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ABSTRACT

Background: Structured aerobic or resistance training alone seems to be a beneficial
tool for improving glucose homeostasis, chronic systemic inflammation, resting
cardiovascular function, and mental health in people with obesity and type 2 diabetes
mellitus (T2DM). The aim of the present study was to synthesize the available data
on the effectiveness of combined aerobic and resistance training (CART) on glycemic
control, blood pressure, inflammation, cardiorespiratory fitness (CRF), and quality of
life (QoL) in overweight and obese individuals with T2DM.

Methods: A database search was carried out in PubMed, Web of Science, Scopus,
Science Direct, Cochrane Library, and Google Scholar from inception up to May
2023. The Cochrane risk of bias tool was used to assess eligible studies, and the
GRADE method to evaluate the reliability of evidence. A random-effects model was
used, and data were analyzed using standardized mean differences and 95%
confidence intervals. The study protocol was registered in the International
Prospective Register of Systematic Reviews (ID: CRD42022355612).
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Results: A total of 21,612 studies were retrieved; 20 studies were included, and data
were extracted from 1,192 participants (mean age: 57 + 7 years) who met the
eligibility criteria. CART demonstrated significant improvements in body mass
index, glycated hemoglobin, systolic and diastolic blood pressure, C-reactive protein,
tumor necrosis factor-alpha, interleukin-6, CRF, and QoL compared to ST. These
findings highlight the significance of exercise interventions such as CART as essential
elements within comprehensive diabetes management strategies, ultimately
enhancing overall health outcomes in individuals with T2DM and overweight/
obesity.No differences were found in resting heart rate between CART and ST.

An uncertain risk of bias and poor quality of evidence were found among the eligible
studies.

Conclusion: These outcomes show clear evidence considering the positive role of
CART in inducing beneficial changes in various cardiometabolic and mental
health-related indicators in patients with T2DM and concurrent overweight/obesity.
More studies with robust methodological design are warranted to examine the
dose-response relationship, training parameters configuration, and mechanisms
behind these positive adaptations.

Subjects Diabetes and Endocrinology, Public Health, Obesity, Rehabilitation, Sports Medicine

Keywords Exercise, Physical activity, Insulin resistance, Metabolic syndrome, Cardiometabolic
health

INTRODUCTION

Obesity and type 2 diabetes mellitus (T2DM) are the most prevalent chronic metabolic
diseases worldwide and are linked to cardiometabolic complications resulting in an
augmented risk of metabolic syndrome, cardiovascular disease, and stroke (Badri
Al-mhanna et al., 2024a; Bhupathiraju ¢» Hu, 2016). T2DM is influenced by several risk
factors. Firstly, obesity is recognised as a major risk factor for T2DM, as excess body fat can
lead to insulin resistance. Secondly, physical inactivity is considered a significant risk
factor, with sedentary lifestyles contributing to insulin sensitivity issues. Furthermore,
unhealthy dietary habits, characterized by high sugar and fat intake, are also implicated in
the development of T2DM (Badri Al-mhanna et al., 2024b).

Thus, populations with unhealthy weight and T2DM are likely to demonstrate physical
inactivity, raised blood pressure levels, impaired lipid profile, poor antioxidant capacity,
and attenuated mental health (de Wit et al., 2009; Liu et al., 2022). Obesity is highly
associated with T2DM due to the increased abdominal and intra-abdominal fat
distribution and increased intrahepatic and intramuscular triglyceride content that has
been reported as a critical risk factor for developing T2DM, causing insulin resistance and
B-cell dysfunction (Gilyana et al., 2024). Interestingly, the cost of obesity-related
comorbidities has been estimated at US dollars 2.0 trillion globally, indicating a major
problem for healthcare systems nowadays (Afolabi et al., 2023; Tremmel et al., 2017). Thus,
the documentation of effective behavioral interventions appears to be a high priority for
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public health policy makers to enhance awareness of the vital role of regular exercise
among the masses.

Regular exercise has been reported as a foundational piece of the preventive,
management, and treatment puzzle for individuals struggling with obesity and T2DM
(Colberg et al., 2016; Kanaley et al., 2022; Kemps et al., 2019; Kim et al., 2019; Melguizo-
Ibariez et al., 2023; Umpierre et al., 2011; Zhao et al., 2021). In addition, exercise for
populations with lifestyle-related chronic diseases is considered one of the most popular
trends in the global health and fitness industry (AL-Mhanna et al., 2022a; Kercher et al.,
2023). According to the exercise prescription guidelines by the American College of Sports
Medicine, combined aerobic and resistance training (CART) is recommended for overall
health improvement, even without weight loss, in people with metabolic health
impairments (American College of Sports Medicine et al., 2021). More specifically, CART
seems to be the optimal training modality for inducing beneficial changes in several
cardiometabolic health-related indicators in adults with overweight/obesity, but without
comorbidities (Batrakoulis et al., 2022a; Yapici et al., 2023). Furthermore, aerobic and/or
resistance training can positively affect individuals with T2DM, exhibiting positive
alterations in glycemic control, cardiovascular function, chronic inflammation, and mental
health (Giingor et al., 2024; Kanaley et al., 2022; Mendes et al., 2016; Pesta et al., 2017;
Qadir et al., 2021; Sabag et al., 2017; Zhao et al., 2021). However, CART is superior to
aerobic or resistance training alone in improving glycemic control in this population
(Church et al., 2010; Jamka et al., 2022; Sigal et al., 2007).

CART has been shown to improve insulin sensitivity and glucose uptake by
skeletal muscles. Resistance training increases muscle mass and glycogen storage
(Knuiman, Hopman & Mensink, 2015), while aerobic exercise enhances
mitochondrial function and glucose utilization (Wang et al., 2020). Together, they
promote better glycemic control by reducing insulin resistance and improving glucose
metabolism (Yavari et al., 2012).

In terms of inflammatory markers, CART can lead to decreased levels of
pro-inflammatory cytokines like TNF-alpha and IL-6, while increasing anti-inflammatory
markers such as IL-10 (Annibalini et al., 2017). Moreover, cardiovascular function benefits
significantly from CART. Aerobic exercise enhances cardiac output, vascular function, and
endothelial health (Al-Mhanna et al., 2023), while resistance training improves arterial
stiffness and blood pressure regulation (Okamoto, Masuhara & Ikuta, 2013). CART
combines these benefits, leading to improved cardiovascular fitness, and heart health
enhancement. Therefore, the superiority of CART over single-mode exercise likely stems
from its ability to capitalize on the unique effects of both aerobic and resistance training,
resulting in broader and more profound improvements in cardiometabolic health-related
indicators (Jorge et al., 2011).

However, the effectiveness of various CART protocols still needs to be determined
(Kadoglou et al., 2013). Hence, further investigation is necessary, since no comprehensive
scientific evidence is currently available with respect to the beneficial role of CART in
several health-related parameters of T2DM patients with excessive weight.

AL-Mhanna et al. (2024), PeerdJ, DOI 10.7717/peerj.17525 3/32


http://dx.doi.org/10.7717/peerj.17525
https://peerj.com/

Peer/

Although it is well documented that physical exercise is vital for reducing
cardiometabolic risk in obesity and T2DM (American College of Sports Medicine et al.,
2021), the effectiveness of CART in order to achieve this particular benefit is not clear.
Thus, the aim of this systematic review and meta-analysis was to evaluate the effects of
CART across a broad spectrum of cardiometabolic health-related parameters in people
with overweight/obesity and T2DM, such as glycemic control, blood pressure, chronic
inflammation, cardiorespiratory fitness (CRF), and quality of life (QoL).

METHODS

Registration

This systematic review and meta-analysis were conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses statement guidelines (Page
et al., 2021). The study protocol was registered in the International Prospective Register of
Systematic Reviews (ID: CRD42022355612).

Literature search strategy

We obtained articles from PubMed, Web of Science, Scopus, Science Direct, Cochrane
Library, and Google Scholar through a systematic electronic search. Four authors (M.H.A.,
AB.D.,, WS.W.G,, and H.A.) utilised a set of keywords and Boolean operators, including
“OR” and “AND?, to conduct this electronic literature search from the beginning of the
databases up to May 1, 2023, as outlined in Al-Mhanna et al. (2023). The search utilised
specific keywords (“Diabetes”) AND (“Exercise” OR “Training”), as detailed in Table S1, to
identify relevant literature. The search strategy involved employing keywords aligned with
the PICOS framework, encompassing: (P) Population: individuals with type 2 diabetes
mellitus (T2DM) who are overweight or obese; (I) Intervention: cardiovascular and
resistance training (CART); (C) Comparator: various exercise modalities, no exercise, or
standard treatment (ST); (O) Outcomes: glycated haemoglobin (HbA1c), systolic (SBP)
and diastolic blood pressure (DBP), resting heart rate (RHR), C-reactive protein (CRP),
tumour necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), cardiorespiratory fitness
(CRF), quality of life (QoL), and body mass index (BMI); and (S) Study type: randomised
controlled trials (RCTs) and controlled clinical trials. Additionally, reference lists of
included articles were scrutinised to identify studies meeting the inclusion criteria, along
with reference lists of pertinent systematic reviews.

Eligibility criteria

Studies meeting the following criteria were considered eligible for inclusion:

(i) participants were diagnosed with T2DM and were concurrently overweight

(BMI 25-29.9 kg/m2) or obese (BMI > 30 kg/m2); (ii) there was no specified age limit for
participants; (iii) the intervention used in the studies was CART; (iv) studies investigated at
least one of the following primary outcomes in humans: glycemic control (HbAlc), resting
cardiovascular function (SBP, DBP, and RHR), chronic inflammation (CRP, TNF-a, IL-6),
and physical fitness (CRF). Mental health (QoL) and anthropometry (BMI) were also
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considered as secondary outcomes due to their association with various cardiometabolic
health-related indices; (v) articles needed to be fully accessible in text and published in a
peer-reviewed journal from inception up to May 1, 2023; (vi) there were no language
restrictions; and (vii) studies were either randomised controlled trials (RCTSs) or controlled
clinical trials. Studies were excluded if they met any of the following criteria: (i) involved a
mixed sample of individuals (e.g., apparently healthy individuals, non-diabetic individuals
with overweight/obesity, or overweight/obese individuals without T2DM); (ii) effects of
CART could not be isolated due to exercise training being part of a multifaceted
intervention (e.g., diet and exercise intervention); (iii) the control group also performed
exercise; (iv) did not assess the specified outcome measures; (v) involved an acute exercise
intervention (e.g., single bout or duration <2 weeks); or (vi) were review articles, case
reports, studies lacking a control group, or had ambiguous or unclear data as previously
described in Al-Mhanna et al. (2023).

Study selection

Four authors (A.B., M.G., A.B.D., and H.A.) utilised a linear appraisal method to evaluate
eligibility criteria. They reviewed titles, abstracts, and full texts (in cases of uncertainty) and
rigorously assessed the remaining articles against the criteria before reaching decisions.
In instances of disagreement or uncertainty, a fifth author (S.B.A.L.) provided assistance,
employing the same method independently. The literature search records were managed
using EndNote X9 software from Clarivate Analytics, Philadelphia, PA, USA, as detailed in
Al-Mhanna et al. (2023).

Data extraction

Two authors (A.B. and A.B.D.) conducted independent data sampling and extraction from
relevant studies following a thorough review of the full texts. The studies included in the
analysis provided substantial data encompassing details such as the primary author,
publication year, demographics (population and gender), sample size, specifics of exercise
interventions (frequency, intensity, duration, type), study duration, and outcome
measures. Any uncertainties or discrepancies were resolved by a third author (S.B.A.L.) to
maintain consistency in the data selection and extraction process. This meticulous
approach aimed to enhance the reliability and transparency of our meta-analysis by
minimising errors and ensuring robust data extraction procedures.

Risk of bias assessment

Two authors (S.B.A.L. and A.B.D.) evaluated the risk of bias using the criteria described in
the Cochrane Handbook (Higgins et al., 2019). Each study’s bias risk was assessed based on
specific factors, including: (i) random sequence generation; (ii) allocation concealment;
(iii) blinding of participants and personnel; (iv) blinding of outcome assessors; (v)
completeness of outcome data; (vi) selectivity of outcome reporting; and (vii) other biases
(Table S2). Three levels of risk bias (e.g., high, concerns, and low) were used to classify
eligible studies as described in Al-Mhanna et al. (2023).
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Data analysis

We performed all analyses using Review Manager 5.4 software (Cochrane Collaboration,
available at https://revman.cochrane.org/info). We applied a random-effects model to
present the outcomes and assessed heterogeneity using Cochran’s Q test and the I>-test.
If I* was 250%, we used a fixed-effects model to calculate pooled results and conducted a
subgroup analysis. Effect sizes were calculated using mean differences (MD) or
standardised mean differences (SMD) with 95% confidence intervals (CI). Statistical
significance was defined as a two-sided p-value < 0.05. We used the GRADEpro
methodology (available at https://www.gradepro.org) to evaluate the reliability of evidence,
categorising studies as low-, moderate-, or poor-quality evidence (Table S3).

RESULTS

Literature search and selection

From the selected databases (PubMed, Web of Science, Scopus, Science Direct,
Cochrane Library, and Google Scholar), a total of 21,612 studies were initially

identified (Fig. 1). After eliminating duplicate articles, the number of unique studies
eligible for further assessment was reduced to 19,965. Following a review of titles and
abstracts against predetermined inclusion and exclusion criteria, 19,926 studies were
excluded. Subsequently, the full text of the remaining 39 articles was meticulously
examined, leading to the exclusion of 14 articles with specific reasons. Hence, 25 records
were selected for this study. However, among them, five reports represented follow-up
studies of trials that met the criteria and were also included in this analysis. Consequently,
a total of 20 studies were ultimately incorporated into this study, with data collected from
1,192 eligible patients (Fig. 1 and Tables S4 and S5).

