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Abstract

Objective

Impaired glucose control & Insulin resistance are reported to be risk factors for the develop-
ment of cardiovascular diseases. To find the effects of a structured exercise program on
insulin resistance, glycaemic control, functional capacity, and quality of life in patients with
Type 2 diabetes mellitus.

Design

Randomized, controlled trial.

Setting

Diabetic Foot Clinic, Department of Physiotherapy & Department of General Medicine, Kas-
turba Hospital in Manipal, Karnataka, India.

Participants
160 participants aged between 30-65 years with Type 2 diabetes mellitus.

Intervention

A set of structured exercise programs (aerobic, resistance, and combined) along with the
standard hospital care was performed 3-5 times weekly for 12 weeks.

Measurements: Primary outcome measures

Fasting Insulin Level, Homa-IR, Six-minute walk test (6MWT), and WHOQOL-BREF ques-
tionnaire at baseline and 12th week.
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Secondary outcome measures

Body composition analysis, Fasting Blood Sugar, Postprandial Blood Sugar, Glycated Hae-
moglobin (HbA1c), and GPAQ questionnaire at baseline and 12th week.

Results

Significant differences have been observed in Homeostasis model assessment for insulin
resistance (Homa-IR) (F (1, 144) = 89.29, p < 0.001); Fasting insulin (FI) (F (1, 144) =
129.10, p < 0.001); Fasting blood sugar (FBS) (F (1, 144) = 12.193, p< 0.001); Post prandial
blood sugar (PPBS) (F (1, 144) =53.015, p< 0.001); glycated haemoglobin (HbA1c) (F (1,
144) = 80.050, p < 0.001); WHOQOL-Physical health (F (1, 144) = 20.008, p< 0.001), Psy-
chological (F (1, 144) =77.984, p< 0.001), Social relationship (F (1, 144) = 44.866, p<
0.001); Environmental (F (1, 144) = 69.974, p< 0.001); Six minute walk test (6BMWT) (F (1,
144) = 84.135, p< 0.001) in the study group when compared with the control group from
baseline to 12th week.

Conclusions

The study reveals that a 12-week structured exercise training program effectively reduces
insulin resistance, improves quality of life, enhances functional capacity, and improves gly-
caemic control in type 2 diabetes mellitus.

Introduction

The American Diabetes Association (ADA) defines Diabetes Mellitus (DM) as a group of met-
abolic diseases characterized by hyperglycaemia resulting from defects in insulin secretion,
insulin action, or both [1]. The prevalence of type 2 diabetes mellitus (T2DM) is increasing
rapidly worldwide and parallels the increase in obesity prevalence. In 2019 prevalence of
T2DM was 9.3% and is expected to increase to 10.9% by the year 2045 [2]. In T2DM, elevated
glucose levels in circulating blood are caused by impaired glucose tolerance, which leads to the
development of insulin resistance (IR).

T2DM complications are among the leading causes of morbidity and mortality. Long-term
complications can be delayed by taking medications as prescribed along with a healthy lifestyle
(i.e., diet and physical activity) [3]. Insulin resistance (IR) impairs the ability of muscle cells to
take up and store glucose and triglycerides, which results in elevated levels of glucose and tri-
glycerides circulating in the blood. Impaired glucose control and IR are risk factors for the
development of cardiovascular diseases [4].

IR is commonly present in older adults, but has become increasingly prevalent at all ages,
including middle-aged individuals who are overweight and sedentary [5]. IR is typically
defined as decreased sensitivity and responsiveness to insulin-mediated glucose disposal and
the inhibition of hepatic glucose production [6] IR plays a significant pathophysiological role
in T2DM. It is commonly associated with visceral adiposity, glucose intolerance, hypertension,
dyslipidaemia, endothelial dysfunction, and elevated levels of inflammatory markers [7].

