that Svendsen et al. [48] expressed their results as
percentages and could not be entered into the meta-analysis.
The previous meta-analysis also included 2 studies [14, 15]
in which energy restriction was not the same in the 2 inter-
vention groups. Furthermore, they listed non-randomized
controlled trials as exclusion criteria, whereas the study done
by Silverman et al. [28] did not meet this condition and was
included in their meta-analysis. These may explain the dif-
ferences in our findings. It is important to note that a number
of controlled clinical trials [11, 16-21] were not considered
in the previous review. Therefore, their results might be
biased. The present systematic review was undertaken to
detect the maximum number of controlled clinical trials.
The current study provides evidence that adding exercise
to a weight-loss regimen does not positively affect total and
lumbar BMD, which is in agreement with the results of the
recent meta-analysis done by Yarizadeh et al. [13].

All included studies used dual-energy X-ray absorptiom-
etry (DXA) to measure bone mass. DXA (a two-dimensional
technique) has some inherent limitations. This method can-
not distinguish between cortical and trabecular bone and also
between changes that are caused owing to bone geometry
and those actually due to BMD alterations. Moreover, it can-
not provide information on microstructural characteristics,
which is the main determinant of bone strength. It is likely
that excess fat tissue surrounding the bone in subjects with
obesity could lead to DXA measurement errors for BMD
[49, 50]. In addition to DXA, there are three-dimensional
image processing such as peripheral quantitative computed
tomography (pQCT), high-resolution pQCT (HR-pQCT),
and magnetic resonance imaging (MRI) that can be used to
characterize bone quality and strength The peripheral quan-
titative computed tomography has been applied to assess
BMD, bone strength (along the length of long bones), bone
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cross-sectional geometry, and to provide insight into muscle
and fat parameters; however, its resolution does not provide
quantification of bone microarchitecture. The dominant
advantage of the HR-pQCT technique is the possibility of
examining cancellous bone from cortical bone separately
and estimating bone strength through finite element analysis
[51]. As compared to the aforementioned methods, MRI pre-
sents a feasible technique for assessing bone quality; how-
ever, less precision and reproducibility limit its potential to
be used as a valid diagnostic technique [52]. Recently, it
has been reported that elevated bone marrow adipose tissue
and fatty infiltration of muscular tissue might play a role in
the pathogenesis of osteoporosis or sarcopenia. They are
related to age and body composition. These novel imaging
biomarkers can be measured by regional magnetic reso-
nance spectroscopy (MRS). There is evidence that physi-
cal activity can control the extent of bone marrow adipose
tissue [53-55]. Therefore, it is suggested that future RCTs
use advanced imaging modalities to investigate the role of
resistance/impact exercise in preserving bone/muscle struc-
ture and bone marrow/muscle fat during a hypocaloric diet.

The present study has several strengths. It was undertaken
based on a comprehensive search to identify all relevant lit-
erature and no evidence of publication bias was detected.
Moreover, the degree of adherence to the intervention has
been considered in most included studies with the exception
of 2 studies [10, 16]. The exercise training was supervised
in all studies except Silverman et al. [28]. Furthermore, the
overall quality of evidence of every outcome was evaluated
using the GRADE system. All studies reported menopausal
status; therefore, we assessed the effect on BMD based on
menopause status but the number of articles in this field was
limited. Our findings have several limitations that are wor-
thy of consideration: (i) as hormone therapy could attenuate
bone loss, some included studies did not take this variable
into account as an exclusion criterion and the duration of
some included studies was short that may underestimate the
effect of the treatment, (ii) there is heterogeneity between
the included studies which assessed the effect on BMD that
may have been affected by the variations in exercise intensity
and program, amount of calorie restriction, and the com-
position of the diet, (iii) a limited number of studies were
conducted on some of the bone outcomes such as hip BMD
which led to inconclusive results; thus, more high-quality
clinical studies are required to reach a more reliable result
regarding the effect of a hypocaloric diet with and without
exercise on bone mass, (iv) studies done by Miller et al. and
St-Onge et al. [17, 20] examined only BMC while BMD
measurement is useful for predicting fracture risk in adults
[56]. All relevant studies except the one conducted by Sil-
verman et al. [28] were RCTs; however, based on the risk of
bias assessment, all of them except two [6, 28] were judged
to be “unclear,” which means that additional studies are still
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needed to increase the confidence in the estimated effects.
In addition, since blinding is not feasible for the trials which
assess the effect of dietary and exercise interventions, it is
possible that this may have influenced the quality of the stud-
ies. It is worth noting that lumbar spine BMD is not a reli-
able marker compared to the hip or femoral neck BMD due
to scoliosis/stenosis, especially in older populations [57].

Regarding the limitations mentioned above, the interpre-
tation of results should be viewed with caution and more
high-quality RCTs are recommended to help inform evi-
dence-based decisions.

Conclusion

In summary, the findings of the present systematic review
and meta-analysis showed that adding exercise to a weight-
loss regimen does not have a positive effect on bone min-
eral density and content in comparison to a weight-loss
diet alone. However, the addition of resistance exercise to a
weight-loss diet led to an improved total BMD. Further high-
quality controlled clinical trials are still needed to confirm
the findings presented here.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00198-021-06187-9.
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