Literature characteristics

The studies have been categorised based on the World Bank’s classification of economies
for analytical purposes into different income groups (Bank, 2024). Fifteen out of the 20
trials were from high-income countries (Annibalini et al., 2017; Church et al., 2010; Cuff
et al., 2003; Dunstan et al., 1998; Earnest et al., 2014; Ferrer-Garcia et al., 2011; Gibbs et al.,
2012; Hale et al., 2022; Lambers et al., 2008; Loimaala et al., 2003; Magalhdes et al., 2019;
Maiorana et al., 2001; Scheer et al., 2020; Sigal et al., 2007; Tessier et al., 2000), two trials
were from upper-middle-income countries (Jorge et al., 2011; Tan, Li & Wang, 2012), and
three trials from lower-middle income countries (Sabouri et al., 2021; Yavari et al., 2012;
Zarei et al., 2021). Only one (Ferrer-Garcia et al., 2011) out of the 20 trials was conducted
in a non-clinical setting (home-based intervention). Eight studies conducted short-term
exercise interventions lasting 8-12 weeks and 12 studies conducted long-term exercise
interventions lasting 16-60 weeks (Table 1).

Risk of bias assessment results
Figure 2 illustrates the summary of the risk of bias assessment. Figure 3 shows the
judgements per domain for each eligible study in detail. In particular, the large majority of
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Records identified from:
£ Databases (n = 21,612)
E PubMed (n = 3,005) Records removed before screening:
s Scopus (n = 1,090) o Duplicate records removed (n = 1,647)
E ScienceDirect (n=5,749) > e Records marked as ineligible by
= Google Scholar (n = 104) automation tools (n = 0)
~_‘ \():Voe(i)hroi“nsi:i(gnze7(6nsl) 4,007) e Records removed for other reasons (n = 0)
N=Registers (n = 0)
Records screened — Records excluded.
(n=19,965) (n=19,926)
e A
= :
§ Reports sought for retrieval S Reports not retrieved
S (n=39) (n=0)
@
Y Full-text articles excluded, with reasons (n = 14)
Reports assessed for eligibility. e No control group (n = 5)
(n=39) ¢ Intervention (outcomes) (n =2)
e Population (category) (n = 2)
— v e Intervention (type) (n=2)
T Studies included in the review e Control group performed exercise (n = 3)
E] (n=20)
g Reports of included studies
I
(n=25)
Figure 1 PRISMA flowchart for search strategy. Full-size Ea] DOI: 10.7717/peerj.17525/fig-1
g gy peer) 8

eligible studies indicated some concerns. However, a low risk of bias in missing outcome
data and the selective reporting process was detected in the majority of eligible studies.

Primary outcomes

Glycemic control

HbA1c was reported in 16 trials involving 742 participants and showing low-quality
evidence. CART demonstrated a reduction in HbAlc (SMD -0.37, 95% CI [-0.60 to
—0.13]; I? = 55%; p = 0.003) (Fig. 4 and Table S3) compared to ST.

Resting cardiovascular function

RHR and SBP were included in two trials (n = 65) and 10 trials (n = 695), respectively,
demonstrating very low-quality evidence. No differences were found in both RHR (SMD
-0.65, 95% CI [-1.59 to 0.29]; I* = 59%; p = 0.17) and SBP (SMD -0.04, 95% CI [-0.41 to
0.32]; I> = 80%; p = 0.81) between CART and ST (Figs. 5 and 6, Table S3). Instead, CART
demonstrated a significant reduction in DBP (SMD -0.33, 95% CI [-0.63 to 0.04];

I’ = 60%; p = 0.03) reported in 10 trials (n = 560) with very low-quality evidence) (Fig. 7
and Table S3) compared to ST.

Inflammation
CRP, TNF-q, and IL-6 were reported in three (n = 167), two (n = 71), and two (n = 40)
trials, respectively. No meaningful change was reported in CRP (SMD -0.02, 95% CI
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Table 1 Characteristics of included trials.

Reference Participants’ Comorbidities Study Recruitment & Control Test-group intervention Duration Outcome measures Pro-instrument measure
age, BMI & design grouping intervention & context
population
1. Church et al. 55.8 + 8.7 years, Cancer, RCT Over media, mailers, Continued with their 10 kcal/kg per week 36 weeks 1. BM1 1. Maximal estimated metabolic
(2010) Neuropathy, and community normal expending aerobic and equivalent tasks (METs)
Myocardial events daily activities twice a week. calculation
infarction, N=117: CO = 41: resistance training.
Heart Ex =76 Supervised
catheterization,
and coronary
artery bypass
surgery
2. Swift etal. 358+ 62, N =96 2. HbA,. and CRP 2. Automated glycosylated
(2012) €O =37 hemoglobin analyzer (DCA
EX =59 2000, Bayer, Dublin, Ireland)
3. Ferrer- Inter-racial _ RCT By clinical interview  Dietary and exercise = 45 min of moderate 24 weeks 1. Quality of life 1. Health-Related Quality of Life
Garcia et al. Sedentary men N = 84: counseling physical (particularly 2. HbA,. (HRQL) questionnaire with
(2011) and women in CO =40: Ex = 44 aerobic) for '5 -days + 3. Anthropometric: BMI analogic scale
the USA Strength training at (kg/m?), waist 2. High performance liquid
least 2 days/week . circumference (cm) chromatography (HPLC)
Home-based physical 3 -
education program '
(HPEP) (verbally and
in writing
recommendation)
4. Maiorana RCT Hospital recruitment They were instructed 1 h circuit training (a 1. HbA,. 1. HPLC system (Hercules, CA)
et al. (2001) N =16: not to combination of cycle
Ex=8 undertake any ergometry, treadmill
CO=38 formal exercise or walking and resistance
change in their training) Supervised by
habitual physical an experienced exercise
activity levels physiologist
during these period
5. Maiorana ~ 66.7 + 8.0 years, 8 weeks 5 o, 2. Vo2max, Sensormedics
et al. (2002) 2. BMI 3
3. Resting heart rate 4. -
6. Lambers 313+62 RCT Hospital outpatients ~ Continued with their 40-sessions of circuit 12 weeks 1. HbA,, 1. HPLC (Pierce Chemical Co.,
et al. (2008) N = 54: normal training (walking or 2. Peak oxygen Rockford, IL, USA)
CO=16:Ex=19  daily activities jogging, elbow flexion consumption 2. Oxycon Pro spirometer
Zd egter}sion, fiyding’ 3. Fitness (Jaeger—Viasys Healthcare,
exteeilsiz)s,o :t:;ping, 4. BML, and blood Hoe.c hberg; Germany
X ressure 3. 6 min walk test (6MW T),
cooling down ; sit-to-stand test
+ stack weight 5. Quality of life
Strengthening 4. Digital balance, stadiometer,
Exercises measuring tape and manual
Supervised sphygmomanometer
5. General Health Survey Short

Form (SF-36)
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Table 1 (continued)

Reference Participants’ Comorbidities  Study Recruitment & Control Test-group intervention Duration Outcome measures Pro-instrument measure
age, BMI & design grouping intervention & context
population
7. Hale et al. Randomized, Via general practices Usual care Diabetes Community 12 weeks 1. HbA,, I -
(2022) two-arm, (GP), Diabetes NZ, Exercise Programme 2. Body mass index and 2. -
parall(lel,b 1 p;llbhc.n.ledla d iDCEP? twwe";"eekly' blood pressure 3. Incremental Shuttle Walk Test
open-labe advertising, an t cox?smts aerobic 3. Fitness (ISWT), NZ Physical Activity
trial health agencies exercise warm-up ) ) Questionnaire-Short Form
that work with (5 min), an aerobic and 4. Quality of life
. . . . (NZPAQ-SF)
Maori and Pacific resistance exercise ] )
communities circuit with a focus on 4. Aule of Dla-betes-dependent
N =169: CO = 84: major muscle groups Quahtly of Ijlfe (ADDQoL)
Ex = 85 (30 min), and flexibility Questionnaire, and the EuroQol
exercises (5 min). five dimensions questionnaire
supervised (EQ-5D-5 1)
8. Loimaala Hypertension RCT Through newspaper ~ Conventional Conventional treatment 60 weeks 1. VOypax 1. Respiratory gas analyzer
et al. (2003) advertisement treatment only together + heart 2. Heart rate variability (Sensormedics 2900Z;
N =49: ratecontrolled (HRV) Sensormedics BV, Bilthoven, the
CO =25:Ex=24 endurance training 3. HbA Netherlands).
. . 1
twice a week + muscle ¢ 2. ECG with phenylephrine method
strength training twice for the BRS
;week. J 3. Immunoturbidimetric method
Upervise (Roche, Basel, Switzerland) with
Cobas Mira Plus and Cobas
Integra automatic analyzers
9. Tessier et al. Spanish patients RCT Hospital outpatients ~ Continue with their ~ Three times a week of 16 weeks 1. VOspax 1. Balke-Naughton treadmill
(2000) N =39: usual activity rapid walk, strengthinig 2. HbA,, protocol
CO =20:Ex=19 regimen and strtching exercise 3. Quality of life 2. QOL and attitudes toward DM
Supervised 3. QOL and attitudes toward DM
questionnaire
10. Dunstan 52 + 2 years, RCT Non—regular No formal exercise 60 min circuit weight 8 weeks 1. Blood pressure 1. Dinamap 1846SX automatic
et al. (1998) vigorous exercising training (CWT) blood pressure measuring device
NIDDM 3 days a week (Critikon, Tampa, Florida, USA)
volunteers supervised
N =27
CO=12:Ex=15
11. Jorge et al.  29.6 + 3.4 RCT From Diabetes No formal exercise 3 days per week of cycling 12 week 1. BMI 1. Anthropometric scale
(2011) Outpatient Clinic at the heart rate 2. IL-6 2. Enzymee immunoassay kits
N=22 corresponding to the 3. HbA,. 3. Immunoassay by turbidimetry on

CO=12:Ex=12

lactate threshold

(30 min) plus
7-exercise circuit as
follows: leg press,
bench press, lat pull
down, seated rowing,
shoulder press,
abdominal curls, and
knee curls (30 min).
supervised

Dimension RXL Max SIEMENS
equipment and HOMA-insulin
resistance index (HOMA-IR)

(Continued)
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Table 1 (continued)

Reference Participants’ Comorbidities  Study Recruitment & Control Test-group intervention Duration Outcome measures Pro-instrument measure
age, BMI & design grouping intervention & context
population
12. Oliveira RCT Diabetic clinic No formal exercise  Cycling 5 min, two sets of 12 weeks 4 Blood pressure 4. Aneroid sphygmomanometer
et al. (2012) recruitment 15 rePs strength 5. Vosmmar 5. Fit Mate Cosmed, Rome, Italy
N =22 exercise and another 5
| K system and lactate threshold
CO=12:Ex=10 min of cycling
Supervised
13. Sigal et al. ~ Australia RCT Recruited through Reverted to pre-study Three times weekly 22 weeks 1. HbA,. 1. Turbidimetric immunoinhibition
(2007) advertising, exercise levels. progressive treadmills 2. Plasma lipid values, 2. Enzymatic methods on a
physicians, and or bicycle ergometers and blood pressure Beckman-Coulter LX20 analyzer
yjordlgg mouth ;xercnsec-l 7 ioht 3. BMI 3. Bioelectrical impedance analyzer,
= 126: rogressing weig|
computed tomography (CT).
CO = 62: machines P graphy (CT)
Ex =64 resistant exercises
Supervised
14. Reid et al. RCT Hospital recruitment Revert to their Three times per week 22 weeks  4.QoL 4. Medical  Outcomes  Trust
(2010) N =109: CO =52:  pre-study activity treadmills and/or Short-Form 36-item version
Ex =57 level bicycle (SE-36)
ergometers +
progressing weight
lifting exercise
Supervised
15. Gibbs et al. 55.8 + 9.7 years  Hypertension RCT Recruited via Information about Three times per week of 24 weeks 1. VO2peak 1. Modified Balke protocol
(2012) newspaper American Heart 10-15 min warm-up, 2. BMI, blood pressure 2. Kgm™', automated BP device
advertisements AAssociation Diet 45 m%n of aerobic 3. Body and visceral fat (Dinamap MPS Select; Johnson &
from greater with no further exercise at 60-90% Johnson, New Brunswick, NJ)
Baltimo intervention maximum heart rate 3. Dual X-ray absorptiometry,
N = 140: CO = 70: and a cool down . N
: L magnetic resonance imaging
Ex =70 +7 weight training
exercises of latissimus
dorsi pull down, leg
extension, leg curl,
bench press, leg press,
shoulder press, and
seated mid-rowing as
two sets of 12-15
repetitions at 50% of
1-repetition
maximum.
supervised
16. Yavari 289 +28 RCT DM Clinic out- Maintained their Three times per week of a 52 weeks 1. HbA,, 1. Auto-analyzer devices (Hitachi®,
et al. (2012) patients lifestyle warm-up stage, they 2. VO2max model 704, 902, made in Japan)
N = 40: worked for 20-30 min

CO =20: Ex =20

on a treadmill or
bicycle plus 2 sets each
of 8 exercises with 8-10
repetitions on weight
machines.