Evaluation of insulin resistance and B-cell function is essential for understanding disease
status. The gold standard for evaluating insulin sensitivity is the glucose clamp test (GCT) [8].
There are several techniques available for assessing insulin resistance, including the
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hyperinsulinemia-euglycemic glucose clamp, oral glucose tolerance test (OGTT), fasting insu-
lin levels, glucose/insulin ratio, insulinogenic index (IGI), homeostatic model assessment,
quantitative insulin sensitivity check index (QUICKI), minimal model analysis of frequently
sampled intravenous glucose tolerance test, glucose insulin (GI) product, and fasting insulin
resistance index (FIRI) [9]. However, many of these methods’ present difficulties for practical
implementation in a clinical setting.

Insulin resistance can be evaluated using the homeostatic model assessment of insulin resis-
tance (HOMA-IR), which is calculated from the levels of fasting plasma glucose and immunore-
active insulin (IRI) [10]. The Homeostasis Model Assessment (HOMA) score, which is widely
used in clinical research, provides an estimation of basal insulin resistance (HOMA-IR) and B-
cell function (HOMA-%B). This assessment is based on a mathematical model that uses fasting
glucose and insulin levels to predict the expected response of p cells and insulin resistance [11].

Recently, healthcare providers have gained greater understanding of the significance of
assessing and monitoring health-related quality of life in individuals with T2DM. Several stud-
ies have highlighted that individuals with T2DM often experience diminished quality of life,
suboptimal glycaemic control, and decreased functional capacity [12-14]. This growing aware-
ness has led to an increased emphasis on evaluating and addressing these aspects of well-being
in T2DM patient care.

The first approach to managing hyperglycaemia typically involves lifestyle interventions,
including dietary adjustments and promoting weight loss through exercise, which are crucial
for the management of type 2 diabetes mellitus (T2DM) [15]. Weight loss has been shown to
have beneficial effects on metabolic control and cardiovascular risk factors in individuals with
T2DM. Successful long-term weight control programs often incorporate a combination of
diet, exercise, and lifestyle modification [16, 17].

Exercise and physical activity are considered cornerstones in the prevention and treatment
of diabetes [18]. Exercise improves glycaemic control, even in the absence of weight loss, and
results in reduced body fat content and an increased insulin response [19] Both aerobic and
resistance exercises effectively improved insulin sensitivity and led to better glycaemic control
in patients with type 2 diabetes. Aerobic exercise has been extensively investigated and has
been shown to be beneficial for glucose lipid metabolism. Resistance training has known bene-
fits for older patients with impaired glucose levels [20]. Earlier reviews have established that
aerobic and resistance training can be used to improve the regulation of glucose as well as pro-
vide a synergistic effect when combined in a structured exercise program across all ages [21].

It has been reported that exercise intervention with a 24-week program has a beneficial
effect on patients with T2DM, resulting in increased cardiovascular fitness and reduced BMI
[18]. In an earlier study, the type and duration of exercise had a more significant effect on the
results. However, in most studies, the effect of exercise on insulin resistance has not been suffi-
ciently assessed. This study aimed to assess the effects of exercise on insulin resistance and
quality of life in patients with T2DM.

Materials and methods
Design

We conducted a 12-week, single-centre, randomized, controlled trial from November 2016 to
June 2019. The study was approved by the Institutional Ethics Committee (IEC:339/2016) to
conduct the study from 14/06/2016 to 13/06/2019. Also, the committee performed detailed
interim monitoring. It was mandatory to report to the IEC if any adverse effects were notified
in participants. After obtaining the institutional ethical permission in June 2016, at once the
study was submitted for trial registration which registered retrospectively with the Clinical
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Trial Registry of India (reference no: CTRI/2016/11/007488) on 24/11/2016. However, during
this ongoing process we started screening the participants and officially enrolled them into the
study after trial registered. All the participants provided informed consent. The authors con-
firm that all ongoing and related trials for this intervention are registered.

Setting

Exercise intervention was performed at the Diabetic Foot Clinic, Department of Physiother-
apy, Department of Medicine, Kasturba Hospital, Manipal, Karnataka, India.