supervised

2. Rockport 1,600 m walking test
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Table 1 (continued)

Reference Participants’ Comorbidities  Study Recruitment & Control Test-group intervention Duration Outcome measures Pro-instrument measure
age, BMI & design grouping intervention & context
population
17. Cuff et al. RCT Hospital recruitment Warm-up, an aerobic 16 weeks 1. Peak VO,ax 1. Progressive Naughton protocol
(2003) N=19: phase, a resistance 2. Abdominal adipose treadmill test
Co=9: training phase, and a tissue & mid-thigh 2. Computed tomography scans
Ex =10 cooldown to total a skeletal
class time of 75 min.
supervised
18. Earnest From two RCT N=117: CO =41:  Maintained their Treadmill walking 3-5 36 weeks 1. Estimated METSs 1. From VO,Peak and time-to-
et al. (2014) general Ex =76 lifestyle days per week at a 2. HbA,. exhaustion (TTE)
practice moderate to vigorous 3. Waist circumference,  2- Beckman Coulter DXC600 Pro
centers in the intensity + 2 ('iays of body composition (Brea, CA)
Netherlands strength training 3 -
and Belgium exercises (abdominal, ’
upper & lower body
exercises) for 145 min
supervised
19. Scheer RCT Recruited from the ~ Maintained usual Three times a week ina 8 weeks 1. VO2peak 1. Mass flow ventilometry, and
et al. (2020) community using activities heated community 2. BMI simultaneous mixing chamber
local media pool of eight aerobic analysis of expired gas fractions
advertising. stations in alternating (Vmax, Sensormedics, Yorba
N =35: with eight resistance Linda, USA)
CO =21 stations 2. Body weight (AND HW 200KGL
Ex =14 scales, Australia) and height
20. Tan, Li ¢ 62.7 + 15.3 years RCT Recruited via local ~ Maintain their usual ~Three sessions per week 24 weeks 1. Body composition 1. GE Prodigy direct digital DEXA
Wang medical physical activity of warm-up period (30 2. BMI, bone densitometry (GE
(2012) practitioners. habits min), moderate aerobic 3. HbA Healthcare, USA)
) . - 1
N = 30: exercise, resistance ¢ 2. Kgm 2, Waist girth was measured
CO=12:Ex=18 training (10 min) with at the level of the umbilicus
five leg muscle exercises horizontally without clothing,
(two sets of 10-12 while the hip girth at the level of
repetitions) and a cool- the greatest protrusion of the
down gluteal muscles with underwear
supervised 3. By enzymatic method (BioRad,
Hercules, USA).
21. Zarei et al. RCT N = 26: Received no Three sessions per week 1. BMI 1. Body composition analyzer
(2021) CO=13:Ex=13 intervention of aerobic exercise 2. HbA¢ (InBody 270, South Korea)
(walking or running) + 2. Pars Azmoon kit (Pars Azmoon

weight training

Co, Tehran, Iran) and
biochemical auto-analyzer device

(Continued)
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Table 1 (continued)

Reference Participants’ Comorbidities Study Recruitment & Control Test-group intervention Duration Outcome measures Pro-instrument measure
age, BMI & design grouping intervention & context
population
22. Magalhdes New Zealand Hypertension RCT Using media No intervention Aerobic exercise on 1 year 1. BMI 1. BMI (kg/m?)
et al. (2019) communities advertisements and cycling at 40% to 60% 2. Fasting glucose 2. -
e-mail of the heart rz?te reserve 3. HbA,, 3 -
N=38 (HRR) + RT included
CO =22 one set of 10-12 4. VOamax 4 -
EX =16 repetitions.
23. Magalhdes  53.3 + 5.1 years - Co =27 5. Inflammatory 1. Commercial ELISA Kits.
et al. (2020) EX =28 Markers
24. Annibalini  29.3 + 3.7 - RCT — Usual care Aerobic exercise 16 weeks 1. BMI 1. BMI (kg/mz)
et al. (2017) Ttaly N=16 (no intervention) performed on a 2. HbA,,, 2. -
EX =38 treadmill with (40% to 3. VOpuax 3
CO=8 65% of heart rate (HR)
reserve) and duration
(30 to 60 min) + RT
gradually increased
from 2 to 4 sets of 20 to
12 repetitions from
40% to 60% of 1-
repetition maximum
(1-RM) for 3 times per
week
25. Sabouri 69.3 + 4.2 years - RCT N=28 Subjects in the CO  Aerobic exercise on cycle 12 weeks 1. BMI 1. Body composition analyzer (In
et al. (2021) Iran EX =15 group were asked ergometers + RT for 2. HbA,. Body 570, Korea)
CO=13 to continue 70 min were performed

routine activities
without
participating in
any exercise
program
throughout the
study.

three training
sessions/week

3. DBP and SBP

Note:

RCT, Randomised control trial; EX, Exercise; CO, Control.
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Figure 2 Summary of the risk of bias. Full-size K&] DOT: 10.7717/peerj.17525/fig-2

[—0.32 t0 0.29]; I* = 0%; p = 0.92) with moderate-quality evidence between CART and ST.
CART group exhibited reductions in TNF-a (SMD —-0.96, 95% CI [-1.52 to —0.39];

P = 12%; p = 0.009) and IL-6 (SMD —0.94, 95% CI [~1.60 to —0.28]; I* = 0%; p = 0.009)
with low-quality evidence compared to ST (Figs. 8-10, Table S3).

Cardiorespiratory fitness

CART was included in 16 trials, involving 420 participants, showing very low-quality
evidence, and inducing a significant improvement in CRF (SMD 0.40, 95% CI [-0.02 to
0.77]; I> = 67%; p = 0.008) compared to ST (Fig. 11, Table S3).

Secondary outcomes

Anthropometry

BMI was reported in 16 trials (n = 915) demonstrating low-quality evidence and exerting a
meaningful reduction in BMI (SMD -0.32, 95% CI [-0.57 to —0.08]; I* = 65%; p = 0.001)
compared to ST (Fig. 12, Table S3).

Quality of life

QoL was investigated in three trials involving 358 participants and showing low-quality
evidence. CART improved QoL (SMD 0.29, 95% CI [0.03-0.56]; I> = 37%; p = 0.03)
(Fig. 13, Table S3) compared to ST.

DISCUSSION

In the present study we provide, for the first time to our knowledge, evidence about the
effectiveness of CART on several cardiometabolic health-related indices. The main
findings suggest that CART induces positive changes in glycemic control, blood pressure,
inflammation, cardiorespiratory fitness, as well as quality of life in patients with T2DM and
concurrent overweight/obesity. Considering that aerobic and resistance training alone
have been reported as effective exercise solutions for inducing favorable results in
cardiometabolic health among people with T2DM (Al-Mhanna et al., 2023; Grace et al.,
2017; Kelley ¢ Kelley, 2007; Nery et al., 2017; Yang et al., 2014), the present findings
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Figure 3 Risk of bias assessment results. Note: Annibalini et al. (2017), Church et al. (2010), Cuff et al.
(2003), Dunstan et al. (1998), Earnest et al. (2014), Ferrer-Garcia et al. (2011), Gibbs et al. (2012), Hale et
al. (2022), Jennings et al. (2009), Jorge et al. (2011), Lambers et al. (2008), Loimaala et al. (2003),
Magalhaes et al. (2020, 2019), Maiorana et al. (2001, 2002), Oliveira et al. (2012), Reid et al. (2010),
Sabouri et al. (2021), Scheer et al. (2020), Sigal et al. (2007), Swift et al. (2012), Tan, Li & Wang (2012),

Tessier et al. (2000), Yavari et al. (2012), Zarei et al. (2021).
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C ined aerobic and r training Standard treatment Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD__Total Weight 1V, Random, 95% CI IV, Random, 95% CI
Annibalini et al., 2017 6.7 0.7 8 6.9 0.8 8 4.0% -0.25[-1.24,0.73]
Church et al., 2010 71 24.94 59 748 2213 37 92% -0.02 [-0.43, 0.40] -1
Cuff et al., 2003 6.8 1.2 10 6.87 0.2 9 4.5% -0.08 [-0.98, 0.83]
Gibbs et al., 2012 6.4 1.2 70 6.9 1.3 70 10.2% -0.40 [-0.73, -0.06] e
Jorge et al., 2011 7.53 1.05 12 7.07 0.7 12 51% 0.50 [-0.32, 1.31] ]
Lambers et al., 2008 6.9 1.2 19 7 0.88 16 6.4% -0.09 [-0.76, 0.57] - 1
Loimaala et al., 2003 7.6 14 24 8.3 1.4 25 7.4% -0.49 [-1.086, 0.08] I
Magalhdes et al., 2019 56.4 14.7 16 569 125 22 6.6% -0.04 [-0.68, 0.61] I E—
Maiorana et al., 2001 7.9 0.3 8 8.5 0.4 8 31% -1.60 [-2.78, -0.43]
Sabouri et al., 2021 6.73 0.43 15 718 0.73 13 5.5% -0.74 [-1.52, 0.03] I
Scheer et al., 2020 712 1.07 13 7.04 082 14 56% 0.08 [-0.67, 0.84] ]
Sigal et al., 2007 6.56 1.55 64  7.51 1.47 62  9.9% -0.62 [-0.98, -0.27] -
Tanetal., 2012 6.14 0.71 15 5.98 0.63 10 5.2% 0.23 [-0.58, 1.03] ]
Tessier et al., 2000 7.69 1.2 19 7.89 15 20 6.7% -0.14 [-0.77, 0.48] - 1
Yavari et al., 2012 6.9 0.9 20 8.2 1 20 6.1% -1.34 [-2.03, -0.65]
Zarei et al., 2021 6.69 0.38 12 7.59 0.78 12 4.4% -1.42[-2.33, -0.50]
Total (95% Cl) 384 358 100.0% -0.37 [-0.60, -0.13] -

Heterogeneity: Tau? = 0.12; Chi? = 33.27, df = 15 (P = 0.004); I = 55%
Test for overall effect: Z = 3.00 (P = 0.003)
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Figure 4 The effect of CART on HbAlc (primary outcome). Note: Annibalini et al. (2017), Church et al. (2010), Cuff et al. (2003), Gibbs et al.
(2012), Jorge et al. (2011), Lambers et al. (2008), Loimaala et al. (2003), Magalhaes et al. (2019), Sabouri et al. (2021), Scheer et al. (2020), Sigal et
al. (2007), Tan, Li & Wang (2012), Tessier et al. (2000), Yavari et al. (2012), Zarei et al. (2021). Full-size k&l DOI: 10.7717/peerj.17525/fig-4

Combined aerobic and resistance training Standard treatment Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD__ Total Weight IV, Random, 95% CI IV, Random, 95% CI
Loimaala et al., 2003 65.7 8 24 681 9 25 621% -0.28 [-0.84, 0.29]

Maiorana et al., 2001 66 3 8 70 3 8 37.9% -1.26 [-2.36, -0.16] L

Total (95% Cl) 32 33 100.0% -0.65 [-1.59, 0.29]

2 -1 0 1 2
Combined aerobic and resistance training ~ Standard treatment

Heterogeneity: Tau? = 0.28; Chi? = 2.43, df = 1 (P = 0.12); I = 59%
Test for overall effect: Z = 1.36 (P = 0.17)

Figure 5 The effect of CART on RHR (primary outcome). Note: Loimaala et al. (2003), Maiorana et al. (2001).

Full-size 4] DOT: 10.7717/peerj.17525/fig-5

Combined aerobic and resistance training

Standard treatment

Std. Mean Difference

Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD__ Total Weight IV, Random, 95% CI IV, Random, 95% CI
Annibalini et al., 2017 116.6 12.9 8 1281 107 8  6.5% -0.92 [-1.96, 0.13] 1

Garcia et al., 2011 141.43 15.45 44 14347 1847 40 115% -0.12 [-0.55, 0.31]

Gibbs et al., 2012 125 14 70 125 13 70 12.3% 0.00 [-0.33, 0.33]

Hale et al., 2022 136.1 1.12 83 1349 113 82 12.4% 1.06 [0.74, 1.39] F

Jorge et al., 2011 125 13 10 1242 173 12 8.0% 0.05[-0.79, 0.89]

Loimaala et al., 2003 138 16 24 144 14 25 10.3% -0.39 [-0.96, 0.17]

Sabouri et al., 2021 125.2 6.13 15 12846  5.31 13 87% -0.55[-1.31, 0.21]

Sigal et al., 2007 129 23 64 129 21 62 122% 0.00 [-0.35, 0.35]

Tan et al., 2012 130 19 15 137 18 10 83% -0.36 [-1.17, 0.44]

Yavari et al., 2012 123 12,5 20 1213 144 20 9.9% 0.12[-0.50, 0.74]

Total (95% Cl) 353 342 100.0% -0.04 [-0.41, 0.32]

Heterogeneity: Tau? = 0.26; Chi? = 45.38, df = 9 (P < 0.00001); I = 80% {100 _550 550 i

Test for overall effect: Z=0.24 (P = 0.81)

Combined aerobic and resistance training

Standard treatment

Figure 6 The effect of CART on SBP (primary outcome). Note: Annibalini et al. (2017), Ferrer-Garcia et al. (2011), Gibbs et al. (2012), Hale et al.
(2022), Jorge et al. (2011), Loimaala et al. (2003), Sabouri et al. (2021), Sigal et al. (2007), Tan, Li & Wang (2012), Yavari et al. (2012).

Full-size K] DOT: 10.7717/peerj.17525/fig-6

indicate that CART may be considered as the optimal exercise approach for populations

with impaired metabolic health due to the concurrent presence of T2DM and overweight/

obesity.

Resistance training has been shown to increase muscle mass and glycogen storage

(Knuiman, Hopman & Mensink, 2015), whereas aerobic exercise improves mitochondrial
function and glucose utilization (Wang et al., 2020). Together, they contribute to improved
glycemic control by reducing insulin resistance and enhancing glucose metabolism (Yavari

et al., 2012). Additionally, aerobic exercise enhances cardiac output, vascular function, and
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Combined aerobic and resistance training Standard treatment Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD  Total Weight IV, Random, 95% CI IV, Random, 95% CI
Annibalini etal., 2017 76.6 35 8 825 5.3 8  53% -1.24 [-2.34,-0.14] -
Garcia et al., 2011 79.69 121 44 8048 106 40 13.6% -0.07 [-0.50, 0.36] e
Gibbs etal, 2012 69 9 14 70 g 13 85% -0.11 [-0.87, 0.64] I E—
Hale etal, 2022 777 1.2 83 786 114 82 156% -0.77 [-1.08,-0.45] e
Jorge etal., 2011 77a 4.6 10 78.3 10.3 12 7.5% -0.09 [-0.93,0.75] — T
Sabouri etal,, 2021 82.46 4.24 15 863 225 13 8.0% -1.08[-1.88,-0.27] -
Scheeretal, 2020 91 4] 13 95 10 14 8.4% -0.47 [1.23,0.30] — 1
Sigal etal., 2007 79 14 64 79 13 62 15.0% 0.00 [-0.35, 0.35] I —
Tanetal, 2012 73 10 15 TE g 10 7.9% -0.35[1.15, 0.46] — 1
Yavari etal., 2012 783 8.8 20 76 7.2 20 10.3% 0.28 [-0.34, 0.90] N e —
Total (95% CI) 286 274 100.0% -0.33 [-0.63, -0.04] B
Heterogeneity: Tau?= 0.12; Chi*= 22.52, df= 8 (P = 0.007); F= 60% 52 51 3 15 é
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Figure 7 The effect of CART on DBP (primary outcome). Note: Annibalini et al. (2017), Ferrer-Garcia et al. (2011), Gibbs et al. (2012), Hale et al.
(2022), Jorge et al. (2011), Sabouri et al. (2021), Scheer et al. (2020), Sigal et al. (2007), Tan, Li & Wang (2012), Yavari et al. (2012).
Full-size K&l DOT: 10.7717/peerj.17525/fig-7

Combined aerobic and resi: training Standard treatment Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD__Total Weight 1V, Random, 95% CI IV, Random, 95% CI
Annibalini et al., 2017 12 05 8 0.9 05 8  9.4% 0.57 [-0.44, 1.57]
Church et al., 2010 4.91 13.08 59 555 13.64 37 56.5% -0.05 [-0.46, 0.36]
Magalhées et al., 2019 23.9 55.1 28 29.7 35.3 27 341% -0.12 [-0.65, 0.41]
Total (95% Cl) 95 72 100.0% -0.02 [-0.32, 0.29]

K 05 0 05 1
Combined aerobic and resistance training ~ Standard treatment

Heterogeneity: Tau? = 0.00; Chi? = 1.47, df = 2 (P = 0.48); I? = 0%
Test for overall effect: Z = 0.10 (P = 0.92)

Figure 8 The effect of CART on CRP (primary outcome). Note: Annibalini et al. (2017), Church et al. (2010), Magalhaes et al. (2019).
Full-size K&l DOT: 10.7717/peerj.17525/fig-8

Combined aerobic and resi: training Standard treatment Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD__ Total Weight 1V, Random, 95% CI IV, Random, 95% CI
Annibalini et al., 2017 1.6 0.4 8 21 0.2 8 22.4% -1.49 [-2.64, -0.35] -
Magalhdes et al., 2019 0.06 112 28 099 1.16 27 77.6% -0.80 [-1.36, -0.25] —i—
Total (95% Cl) 36 35 100.0% -0.96 [-1.52, -0.39] ‘

Heterogeneity: Tau? = 0.03; Chi? = 1.13, df = 1 (P = 0.29); I = 12% + y T + +

- - -2 -1 0 1 2
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Figure 9 The effect of CART on TNF-a (primary outcome). Note: Annibalini et al. (2017), Magalhdes et al. (2019).
Full-size K&l DOT: 10.7717/peerj.17525/fig-9

Combined aerobic and resistance training Standard treatment Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD  Total Weight IV, Random, 95% CI IV, Random, 95% CI
Annibalini et al., 2017 0.8 0.4 8 1.1 0.5 8 43.0% -0.63 [-1.64, 0.38] =
Jorge et al., 2011 20.23 0.83 12 2129 091 12 57.0% -1.18 [-2.05, -0.30] i
Total (95% Cl) 20 20 100.0%  -0.94 [-1.60, -0.28] e

Heterogeneity: Tau? = 0.00; Chi? = 0.64, df = 1 (P = 0.42); 1= 0%

Test for overall effect: Z = 2.77 (P = 0.006) -2 1 0 1 2

Combined aerobic and resistance training  Standard treatment

Figure 10 The effect of CART on IL-6 (primary outcome). Note: Annibalini et al. (2017), Jorge et al. (2011).
Full-size K&l DOT: 10.7717/peerj.17525/fig-10

endothelial health, while resistance training improves arterial stiffness and regulation of
blood pressure (Al-Mhanna et al., 2022b; Okamoto, Masuhara ¢ Ikuta, 2013). CART
leverages these benefits, resulting in enhanced cardiovascular fitness and heart health.
CART likely surpasses single-mode exercises due to its ability to capitalize on the distinct
effects of both aerobic and resistance training, leading to more comprehensive
improvements in cardiometabolic health indicators (Jorge et al., 2011). Therefore, the
integration of CART represents a promising strategy for optimising cardiometabolic
health in patients with T2DM and overweight/obesity. Its multifaceted benefits, including

AL-Mhanna et al. (2024), PeerdJ, DOI 10.7717/peerj.17525 16/32


http://dx.doi.org/10.7717/peerj.17525/fig-10
http://dx.doi.org/10.7717/peerj.17525/fig-8
http://dx.doi.org/10.7717/peerj.17525/fig-9
http://dx.doi.org/10.7717/peerj.17525/fig-7
http://dx.doi.org/10.7717/peerj.17525
https://peerj.com/

Peer

Combined aerobic and resistance training Standard treatment Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD__ Total Weight IV, Random, 95% CI IV, Random, 95% CI
Annibalini et al., 2017 38.9 53 8 37 11.5 8 7.4% 0.20[-0.78, 1.18] I
Cuff et al., 2003 1.63 0.06 10 1.7 0.12 9 7.7% -0.72 [-1.65, 0.22] —
Gibbs et al., 2012 26.2 6.2 70 229 6.3 70  13.2% 0.53[0.19, 0.86] e
Jorge et al., 2011 26.2 6.2 10 20.5 2.77 12 7.8% 1.18[0.26, 2.11] - -
Loimaala et al., 2003 33.8 55 24 31.8 6.6 25 11.1% 0.32[-0.24, 0.89] -1
Magalhées et al., 2019 249 4.1 16 244 54 22 10.3% 0.10 [-0.54, 0.74] I R
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Figure 11 The effect of CART on CRF (primary outcome). Note: Annibalini et al. (2017), Cuff et al. (2003), Gibbs et al. (2012), Jorge et al. (2011),
Loimaala et al. (2003), Magalhdes et al. (2019), Sabouri et al. (2021), Scheer et al. (2020), Tan, Li & Wang (2012), Yavari et al. (2012).
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Figure 12 The effect of CART on BMI (secondary outcome). Note: Annibalini et al. (2017), Church et al. (2010), Cuff et al. (2003), Dunstan et al.
(1998), Ferrer-Garcia et al. (2011), Gibbs et al. (2012), Lambers et al. (2008), Loimaala et al. (2003), Magalhdes et al. (2019), Maiorana et al. (2001),
Sabouri et al. (2021), Sigal et al. (2007), Tan, Li & Wang (2012), Tessier et al. (2000), Yavari et al. (2012), Zarei et al. (2021).
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Figure 13 The effect of CART on QoL (secondary outcome). Note: Ferrer-Garcia et al. (2011), Hale et al. (2022), Sigal et al. (2007).
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enhanced glycemic control, body composition, and cardiovascular function, underscore its
potential as a cornerstone of exercise-based interventions in clinical settings. However,
certain studies included in our review exhibited varying levels of bias, ranging from unclear
to high risk. The presence of bias in these studies could potentially influence the overall
conclusions drawn from our analysis. For instance, studies with a high risk of bias might
overestimate or underestimate certain effects, thus affecting the generalizability of our
findings. Additionally, unclear bias in key studies can introduce uncertainty into our
assessment of the true effect sizes and outcomes being studied.

Glycemic control

According to our findings, CART showed a meaningful reduction in HbAlc among people
with T2DM and concurrent overweight/obesity. These findings indicated that CART likely
improves glycemic control through enhanced insulin sensitivity, increased muscle glucose
uptake, and favourable changes in body composition, including reduced adiposity. These
combined effects contribute to improved glucose metabolism and overall glycemic
management in individuals with T2DM and overweight/obesity.

It is worth mentioning that significant reductions in HbAlc result in a decreased risk of
developing diabetes-related mortality. This outcome corroborates results reported in
previous meta-analyses investigating the impact of physical exercise on glucose
metabolism among populations affected by T2DM with or without concurrent overweight/
obesity (Zhao et al., 2021). Interestingly, long-term (>12 weeks) exercise interventions
appear to be more effective than short-term (<12 weeks), underlining the positive role of
physical exercise in glycemic management among patients with T2DM and obesity in a
prolonged way (Church et al., 2010; Zou et al., 2016). In addition, CART have been
documented as the optimal exercise strategy for inducing beneficial alterations in glycemic
control among people with metabolic health impairments compared to other training
modalities, such as aerobic, resistance, or interval training (Batrakoulis, Jamurtas &
Fatouros, 2021; Batrakoulis et al., 2022a; Zhao et al., 2021). In summary, the beneficial role
of CART in glycemic management may be partly explained by the fact that abdominal
obesity is common among populations with T2DM and excessive weight (Bays et al.,
2008). Thus, such CART-induced adaptations may be linked to the potential activation of
some key molecular mechanisms responsible for regulating whole-body glucose
homeostasis associated with visceral adipose tissue (Magalhdes et al., 2020; Sabag et al.,
2017).

Blood pressure

Populations with T2DM and concurrent overweight/obesity are at high risk of
experiencing raised blood pressure, resulting in a high risk of cardiovascular disease
morbidity and mortality (Costanzo et al., 2015). According to the American Diabetic
Association’s guidelines, it is important for these populations to maintain normal blood
pressure levels in order to lower the risk of developing metabolic syndrome (Colberg et al.,
2016). In the present study, CART exerted a substantial reduction in DBP; however, no
beneficial changes were observed in SBP and RHR. In general, resting cardiovascular
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function improvements in individuals with T2DM are not well defined. More specifically,
conflicting results are present when examining the role of CART in blood pressure among
people with impaired glycemic control and with or without overweight/obesity (Albalawi
et al., 2017; Bersaoui et al., 2020; Zhao et al., 2021). This remark cannot be explained here;
however, the presence of overweight/obesity along with T2DM may play some role in the
simultaneous management of HbA1lc and blood pressure due to a complex, low-grade
chronic inflammation. Moreover, CART may not be the optimal exercise solution for
lowering resting cardiovascular function parameters, since it is characterized by high
weekly time commitment (210-270 min) (Larose et al., 2011). This is important,
considering how stressful CART may be compared to other less intensive and more
time-efficient exercise types (Batrakoulis, 2022a, 2022b, 2022¢; Batrakoulis ¢ Fatouros,
2022). However, an Alternative exercise modality that could be considered other exercise
types beyond CART is High-Intensity Interval Training (HIIT) which may offer distinct
advantages in this context. HIIT involves alternating short bursts of intense exercise with
recovery periods. Studies have indicated that HIIT can effectively reduce blood pressure in
individuals with T2DM and overweight/obesity (Ahmad et al., 2023; de Oliveira Teles et al.,
2022). The combination of aerobic and anaerobic components in HIIT may confer unique
cardiovascular benefits.

Future research should focus on directly comparing the efficacy of these alternative
exercise modalities to inform evidence-based recommendations.

Inflammation

Individuals with impaired metabolic health are likely to present with raised inflammatory
markers since a progressive accumulation of triglycerides promotes the fat cells
hyperplasia and hypertrophy, resulting in a pro-inflammatory state which stimulates the
generation of reactive oxygen species (Bays et al., 2008). CART with or without caloric
restriction has been widely documented as an effective exercise strategy for populations
with obesity-related chronic systemic inflammation (Brunelli et al., 2015; Ihalainen et al.,
2018; Lopes et al., 2016; Magalhaes et al., 2020; Mendes et al., 2016). In the current study,
we found substantial CART-induced improvements in TNF-a and IL-6, but not in CRP.
Such significant reductions are critical, given that people with T2DM and obesity tend to
have various cardiovascular complications associated with elevated oxidative stress,
impaired antioxidant capacity, insulin resistance and declined CRF due to chronic
inflammation of adipose tissue by stimulating the immune system (Bays et al., 2008).
Considering that both aerobic and resistance training alone induce favorable alterations in
inflammatory markers among populations with T2DM and/or obesity (Batrakoulis et al.,
2021a; Batrakoulis, Jamurtas & Fatouros, 2021; Colberg et al., 2010a; Kanaley et al., 2022;
Libardi et al., 2012; Qadir et al., 2021), CART appears to be the optimal exercise approach
for those characterized by metabolic health impairments (Batrakoulis et al., 2022a).

The integration of aerobic and resistance exercise elicits potent anti-inflammatory effects
by modulating adipose tissue metabolism and reducing pro-inflammatory cytokines. This
comprehensive reduction in systemic inflammation is critical for mitigating cardiovascular
risk factors associated with obesity and T2DM (Scheffer ¢ Latini, 2020).
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Taking these remarks into account, our findings indicate strong evidence considering
the CART-induced beneficial changes in obesity-related inflammation, playing a vital role
in lowering various cardiovascular disease risk factors in patients with T2DM and
concurrent overweight/obesity.

Cardiorespiratory fithess

People with metabolic health complications tend to demonstrate poor CRF levels and low
functionality, resulting in high risk for cardiovascular disease morbidity (Colberg et al.,
2010b; Jensen et al., 2014). On the contrary, high CRF levels are linked to low risk of
all-cause mortality and morbidity in populations with no health problems and this has
been reported as a more influential factor for overall health compared to anthropometric
and body composition measurements (McAuley et al., 2016). Additionally, CRF was
inversely correlated with ectopic fat accumulation and glucose intolerance; however, no
statistically significant differences were found between people with T2DM and those
without T2DM in respect of CRF levels (Sabag et al., 2021). As for the positive role of
exercise in CRF, CART is considered the most effective exercise type for increasing CRF
levels in adults with excessive weight and no comorbidities (Batrakoulis et al., 2022a;
O’Donoghue et al., 2021). Interestingly, training regimens incorporating aerobic and
muscle-strengthening activities into a single session appear to be productive in terms of
physical fitness improvements among previously inactive individuals with an unhealthy
weight (Batrakoulis et al., 2018, 2022b, 2021b). Such an important elevation in CRF may be
evidenced by the CART-induced beneficial mitochondrial adaptations as well as the rises
in skeletal muscle capillarization and oxidative metabolism in response to CART
(Murlasits, Kneffel ¢ Thalib, 2018). CART is a strategic exercise approach that elicits
profound physiological adaptations, particularly enhancing cardiorespiratory health
through multiple pathways. Firstly, CART optimises mitochondrial function within
skeletal muscle cells. Mitochondria are the cellular powerhouses responsible for producing
energy, and CART training stimulates mitochondrial biogenesis and efficiency, leading to
improved oxidative metabolism (Tan et al., 2023; Tucker et al., 2022).

Additionally, CART promotes muscle capillarization, which refers to the growth of tiny
blood vessels (capillaries) around muscle fibres. This increased capillarization enhances
oxygen delivery to the muscles during exercise, supporting aerobic metabolism and
endurance capacity (Moro et al., 2019). CART also induces specific adaptations that
synergistically enhance both strength and cardiovascular fitness.

Anthropometry

Our study shows that CART reduces BMI in individuals with T2DM and excessive weight,
indicating potential improvements not only in other anthropometric parameters but also
in various body composition measurements that need to be investigated in-depth in the
future. Considering that weight loss and weight loss maintenance are challenging goals for
people with impaired metabolic health, the present outcome seems to be important for
these populations characterized by visceral adiposity. Interestingly, CART has been
reported as the number exercise option for improving body mass, body fat percentage, fat
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and fat-free mass, waist circumference and waist-to-hip ratio in adults with overweight/
obesity (Batrakoulis et al., 2018, 2022a). Previous research also demonstrated similar
effects of CART on several anthropometric and body composition indicators among
populations with T2DM and concurrent overweight/obesity (Pan et al., 2018; Zhao et al.,
2021). However, further RCTs are needed to determine whether CART can induce
favorable alterations in abdominal adiposity that is linked to lower morbidity and
mortality risks (Mulligan et al., 2019).

Quality of life

It has been well documented that persons with excessive weight are very likely to present
with poor mental health due to body dissatisfaction (Gilyana, Batrakoulis e~ Zisi, 2023)
associated with insufficient physical activity levels (Chekroud et al., 2018), resulting in high
attrition rates when engaging in exercise interventions (Burgess et al., 2017). In general,
regular exercise is considered an effective solution for elevating QoL and body satisfaction
(Campbell & Hausenblas, 2009) and mitigating the association between obesity and
psychiatry illness (Taylor et al., 2013). Importantly, exercise protocols integrating aerobic
and resistance exercises into a multicomponent training program demonstrate
substantially high adherence among individuals with overweight/obesity (Batrakoulis

et al., 2020). The present study shows that CART increases QoL in people with T2DM and
concurrent overweight/obesity, encouraging this population to maintain high energy and
low stress levels while lowering potential depressive and anxiety symptoms that are
responsible for sedentarism and exercise amotivation (Posthouwer et al., 2005).

Implications for future research

Given than CART seems to be a beneficial training modality for people with T2DM and
concurrent overweight/obesity with respect to improvements in several cardiometabolic
health-related indices, there is lack of robust evidence on the implementation of CART in
the real world. Despite the current exercise recommendations for individuals with T2DM
(Aschner, 2017; Colberg et al., 2010b; Mendes et al., 2016), further investigation is needed to
determine the ideal training parameters, such as frequency, intensity and time in order to
help clinicians and practitioners prescribe evidence-based, CART-like protocols to persons
with T2DM and an unhealthy weight (Batrakoulis, 2022a). Likewise, future research
should focus on the examination of the dose-response relationship between CART and
cardiometabolic health outcomes not only in supervised, lab-based trials but also in a
free-living environment as previously articulated (Batrakoulis et al., 2019). Such a research
approach would support the practicability of CART, indicating whether one of the most
comprehensive and popular exercise approaches (A'Naja et al., 2024) can be implemented
for individuals with the most prevalent metabolic health impairments under real-world
conditions.

In general, our results corroborate the current exercise prescription guidelines for
various general and clinical populations (Burtscher, Millet ¢» Burtscher, 2023; Donnelly
et al., 2009; Marwick et al., 2009). However, future research should systematically explore
various frequencies, intensities, and durations of CART to determine the most effective
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protocols for improving metabolic health. This evidence-based approach will enable
clinicians and health experts to confidently design tailored CART-like exercise programs
that optimize outcomes for patients with T2DM and concurrent overweight/obesity.
Further investigation into optimal training parameters will bridge the gap between
research findings and practical implementation in clinical settings, enhancing the precision
and impact of exercise interventions for this population.

Limitations

The present meta-analysis has few limitations and thus the outcomes should be considered
with caution. In the current study, we applied the GRADE approach, which provides a
structured method for assessing the quality of evidence, which is crucial for drawing
reliable conclusions. However, given the low and very low certainty of several outcomes,
caution is needed when interpreting the results. Eligible studies demonstrated
inconsistency with respect to the training parameters applied during the interventions,
resulting in significant heterogeneity among the included trials. Our study shows that
favorable CART-induced adaptations are existent primarily among middle-aged and older
adults (mean age: 57 + 7 years). Thus, present findings cannot be generalized to other age
groups, such as young adults with T2DB and an unhealthy weight. Given the included
outcome measures, the role of CART in cardiometabolic health of this particular
population still remains unclear due to the lack of data in terms of body composition, lipid
homeostasis, oxidative stress and physical function.

CONCLUSIONS

The present systematic review and meta-analysis provides important insights into the
implementation of CART for patients with T2DM and concurrent overweight/obesity as a
component of a comprehensive management and treatment plan in a clinical setting.
The outcomes indicate clear evidence that CART has a positive role in improving key
cardiometabolic and mental health-related indicators, such as glycemic control, blood
pressure, chronic inflammation, cardiorespiratory fitness, and quality of life in patients
with T2DM and concurrent overweight/obesity. More studies with robust methodological
design are warranted to examine the dose-response relationship, training parameters
configuration and mechanisms behind these positive adaptations. This review also
underlines the need for further RCTs to investigate more comprehensive anthropometric
and body composition outcome measures to intricate the CART-induced effects for
individuals with T2DM and concurrent overweight/obesity.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the Universiti Sains Malaysia (Grant No. 304.PPSP.6315639).
The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

AL-Mhanna et al. (2024), PeerdJ, DOI 10.7717/peerj.17525 22/32


http://dx.doi.org/10.7717/peerj.17525
https://peerj.com/

Peer/

Grant Disclosures
The following grant information was disclosed by the authors:
Universiti Sains Malaysia: 304.PPSP.6315639.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

e Sameer Badri AL-Mhanna conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, and approved the final draft.

» Alexios Batrakoulis conceived and designed the experiments, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.

e Wan Syaheedah Wan Ghazali conceived and designed the experiments, performed the
experiments, prepared figures and/or tables, authored or reviewed drafts of the article,
and approved the final draft.

e Mahaneem Mohamed performed the experiments, analyzed the data, prepared figures
and/or tables, authored or reviewed drafts of the article, and approved the final draft.

e Abdulaziz Aldayel conceived and designed the experiments, performed the experiments,
prepared figures and/or tables, and approved the final draft.

e Maha H. Alhussain conceived and designed the experiments, performed the
experiments, prepared figures and/or tables, and approved the final draft.

» Hafeez Abiola Afolabi performed the experiments, analyzed the data, prepared figures
and/or tables, and approved the final draft.

 Yusuf Wada performed the experiments, analyzed the data, prepared figures and/or
tables, and approved the final draft.

e Mehmet Giilii performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.

» Safaa Elkholi conceived and designed the experiments, prepared figures and/or tables,
and approved the final draft.

» Bishir Daku Abubakar conceived and designed the experiments, prepared figures and/or
tables, and approved the final draft.

* Daniel Rojas-Valverde conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:
This is a systematic review/meta-analysis.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.17525#supplemental-information.

AL-Mhanna et al. (2024), PeerdJ, DOI 10.7717/peerj.17525 23/32


http://dx.doi.org/10.7717/peerj.17525#supplemental-information
http://dx.doi.org/10.7717/peerj.17525#supplemental-information
http://dx.doi.org/10.7717/peerj.17525
https://peerj.com/

Peer/

REFERENCES

A’Naja MN, Reed R, Sansone J, Batrakoulis A, McAvoy C, Parrott MW. 2024. ACSM worldwide
fitness trends: future directions of the health and fitness industry. ACSM’S Health & Fitness
Journal 28(1):14-26 DOI 10.1249/FIT.0000000000000933.

Afolabi HA, Zakaria Z, Salleh SM, Ch’ng ES, Nafi SNM, Aziz AABA, Al-Mhanna SB,
Irekeola AA, Wada Y, Daku AB. 2023. Obesity: a prerequisite for major chronic illnesses. In:
Obesity-Recent Insights and Therapeutic Options. London, United Kingdom: IntechOpen
DOI 10.5772/INTECHOPEN.111935.

Ahmad AM, Mahmoud AM, Serry ZH, Mohamed MM, Abd Elghaffar HA. 2023. Effects of
low-versus high-volume high-intensity interval training on glycemic control and quality of life
in obese women with type 2 diabetes. A randomized controlled trial. Journal of Exercise Science
& Fitness 21(4):395-404 DOI 10.1016/j.jesf.2023‘08.003.

AL-Mhanna SB, Ghazali WSW, Mohamed M, Rabaan AA, Santali EY, Alestad JH, Santali EY,
Arshad S, Ahmed N, Afolabi HA. 2022a. Effectiveness of physical activity on immunity
markers and quality of life in cancer patient: a systematic review. Peer] 10(3):e13664
DOI 10.7717/peerj.13664.

Al-Mhanna SB, Mohamed M, Mohd Noor N, Aldhahi MI, Afolabi HA, Mutalub YB,
Irekeola AA, Bello KE, Wan Ghazali WS. 2022b. Effects of circuit training on patients with
knee osteoarthritis: a systematic review and meta-analysis. Healthcare 10(10):2041
DOI 10.3390/healthcare10102041.

Al-Mhanna SB, Rocha-Rodriguesc S, Mohamed M, Batrakoulis A, Aldhahi MI, Afolabi HA,
Yagin FH, Alhussain MH, Giilii M, Abubakar BD. 2023. Effects of combined aerobic exercise
and diet on cardiometabolic health in patients with obesity and type 2 diabetes: a systematic
review and meta-analysis. BMC Sports Science, Medicine and Rehabilitation 15(1):165
DOI 10.1186/s13102-023-00766-5.

Albalawi H, Coulter E, Ghouri N, Paul L. 2017. The effectiveness of structured exercise in the
south Asian population with type 2 diabetes: a systematic review. The Physician and
Sportsmedicine 45(4):408-417 DOI 10.1080/00913847.2017.1387022.

American College of Sports Medicine, Liguori G, Feito Y, Fountaine C, Roy BA. 2021. ACSM’s
guidelines for exercise testing and prescription. Philadelphia, PA: Wolters Kluwer Health.

Annibalini G, Lucertini F, Agostini D, Vallorani L, Gioacchini A, Barbieri E, Guescini M,
Casadei L, Passalia A, Del Sal M. 2017. Concurrent aerobic and resistance training has
anti-inflammatory effects and increases both plasma and leukocyte levels of IGF-1 in late
middle-aged type 2 diabetic patients. Oxidative Medicine and Cellular Longevity 2017:3937842
DOI 10.1155/2017/3937842.

Aschner P. 2017. New IDF clinical practice recommendations for managing type 2 diabetes in
primary care. Diabetes Research and Clinical Practice 132:169-170
DOI 10.1016/j.diabres.2017.09.002.

Badri Al-mhanna S, Leao C, Wan Ghazali WS, Mohamed M, Batrakoulis A, Abiola Afolabi H,
Daku Abubakar B, I.Aldhahi M, Giilii M, Hilal Yagin F. 2024a. Impact of exercise on
high-density lipoprotein cholesterol in adults with overweight and obesity: a narrative review.
Annals of Applied Sport Science 12(1):e1300.

Badri Al-mhanna S, Wan Ghazali WS, Batrakoulis A, Alkhamees NH, Drenowatz C,
Mohamed M, Giilii M, Afolabi HA, Badicu G. 2024b. Impact of various types of exercise on
lipid metabolism in patients with type 2 diabetes and concurrent overweight/obesity: a narrative
review. Annals of Applied Sport Science 12:2467-4918.

AL-Mhanna et al. (2024), PeerdJ, DOI 10.7717/peerj.17525 24/32


http://dx.doi.org/10.1249/FIT.0000000000000933
http://dx.doi.org/10.5772/INTECHOPEN.111935
http://dx.doi.org/10.1016/j.jesf.2023.08.003
http://dx.doi.org/10.7717/peerj.13664
http://dx.doi.org/10.3390/healthcare10102041
http://dx.doi.org/10.1186/s13102-023-00766-5
http://dx.doi.org/10.1080/00913847.2017.1387022
http://dx.doi.org/10.1155/2017/3937842
http://dx.doi.org/10.1016/j.diabres.2017.09.002
http://dx.doi.org/10.7717/peerj.17525
https://peerj.com/

Peer/

Bank W. 2024. World bank. (n.d.). The world by income and region. World bank data topics.
Retrieved April 23, 2024. Available at https://datatopics.worldbank.org/world-development-
indicators/the-world-by-income-and-region.html.

Batrakoulis A. 2022a. Psychophysiological adaptations to pilates training in overweight and obese
individuals: a topical review. Diseases 10(4):71 DOI 10.3390/diseases10040071.

Batrakoulis A. 2022b. Psychophysiological adaptations to yoga practice in overweight and obese
individuals: a topical review. Diseases 10(4):107 DOI 10.3390/diseases10040107.

Batrakoulis A. 2022c. Role of mind-body fitness in obesity. Diseases 11(1):1
DOI 10.3390/diseases11010001.

Batrakoulis A, Fatouros IG. 2022. Psychological adaptations to high-intensity interval training in
overweight and obese adults: a topical review. Sports 10(5):64 DOI 10.3390/sports10050064.
Batrakoulis A, Fatouros IG, Chatzinikolaou A, Draganidis D, Georgakouli K, Papanikolaou K,

Deli CK, Tsimeas P, Avloniti A, Syrou N, Jamurtas AZ. 2019. Dose-response effects of
high-intensity interval neuromuscular exercise training on weight loss, performance, health and
quality of life in inactive obese adults: study rationale, design and methods of the DolT trial.
Contemporary Clinical Trials Communications 15(3):100386

DOI 10.1016/j.conctc.2019.100386.

Batrakoulis A, Jamurtas AZ, Draganidis D, Georgakouli K, Tsimeas P, Poulios A, Syrou N,
Deli CK, Papanikolaou K, Tournis S, Fatouros IG. 2021a. Hybrid neuromuscular training
improves cardiometabolic health and alters redox status in inactive overweight and obese
women: a randomized controlled trial. Antioxidants 10(10):1601 DOI 10.3390/antiox10101601.

Batrakoulis A, Jamurtas AZ, Fatouros IG. 2021. High-intensity interval training in metabolic
diseases: physiological adaptations. ACSM’S Health & Fitness Journal 25(5):54-59
DOI 10.1249/FI'T.0000000000000703.

Batrakoulis A, Jamurtas AZ, Georgakouli K, Draganidis D, Deli CK, Papanikolaou K,
Avloniti A, Chatzinikolaou A, Leontsini D, Tsimeas P, Comoutos N, Bouglas V,
Michalopoulou M, Fatouros IG. 2018. High intensity, circuit-type integrated neuromuscular
training alters energy balance and reduces body mass and fat in obese women: a 10-month
training-detraining randomized controlled trial. PLOS ONE 13(8):€0202390
DOI 10.1371/journal.pone.0202390.

Batrakoulis A, Jamurtas AZ, Metsios GS, Perivoliotis K, Liguori G, Feito Y, Riebe D,
Thompson WR, Angelopoulos TJ, Krustrup P, Mohr M, Draganidis D, Poulios A,
Fatouros IG. 2022a. Comparative efficacy of 5 exercise types on cardiometabolic health in
overweight and obese adults: a systematic review and network meta-analysis of 81 randomized
controlled trials. Circulation: Cardiovascular Quality and Outcomes 5(6):e008243
DOI 10.1161/CIRCOUTCOMES.121.008243.

Batrakoulis A, Jamurtas AZ, Tsimeas P, Poulios A, Perivoliotis K, Syrou N, Papanikolaou K,
Draganidis D, Deli CK, Metsios GS, Angelopoulos TJ, Feito Y, Fatouros IG. 2022b. Hybrid-
type, multicomponent interval training upregulates musculoskeletal fitness of adults with
overweight and obesity in a volume-dependent manner: a 1-year dose-response randomised
controlled trial. European Journal of Sport Science 23(3):1-12
DOI 10.1080/17461391.2021.2025434.

Batrakoulis A, Loules G, Georgakouli K, Tsimeas P, Draganidis D, Chatzinikolaou A,
Papanikolaou K, Deli CK, Syrou N, Comoutos N, Theodorakis Y, Jamurtas AZ, Fatouros IG.
2020. High-intensity interval neuromuscular training promotes exercise behavioral regulation,
adherence and weight loss in inactive obese women. European Journal of Sport Science
20(6):783-792 DOI 10.1080/17461391.2019.1663270.

AL-Mhanna et al. (2024), PeerdJ, DOI 10.7717/peerj.17525 25/32


https://datatopics.worldbank.org/world-development-indicators/the-world-by-income-and-region.html
https://datatopics.worldbank.org/world-development-indicators/the-world-by-income-and-region.html
http://dx.doi.org/10.3390/diseases10040071
http://dx.doi.org/10.3390/diseases10040107
http://dx.doi.org/10.3390/diseases11010001
http://dx.doi.org/10.3390/sports10050064
http://dx.doi.org/10.1016/j.conctc.2019.100386
http://dx.doi.org/10.3390/antiox10101601
http://dx.doi.org/10.1249/FIT.0000000000000703
http://dx.doi.org/10.1371/journal.pone.0202390
http://dx.doi.org/10.1161/CIRCOUTCOMES.121.008243
http://dx.doi.org/10.1080/17461391.2021.2025434
http://dx.doi.org/10.1080/17461391.2019.1663270
http://dx.doi.org/10.7717/peerj.17525
https://peerj.com/

Peer/

Batrakoulis A, Tsimeas P, Deli CK, Vlachopoulos D, Ubago-Guisado E, Poulios A,
Chatzinikolaou A, Draganidis D, Papanikolaou K, Georgakouli K, Batsilas D, Gracia-
Marco L, Jamurtas AZ, Fatouros I. 2021b. Hybrid neuromuscular training promotes
musculoskeletal adaptations in inactive overweight and obese women: a training-detraining
randomized controlled trial. Journal of Sports Sciences 39(5):503-512
DOI 10.1080/02640414.2020.1830543.

Bays HE, Gonzalez-Campoy JM, Bray GA, Kitabchi AE, Bergman DA, Schorr AB,
Rodbard HW, Henry RR. 2008. Pathogenic potential of adipose tissue and metabolic
consequences of adipocyte hypertrophy and increased visceral adiposity. Expert Review of
Cardiovascular Therapy 6(3):343-368 DOI 10.1586/14779072.6.3.343.

Bersaoui M, Baldew SM, Cornelis N, Toelsie J, Cornelissen VA. 2020. The effect of exercise
training on blood pressure in African and Asian populations: a systematic review and
meta-analysis of randomized controlled trials. European Journal of Preventive Cardiology
27(5):457-472 DOI 10.1177/2047487319871233.

Bhupathiraju SN, Hu FB. 2016. Epidemiology of obesity and diabetes and their cardiovascular
complications. Circulation Research 118(11):1723-1735
DOI 10.1161/CIRCRESAHA.115.306825.

Brunelli DT, Chacon-Mikahil MP, Gaspari AF, Lopes WA, Bonganha V, Bonfante IL,
Bellotto ML, Libardi CA, Cavaglieri CR. 2015. Combined training reduces subclinical
inflammation in obese middle-age men. Medicine & Science in Sports & Exercise
47(10):2207-2215 DOI 10.1249/MSS.0000000000000658.

Burgess E, Hassmen P, Welvaert M, Pumpa KL. 2017. Behavioural treatment strategies improve
adherence to lifestyle intervention programmes in adults with obesity: a systematic review and
meta-analysis. Clinical Obesity 7(2):105-114 DOT 10.1111/cob.12180.

Burtscher J, Millet GP, Burtscher M. 2023. Pushing the limits of strength training. American
Journal of Preventive Medicine 64(1):145-146 DOI 10.1016/j.amepre.2022.07.018.

Campbell A, Hausenblas HA. 2009. Effects of exercise interventions on body image: a meta-
analysis. Journal of Health Psychology 14(6):780-793 DOI 10.1177/1359105309338977.

Chekroud SR, Gueorguieva R, Zheutlin AB, Paulus M, Krumholz HM, Krystal JH,
Chekroud AM. 2018. Association between physical exercise and mental health in 1.2 million
individuals in the USA between 2011 and 2015: a cross-sectional study. The Lancet Psychiatry
5(9):739-746 DOI 10.1016/52215-0366(18)30227-X.

Church TS, Blair SN, Cocreham S, Johannsen N, Johnson W, Kramer K, Mikus CR, Myers V,
Nauta M, Rodarte RQ. 2010. Effects of aerobic and resistance training on hemoglobin Alc
levels in patients with type 2 diabetes: a randomized controlled trial. The Journal of the American
Medical Association 304(20):2253-2262 DOI 10.1001/jama.2010.1710.

Colberg SR, Albright AL, Blissmer BJ, Braun B, Chasan-Taber L, Fernhall B, Regensteiner JG,
Rubin RR, Sigal RJ, American College of Sports M, American Diabetes A. 2010a. Exercise
and type 2 diabetes: American College of Sports Medicine and the American Diabetes
Association: joint position statement. Exercise and type 2 diabetes. Medicine & Science in Sports
& Exercise 42(12):2282-2303 DOI 10.1249/MSS.0b013e3181eeb61c.

Colberg SR, Sigal R]J, Fernhall B, Regensteiner JG, Blissmer BJ, Rubin RR, Chasan-Taber L,
Albright AL, Braun B. 2010b. Exercise and type 2 diabetes: the American College of Sports
Medicine and the American Diabetes Association: joint position statement. Diabetes Care
33(12):e147-e167 DOI 10.2337/dc10-9990.

AL-Mhanna et al. (2024), PeerdJ, DOI 10.7717/peerj.17525 26/32


http://dx.doi.org/10.1080/02640414.2020.1830543
http://dx.doi.org/10.1586/14779072.6.3.343
http://dx.doi.org/10.1177/2047487319871233
http://dx.doi.org/10.1161/CIRCRESAHA.115.306825
http://dx.doi.org/10.1249/MSS.0000000000000658
http://dx.doi.org/10.1111/cob.12180
http://dx.doi.org/10.1016/j.amepre.2022.07.018
http://dx.doi.org/10.1177/1359105309338977
http://dx.doi.org/10.1016/S2215-0366(18)30227-X
http://dx.doi.org/10.1001/jama.2010.1710
http://dx.doi.org/10.1249/MSS.0b013e3181eeb61c
http://dx.doi.org/10.2337/dc10-9990
http://dx.doi.org/10.7717/peerj.17525
https://peerj.com/

Peer/

Colberg SR, Sigal R]J, Yardley JE, Riddell MC, Dunstan DW, Dempsey PC, Horton ES,
Castorino K, Tate DF. 2016. Physical activity/exercise and diabetes: a position statement of the
American Diabetes Association. Diabetes Care 39(11):2065-2079 DOI 10.2337/dc16-1728.

Costanzo P, Cleland JG, Pellicori P, Clark AL, Hepburn D, Kilpatrick ES, Perrone-Filardi P,
Zhang J, Atkin SL. 2015. The obesity paradox in type 2 diabetes mellitus: relationship of body
mass index to prognosis: a cohort study. Annals of Internal Medicine 162(9):610-618
DOI 10.7326/M14-1551.

Cuff DJ, Meneilly GS, Martin A, Ignaszewski A, Tildesley HD, Frohlich JJ. 2003. Effective
exercise modality to reduce insulin resistance in women with type 2 diabetes. Diabetes Care
26(11):2977-2982 DOI 10.2337/diacare.26.11.2977.

de Oliveira Teles G, da Silva CS, Rezende VR, Rebelo ACS. 2022. Acute effects of high-intensity
interval training on diabetes mellitus: a systematic review. International Journal of
Environmental Research and Public Health 19(12):7049 DOI 10.3390/ijerph19127049.

de Wit LM, van Straten A, van Herten M, Penninx BW, Cuijpers P. 2009. Depression and body
mass index, a u-shaped association. BMC Public Health 9(1):14 DOI 10.1186/1471-2458-9-14.

Donnelly JE, Blair SN, Jakicic JM, Manore MM, Rankin JW, Smith BK. 2009. Appropriate
physical activity intervention strategies for weight loss and prevention of weight regain for
adults. Medicine & Science in Sports & Exercise 41(2):459-471
DOI 10.1249/MSS.0b013e3181949333.

Dunstan DW, Puddey IB, Beilin L], Burke V, Morton AR, Stanton K. 1998. Effects of a
short-term circuit weight training program on glycaemic control in NIDDM. Diabetes Research
and Clinical Practice 40(1):53-61 DOI 10.1016/S0168-8227(98)00027-8.

Earnest CP, Johannsen NM, Swift DL, Gillison FB, Mikus CR, Lucia A, Kramer K, Lavie CJ,
Church TS. 2014. Aerobic and strength training in concomitant metabolic syndrome and type 2
diabetes. Medicine and Science in Sports and Exercise 46(7):1293-1301
DOI 10.1249/MSS.0000000000000242.

Ferrer-Garcia JC, Lopez PS, Pablos-Abella C, Albalat-Galera R, Elvira-Macagno L, Sanchez-
Juan C, Pablos-Monzé A. 2011. Benefits of a home-based physical exercise program in elderly
subjects with type 2 diabetes mellitus. Endocrinologia y Nutricién (English Edition)
58(8):387-394 DOI 10.1016/j.endoen.2011.05.007.

Gibbs BB, Dobrosielski DA, Bonekamp S, Stewart KJ, Clark JM. 2012. A randomized trial of
exercise for blood pressure reduction in type 2 diabetes: effect on flow-mediated dilation and
circulating biomarkers of endothelial function. Atherosclerosis 224(2):446-453
DOI 10.1016/j.atherosclerosis.2012.07.035.

Gilyana M, Batrakoulis A, Goulis DG, Symeonidou K, Al-Mhanna SB, Kouidi E. 2024. Effects of
a multi-component exercise program and bariatric surgery on anthropometric characteristics
and physical function in patients with obesity. Annals of Applied Sport Science 2476-4981.

Gilyana M, Batrakoulis A, Zisi V. 2023. Physical activity, body image, and emotional intelligence
differences in adults with overweight and obesity. Diseases 11(2):71
DOI 10.3390/diseases11020071.

Grace A, Chan E, Giallauria F, Graham PL, Smart NA. 2017. Clinical outcomes and glycaemic
responses to different aerobic exercise training intensities in type II diabetes: a systematic review
and meta-analysis. Cardiovascular Diabetology 16(1):1-10 DOI 10.1186/s12933-017-0518-6.

Giingor AK, Topgu H, Aldhahi MI, Al-Mhanna SB, Giilii M. 2024. Resistance training to muscle
failure with variable load intensities: implications for post-exercise blood pressure and heart rate
variability in trained men. Journal of Clinical Medicine 13(8):2296 DOI 10.3390/jcm13082296.

AL-Mhanna et al. (2024), PeerdJ, DOI 10.7717/peerj.17525 27/32


http://dx.doi.org/10.2337/dc16-1728
http://dx.doi.org/10.7326/M14-1551
http://dx.doi.org/10.2337/diacare.26.11.2977
http://dx.doi.org/10.3390/ijerph19127049
http://dx.doi.org/10.1186/1471-2458-9-14
http://dx.doi.org/10.1249/MSS.0b013e3181949333
http://dx.doi.org/10.1016/S0168-8227(98)00027-8
http://dx.doi.org/10.1249/MSS.0000000000000242
http://dx.doi.org/10.1016/j.endoen.2011.05.007
http://dx.doi.org/10.1016/j.atherosclerosis.2012.07.035
http://dx.doi.org/10.3390/diseases11020071
http://dx.doi.org/10.1186/s12933-017-0518-6
http://dx.doi.org/10.3390/jcm13082296
http://dx.doi.org/10.7717/peerj.17525
https://peerj.com/

Peer/

Hale L, Higgs C, Gray A, Mann J, Mani R, Sullivan T, Terry J, Keen D, Stokes T. 2022. The
diabetes community exercise programme plus usual care versus usual care in patients with type 2
diabetes: a randomised, two-arm, parallel, open-label trial. EClinicalMedicine 46(1):101361
DOI 10.1016/j.eclinm.2022.101361.

Higgins JPT, Savovi¢ J, Page M]J, Elbers RG, Sterne JAC. 2019. Assessing risk of bias in a
randomized trial. Cochrane Handbook for Systematic Reviews of Interventions 205-228
DOI 10.1002/9781119536604.CHS.

Ihalainen JK, Schumann M, Eklund D, Hamalainen M, Moilanen E, Paulsen G, Hakkinen K,
Mero AA. 2018. Combined aerobic and resistance training decreases inflammation markers in
healthy men. Scandinavian Journal of Medicine & Science in Sports 28(1):40-47
DOI 10.1111/sms.12906.

Jennings AE, Alberga A, Sigal R], Jay O, Boule NG, Kenny GP. 2009. The effect of exercise
training on resting metabolic rate in type 2 diabetes mellitus. Medicine & Science in Sports &
Exercise 41:1558-1565.

Jamka M, Makarewicz-Bukowska A, Bokayeva K, Smidowicz A, Geltz J, Kokot M,
Kaczmarek N, Zok A, Kononets V, Cielecka-Piontek J, Madry E, Walkowiak J. 2022.
Comparison of the effect of endurance, strength and endurance-strength training on glucose and
insulin homeostasis and the lipid profile of overweight and obese subjects: a systematic review
and meta-analysis. International Journal of Environmental Research and Public Health
19(22):14928 DOI 10.3390/ijerph192214928.

Jensen MD, Ryan DH, Apovian CM, Ard JD, Comuzzie AG, Donato KA, Hu FB, Hubbard VS,
Jakicic JM, Kushner RF, Loria CM, Millen BE, Nonas CA, Pi-Sunyer FX, Stevens J,
Wadden TA, Wolfe BM, Yanovski SZ, Jordan HS, Kendall KA, Lux LJ, Mentor-Marcel R,
Morgan LC, Trisolini MG, Wnek J, Anderson JL, Halperin JL, Albert NM, Bozkurt B,
Brindis RG, Curtis LH, DeMets D, Hochman JS, Kovacs RJ, Ohman EM, Pressler SJ,
Sellke FW, Shen WK, Smith SC Jr, Tomaselli GF, American College of Cardiology/American
Heart Association Task Force on Practice G, and Obesity S. 2014. 2013 AHA/ACC/TOS
guideline for the management of overweight and obesity in adults: a report of the American
College of Cardiology/American Heart Association Task Force on Practice Guidelines and The
Obesity Society. Circulation 129:5102-S138 DOI 10.1161/01.¢ir.0000437739.71477 .ee.

Jorge MLMP, de Oliveira VN, Resende NM, Paraiso LF, Calixto A, Diniz ALD, Resende ES,
Ropelle ER, Carvalheira JB, Espindola FS. 2011. The effects of aerobic, resistance, and
combined exercise on metabolic control, inflammatory markers, adipocytokines, and muscle
insulin signaling in patients with type 2 diabetes mellitus. Metabolism 60(9):1244-1252
DOI 10.1016/j.metabol.2011.01.006.

Kadoglou N, Fotiadis G, Kapelouzou A, Kostakis A, Liapis C, Vrabas I. 2013. The differential
anti-inflammatory effects of exercise modalities and their association with early carotid
atherosclerosis progression in patients with type 2 diabetes. Diabetic Medicine 30(2):e41-e50
DOI 10.1111/dme.12055.

Kanaley JA, Colberg SR, Corcoran MH, Malin SK, Rodriguez NR, Crespo CJ, Kirwan JP,
Zierath JR. 2022. Exercise/physical activity in individuals with type 2 diabetes: a consensus
statement from the American College of Sports Medicine. Medicine ¢ Science in Sports ¢
Exercise 54(2):353-368 DOI 10.1249/MSS.0000000000002800.

Kelley G, Kelley K. 2007. Effects of aerobic exercise on lipids and lipoproteins in adults with type 2

diabetes: a meta-analysis of randomized-controlled trials. Public Health 121(9):643-655
DOI 10.1016/j.puhe.2007.02.014.

AL-Mhanna et al. (2024), PeerdJ, DOI 10.7717/peerj.17525 28/32


http://dx.doi.org/10.1016/j.eclinm.2022.101361
http://dx.doi.org/10.1002/9781119536604.CH8
http://dx.doi.org/10.1111/sms.12906
http://dx.doi.org/10.3390/ijerph192214928
http://dx.doi.org/10.1161/01.cir.0000437739.71477.ee
http://dx.doi.org/10.1016/j.metabol.2011.01.006
http://dx.doi.org/10.1111/dme.12055
http://dx.doi.org/10.1249/MSS.0000000000002800
http://dx.doi.org/10.1016/j.puhe.2007.02.014
http://dx.doi.org/10.7717/peerj.17525
https://peerj.com/

Peer/

Kemps H, Krankel N, Dorr M, Moholdt T, Wilhelm M, Paneni F, Serratosa L, Ekker Solberg E,
Hansen D, Halle M, Guazzi M. 2019. Exercise training for patients with type 2 diabetes and
cardiovascular disease: what to pursue and how to do it. A position paper of the european
association of preventive cardiology (EAPC). European Journal of Preventive Cardiology
26(7):709-727 DOI 10.1177/2047487318820420.

Kercher VM, Kercher K, Levy P, Bennion T, Alexander C, Amaral PC, Batrakoulis A,
Chavez LFJG, Cortés-Almanzar P, Haro JL, Zavalza ARP, Rodriguez LEA, Franco S, Santos-
Rocha R, Ramalho F, Simdes V, Vieira I, Ramos L, Veiga OL, Valcarce-Torrente M, Romero-
Caballero A. 2023. Fitness trends from around the globe. ACSM’S Health & Fitness Journal
27(1):19-30 DOI 10.1249/FIT.0000000000000836.

Kim KB, Kim K, Kim C, Kang SJ, Kim HJ, Yoon S, Shin YA. 2019. Effects of exercise on the body
composition and lipid profile of individuals with obesity: a systematic review and meta-analysis.
Journal of Obesity & Metabolic Syndrome 28(4):278-294 DOI 10.7570/jomes.2019.28.4.278.

Knuiman P, Hopman MTE, Mensink M. 2015. Glycogen availability and skeletal muscle
adaptations with endurance and resistance exercise. Nutrition ¢ Metabolism 12:1-11
DOI 10.1186/512986-015-0055-9.

Lambers S, Van Laethem C, Van Acker K, Calders P. 2008. Influence of combined exercise
training on indices of obesity, diabetes and cardiovascular risk in type 2 diabetes patients.
Clinical Rehabilitation 22(6):483-492 DOI 10.1177/0269215508084582.

Larose J, Sigal RJ, Khandwala F, Prud’homme D, Boule NG, Kenny GP, Diabetes A. 2011.
Resistance Exercise trial i. 2011. Associations bet76ween physical fitness and HbA(1)(c) in type 2
diabetes mellitus. Diabetologia 54(1):93-102 DOI 10.1007/s00125-010-1941-3.

Libardi CA, De Souza GV, Cavaglieri CR, Madruga VA, Chacon-Mikahil MP. 2012. Effect of
resistance, endurance, and concurrent training on TNF-alpha, IL-6, and CRP. Medicine &
Science in Sports & Exercise 44(1):50-56 DOI 10.1249/MSS.0b013e318229d2e9.

LiuJ-J, Liu S, Wang J, Lee ], Tang JI-S, Gurung RL, Ang K, Shao YM, Tavintharan S, Tang WE.
2022. Risk of incident heart failure in individuals with early-onset type 2 diabetes. The Journal of
Clinical Endocrinology & Metabolism 107(1):e178-e187 DOI 10.1210/clinem/dgab620.

Loimaala A, Huikuri HV, Koobi T, Rinne M, Nenonen A, Vuori I. 2003. Exercise training
improves baroreflex sensitivity in type 2 diabetes. Diabetes 52(7):1837-1842
DOI 10.2337/diabetes.52.7.1837.

Lopes WA, Leite N, da Silva LR, Brunelli DT, Gaspari AF, Radominski RB, Chacon-

Mikahil MP, Cavaglieri CR. 2016. Effects of 12 weeks of combined training without caloric
restriction on inflammatory markers in overweight girls. Journal of Sports Sciences
34(20):1902-1912 DOI 10.1080/02640414.2016.1142107.

Magalhaes JP, Judice PB, Ribeiro R, Andrade R, Raposo J, Dores H, Bicho M, Sardinha LB.
2019. Effectiveness of high-intensity interval training combined with resistance training versus
continuous moderate-intensity training combined with resistance training in patients with type
2 diabetes: a one-year randomized controlled trial. Diabetes, Obesity and Metabolism
21(3):550-559 DOT 10.1111/dom.13551.

Magalhaes JP, Santos DA, Correia IR, Hetherington-Rauth M, Ribeiro R, Raposo JF, Matos A,
Bicho MD, Sardinha LB. 2020. Impact of combined training with different exercise intensities
on inflammatory and lipid markers in type 2 diabetes: a secondary analysis from a 1-year
randomized controlled trial. Cardiovasc Diabetol 19(1):169 DOI 10.1186/s12933-020-01136-y.

Maiorana A, O’Driscoll G, Goodman C, Taylor R, Green D. 2002. Combined aerobic and
resistance exercise improves glycemic control and fitness in type 2 diabetes. Diabetes Research
and Clinical Practice 56:115-123 DOI 10.1016/s0168-8227(01)00368-0.

AL-Mhanna et al. (2024), PeerdJ, DOI 10.7717/peerj.17525 29/32


http://dx.doi.org/10.1177/2047487318820420
http://dx.doi.org/10.1249/FIT.0000000000000836
http://dx.doi.org/10.7570/jomes.2019.28.4.278
http://dx.doi.org/10.1186/s12986-015-0055-9
http://dx.doi.org/10.1177/0269215508084582
http://dx.doi.org/10.1007/s00125-010-1941-3
http://dx.doi.org/10.1249/MSS.0b013e318229d2e9
http://dx.doi.org/10.1210/clinem/dgab620
http://dx.doi.org/10.2337/diabetes.52.7.1837
http://dx.doi.org/10.1080/02640414.2016.1142107
http://dx.doi.org/10.1111/dom.13551
http://dx.doi.org/10.1186/s12933-020-01136-y
http://dx.doi.org/10.1016/s0168-8227(01)00368-0
http://dx.doi.org/10.7717/peerj.17525
https://peerj.com/

Peer/

Maiorana A, O’Driscoll G, Cheetham C, Dembo L, Stanton K, Goodman C, Taylor R, Green D.
2001. The effect of combined aerobic and resistance exercise training on vascular function in
type 2 diabetes. Journal of the American College of Cardiology 38(3):860-866
DOI 10.1016/S0735-1097(01)01439-5.

Marwick TH, Hordern MD, Miller T, Chyun DA, Bertoni AG, Blumenthal RS, Philippides G,
Rocchini A. 2009. Exercise training for type 2 diabetes mellitus: impact on cardiovascular risk: a
scientific statement from the American Heart Association. Circulation 119(25):3244-3262
DOI 10.1161/CIRCULATIONAHA.109.192521.

McAuley PA, Blaha MJ, Keteyian SJ, Brawner CA, Al Rifai M, Dardari ZA, Ehrman JK, Al-
Mallah MH. 2016. Fitness, fatness, and mortality: the FIT (Henry Ford Exercise Testing)
project. The American Journal of Medicine 129(9):960-965 €961
DOI 10.1016/j.amjmed.2016.04.007.

Melguizo-Ibaiiez E, Ubago-Jiménez JL, Gonzalez-Valero G, Badicu G, Al-Mhanna SB, Puertas-
Molero P. 2023. Study of the effects of physical-activity practice and adherence to the
mediterranean diet on emotional intelligence in elementary school education students. Children
10(7):1211 DOI 10.3390/children10071211.

Mendes R, Sousa N, Almeida A, Subtil P, Guedes-Marques F, Reis VM, Themudo-Barata JL.
2016. Exercise prescription for patients with type 2 diabetes-a synthesis of international
recommendations: narrative review. British Journal of Sports Medicine 50(22):1379-1381
DOI 10.1136/bjsports-2015-094895.

Moro T, Brightwell CR, Phalen DE, McKenna CF, Lane SJ, Porter C, Volpi E, Rasmussen BB,
Fry CS. 2019. Low skeletal muscle capillarization limits muscle adaptation to resistance exercise
training in older adults. Experimental Gerontology 127(Suppl. 1):110723
DOI 10.1016/j.exger.2019.110723.

Mulligan AA, Lentjes MAH, Luben RN, Wareham NJ, Khaw KT. 2019. Changes in waist
circumference and risk of all-cause and CVD mortality: results from the European Prospective
Investigation into Cancer in Norfolk (EPIC-Norfolk) cohort study. BMC Cardiovascular
Disorders 19(1):238 DOI 10.1186/s12872-019-1223-z.

Murlasits Z, Kneffel Z, Thalib L. 2018. The physiological effects of concurrent strength and
endurance training sequence: a systematic review and meta-analysis. Journal of Sports Sciences
36(11):1212-1219 DOI 10.1080/02640414.2017.1364405.

Nery C, De Moraes SRA, Novaes KA, Bezerra MA, Silveira PVDC, Lemos A. 2017. Effectiveness
of resistance exercise compared to aerobic exercise without insulin therapy in patients with type
2 diabetes mellitus: a meta-analysis. Brazilian Journal of Physical Therapy 21(6):400-415
DOI 10.1016/j.bjpt.2017.06.004.

O’Donoghue G, Blake C, Cunningham C, Lennon O, Perrotta C. 2021. What exercise
prescription is optimal to improve body composition and cardiorespiratory fitness in adults
living with obesity? A network meta-analysis. Obesity Reviews 22(2):e13137
DOI 10.1111/0br.13137.

Okamoto T, Masuhara M, Ikuta K. 2013. Low-intensity resistance training after high-intensity
resistance training can prevent the increase of central arterial stiffness. International Journal of
Sports Medicine 34:385-390 DOI 10.1055/s-00000028.

Oliveira VNd, Bessa A, Jorge MLMP, Oliveira RJdS, de Mello MT, De Agostini GG, Jorge PT,
Espindola FS. 2012. The effect of different training programs on antioxidant status, oxidative

stress, and metabolic control in type 2 diabetes. Applied Physiology, Nutrition, and Metabolism
37:334-344 DOI 10.1139/h2012-004.

AL-Mhanna et al. (2024), PeerdJ, DOI 10.7717/peerj.17525 30/32


http://dx.doi.org/10.1016/S0735-1097(01)01439-5
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.192521
http://dx.doi.org/10.1016/j.amjmed.2016.04.007
http://dx.doi.org/10.3390/children10071211
http://dx.doi.org/10.1136/bjsports-2015-094895
http://dx.doi.org/10.1016/j.exger.2019.110723
http://dx.doi.org/10.1186/s12872-019-1223-z
http://dx.doi.org/10.1080/02640414.2017.1364405
http://dx.doi.org/10.1016/j.bjpt.2017.06.004
http://dx.doi.org/10.1111/obr.13137
http://dx.doi.org/10.1055/s-00000028
http://dx.doi.org/10.1139/h2012-004
http://dx.doi.org/10.7717/peerj.17525
https://peerj.com/

Peer/

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, Shamseer L,
Tetzlaff JM, Akl EA, Brennan SE, Chou R, Glanville J, Grimshaw JM, Hrobjartsson A,
Lalu MM, Li T, Loder EW, Mayo-Wilson E, McDonald S, McGuinness LA, Stewart LA,
Thomas J, Tricco AC, Welch VA, Whiting P, Moher D. 2021. The PRISMA, 2020 statement:
an updated guideline for reporting systematic reviews. BMJ 372:n71 DOI 10.1136/bmj.n71.

Pan B, Ge L, Xun YQ, Chen YJ, Gao CY, Han X, Zuo LQ, Shan HQ, Yang KH, Ding GW,
Tian JH. 2018. Exercise training modalities in patients with type 2 diabetes mellitus: a
systematic review and network meta-analysis. International Journal of Behavioral Nutrition and
Physical Activity 15(1):72 DOI 10.1186/s12966-018-0703-3.

Pesta DH, Goncalves RLS, Madiraju AK, Strasser B, Sparks LM. 2017. Resistance training to
improve type 2 diabetes: working toward a prescription for the future. Nutrition ¢ Metabolism
14(1):24 DOI 10.1186/s12986-017-0173-7.

Posthouwer D, Plug I, van der Bom JG, Fischer K, Rosendaal FR, Mauser-Bunschoten EP. 2005.
Hepatitis C and health-related quality of life among patients with hemophilia. Haematologica-
The Hematology Journal 90:846-850.

Qadir R, Sculthorpe NF, Todd T, Brown EC. 2021. Effectiveness of resistance training and
associated program characteristics in patients at risk for type 2 diabetes: a systematic review and
meta-analysis. Sports Medicine-Open 7(1):38 DOI 10.1186/s40798-021-00321-x.

Reid R, Tulloch H, Sigal R, Kenny G, Fortier M, McDonnell L, Wells G, Boule N, Phillips P,
Coyle D. 2010. Effects of aerobic exercise, resistance exercise or both, on patient-reported health
status and well-being in type 2 diabetes mellitus: a randomised trial. Diabetologia 53:632-640
DOI 10.1007/s00125-009-1631-1.

Sabag A, Keating SE, Way KL, Sultana RN, Lanting SM, Twigg SM, Johnson NA. 2021. The
association between cardiorespiratory fitness, liver fat and insulin resistance in adults with or
without type 2 diabetes: a cross-sectional analysis. BMC Sports Science, Medicine and
Rehabilitation 13(1):40 DOI 10.1186/s13102-021-00261-9.

Sabag A, Way KL, Keating SE, Sultana RN, O’Connor HT, Baker MK, Chuter VH, George J,
Johnson NA. 2017. Exercise and ectopic fat in type 2 diabetes: a systematic review and meta-
analysis. Diabetes & Metabolism 43(3):195-210 DOI 10.1016/j.diabet.2016.12.006.

Sabouri M, Hatami E, Pournemati P, Shabkhiz F. 2021. Inflammatory, antioxidant and glycemic
status to different mode of high-intensity training in type 2 diabetes mellitus. Molecular Biology
Reports 48(6):5291-5304 DOI 10.1007/s11033-021-06539-y.

Scheer AS, Naylor LH, Gan SK, Charlesworth ], Benjanuvatra N, Green DJ, Maiorana AJ. 2020.
The effects of water-based exercise training in people with type 2 diabetes. Medicine & Science in
Sports & Exercise 52(2):417-424 DOI 10.1249/MSS.0000000000002133.

Scheffer DDL, Latini A. 2020. Exercise-induced immune system response: anti-inflammatory
status on peripheral and central organs. Biochimica et Biophysica Acta (BBA)-Molecular Basis of
Disease 1866(10):165823 DOI 10.1016/j.bbadis.2020.165823.

Sigal RJ, Kenny GP, Boule NG, Wells GA, Prud’homme D, Fortier M, Reid RD, Tulloch H,
Coyle D, Phillips P, Jennings A, Jaffey J. 2007. Effects of aerobic training, resistance training,
or both on glycemic control in type 2 diabetes: a randomized trial. Annals of Internal Medicine
147(6):357-369 DOI 10.7326/0003-4819-147-6-200709180-00005.

Swift DL, Johannsen NM, Earnest CP, Blair SN, Church TS. 2012. The effect of exercise training
modality on C-reactive protein in type-2 diabetes. Medicine and Science in Sports and Exercise
44:1028-1034 DOI 10.1249/MSS.0b013e31824526¢c.

Tan J, Krasilshchikov O, Kuan G, Hashim HA, Aldhahi MI, Al-Mhanna SB, Badicu G. 2023.
The effects of combining aerobic and heavy resistance training on body composition, muscle

AL-Mhanna et al. (2024), PeerdJ, DOI 10.7717/peerj.17525 31/32


http://dx.doi.org/10.1136/bmj.n71
http://dx.doi.org/10.1186/s12966-018-0703-3
http://dx.doi.org/10.1186/s12986-017-0173-7
http://dx.doi.org/10.1186/s40798-021-00321-x
http://dx.doi.org/10.1007/s00125-009-1631-1
http://dx.doi.org/10.1186/s13102-021-00261-9
http://dx.doi.org/10.1016/j.diabet.2016.12.006
http://dx.doi.org/10.1007/s11033-021-06539-y
http://dx.doi.org/10.1249/MSS.0000000000002133
http://dx.doi.org/10.1016/j.bbadis.2020.165823
http://dx.doi.org/10.7326/0003-4819-147-6-200709180-00005
http://dx.doi.org/10.1249/MSS.0b013e31824526cc
http://dx.doi.org/10.7717/peerj.17525
https://peerj.com/

Peer/

hypertrophy, and exercise satisfaction in physically active adults. Healthcare 11(17):2443
DOI 10.3390/healthcare11172443.

Tan S, Li W, Wang J. 2012. Effects of 6 months of combined aerobic and resistance training for
elderly patients with a long history of type 2 diabetes. Journal of Sports Science ¢~ Medicine
11:495-501.

Taylor VH, Forhan M, Vigod SN, McIntyre RS, Morrison KM. 2013. The impact of obesity on
quality of life. Best Practice ¢~ Research Clinical Endocrinology ¢ Metabolism 27(2):139-146
DOI 10.1016/j.beem.2013.04.004.

Tessier D, Ménard J, Fiilop T, Ardilouze J-L, Roy M-A, Dubuc N, Dubois M-F, Gauthier P.
2000. Effects of aerobic physical exercise in the elderly with type 2 diabetes mellitus. Archives of
Gerontology and Geriatrics 31(2):121-132 DOI 10.1016/50167-4943(00)00076-5.

Tremmel M, Gerdtham UG, Nilsson PM, Saha S. 2017. Economic burden of obesity: a systematic
literature review. International Journal of Environmental Research and Public Health 14(4):435
DOI 10.3390/ijerph14040435.

Tucker W], Fegers-Wustrow I, Halle M, Haykowsky MJ, Chung EH, Kovacic JC. 2022. Exercise
for primary and secondary prevention of cardiovascular disease: JACC focus seminar 1/4.
Journal of the American College of Cardiology 80(11):1091-1106 DOI 10.1016/j.jacc.2022.07.004.

Umpierre D, Ribeiro PA, Kramer CK, Leitao CB, Zucatti AT, Azevedo MJ, Gross JL, Ribeiro JP,
Schaan BD. 2011. Physical activity advice only or structured exercise training and association
with HbAlc levels in type 2 diabetes: a systematic review and meta-analysis. The Journal of the
American Medical Association 305(17):1790-1799 DOI 10.1001/jama.2011.576.

Wang SY, Zhu S, Wu J, Zhang M, Xu Y, Xu W, Cui J, Yu B, Cao W, Liu J. 2020. Exercise
enhances cardiac function by improving mitochondrial dysfunction and maintaining energy
homoeostasis in the development of diabetic cardiomyopathy. Journal of Molecular Medicine
98(2):245-261 DOI 10.1007/s00109-019-01861-2.

Yang Z, Scott CA, Mao C, Tang J, Farmer AJ. 2014. Resistance exercise versus aerobic exercise for
type 2 diabetes: a systematic review and meta-analysis. Sports Medicine 44(4):487-499
DOI 10.1007/s40279-013-0128-8.

Yapici H, Giilii M, Yagin FH, Ugurlu D, Comertpay E, Eroglu O, Kocoglu M, Aldhahi MI,
Karayigit R, Badri AL-Mhanna S. 2023. The effect of 8-weeks of combined resistance training
and chocolate milk consumption on maximal strength, muscle thickness, peak power and lean
mass, untrained, university-aged males. Frontiers in Physiology 14:1148494
DOI 10.3389/fphys.2023.1148494.

Yavari A, Najafipoor F, Aliasgarzadeh A, Niafar M, Mobasseri M. 2012. Effect of aerobic
exercise, resistance training or combined training on glycaemic control and cardio-vascular risk
factors in patients with type 2 diabetes. Biology of Sport 29(2):135-143.

Zarei M, Nakhzari Khodakheyr J, Rashidlamir A, Montazeri A. 2021. The effect of combined
resistance aerobic exercise training on concentrations of asprosin and complement Clq tumor
necrosis factor-related protein-1 in men with type 2 diabetes. Sport Sciences for Health
17(4):863-871 DOI 10.1007/s11332-021-00738-7.

Zhao X, He Q, Zeng Y, Cheng L. 2021. Effectiveness of combined exercise in people with type 2
diabetes and concurrent overweight/obesity:a systematic review and meta-analysis. BMJ Open
11(10):e046252 DOI 10.1136/bmjopen-2020-046252.

Zou Z, Cai W, Cai M, Xiao M, Wang Z. 2016. Influence of the intervention of exercise on obese
type II diabetes mellitus: a meta-analysis. Primary Care Diabetes 10(3):186-201
DOI 10.1016/j.pcd.2015.10.003.

AL-Mhanna et al. (2024), PeerdJ, DOI 10.7717/peerj.17525 32/32


http://dx.doi.org/10.3390/healthcare11172443
http://dx.doi.org/10.1016/j.beem.2013.04.004
http://dx.doi.org/10.1016/S0167-4943(00)00076-5
http://dx.doi.org/10.3390/ijerph14040435
http://dx.doi.org/10.1016/j.jacc.2022.07.004
http://dx.doi.org/10.1001/jama.2011.576
http://dx.doi.org/10.1007/s00109-019-01861-2
http://dx.doi.org/10.1007/s40279-013-0128-8
http://dx.doi.org/10.3389/fphys.2023.1148494
http://dx.doi.org/10.1007/s11332-021-00738-7
http://dx.doi.org/10.1136/bmjopen-2020-046252
http://dx.doi.org/10.1016/j.pcd.2015.10.003
http://dx.doi.org/10.7717/peerj.17525
https://peerj.com/

	Effects of combined aerobic and resistance training on glycemic control, blood pressure, inflammation, cardiorespiratory fitness and quality of life in patients with type 2 diabetes and overweight/obesity: a systematic review and meta-analysis ...
	Introduction
	Methods
	Results
	Discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