Participants

Eligible participants for this study included individuals who had been diagnosed with type 2
diabetes mellitus and were currently receiving treatment with oral hypoglycaemic agents with
or without insulin therapy. The age range for inclusion was 30-65 years, and both males and
females were eligible to take part. Participants meeting any of the following criteria were
excluded from the study: type 1 diabetes mellitus, confirmed respiratory disease, coronary
artery disease, neurological disorders, musculoskeletal problems that could hinder exercise
training, uncontrolled hypertension (systolic blood pressure > 180 mmHg or diastolic blood
pressure > 120 mmHg), pregnancy, thyroid disorder, or lack of willingness to participate in
the study. The purpose of the study and the benefits of participation were explained to the pro-
spective participants. The participants were asked to read an information sheet and sign a writ-
ten informed consent form.

A total of 426 participants underwent screening, and 160 eligible participants were ulti-
mately recruited based on meeting the inclusion and exclusion criteria. (Fig 1) Initial screening
involved the use of the Physical Activity Readiness Questionnaire (PAR-Q) [22] and American
Heart Association (AHA)/American College of Sports Medicine (ACSM) risk stratification
questionnaire [23].

Randomization

Purposive sampling is used in this study. Following evaluation by a physiotherapist (principal
investigator), the participants were randomly assigned to either Group A or Group B. Group
A, consisting of 80 participants, served as the study group, following an individually tailored
structured and supervised exercise program. On the other hand, Group B, also including 80
participants, served as the control group. Block randomization was used to allocate partici-
pants to either group. The sequence was decided using randomly permuted blocks of equal
size, with each block containing ten allotments. Sixteen blocks were arranged, with ten enve-
lopes in each block. Randomization was performed using Sequentially Numbered Opaque
Sealed Envelopes (SNOSE), where the principal investigator generated the sequence and
assigned participants to groups based on the number retrieved from the envelope. Assessment
and exercise prescriptions were provided free of charge to all study participants. The study
involved 16 blocks, with 10 participants per block.

Intervention

The study group underwent a 12-week intervention given by principal investigator consisting
of an individualized and structured exercise program in addition to receiving standard hospital
care. The exercise program included walking and active exercises for both the upper and lower
limbs. The prescribed exercises were decided based on the evaluation of the 6-minute walk dis-
tance (6 MWD) and the rating of perceived exertion (RPE) achieved during the test. During
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CONSORT 2010 Flow Diagram

[ Enroliment ] Assessed for eligibility (n=426)

Excluded (n= 266)

+ Not meeting inclusion criteria (n=195)
> . Declined to participate (n=45)

+ Other reasons (n= 26)

Randomized (n=160)

!

2 [ Allocation } v
Allocated to intervention (n=80) Allocated to intervention (n=80)
+ Received allocated intervention (n=80) + Received allocated intervention (n= 80)
+ Did not receive allocated intervention (n= 0) + Did not receive allocated (n= 0)
y ( Follow-Up ] v
A J
Lost to follow-up (Lack of interest, lack of time Lost to follow-up (Lack of interest, lack of time
and unexpected travel) (n=5) and unexpected travel) (n=9)
Discontinued intervention (n=0) Discontinued intervention (n=0)
[ Analysis ]
Analysed (n=75) Analysed (n=71)
+ Excluded from analysis (n=0) + Excluded from analysis (n=0)

Fig 1. Consort flowchart of participants.
https://doi.org/10.1371/journal.pone.0302831.g001

the first visit, exercises were demonstrated to the patient and taught to both the patient and
their caregiver. The patient education manual (S1 File) served as a reference.

During the first two weeks, all study participants underwent a supervised structured exer-
cise program within the hospital setting. Following this period, they were prescribed a struc-
tured exercise-based rehabilitation program, which included progressing exercises at weeks
2nd and 6th week. A review and reassessment were conducted after 12 weeks. The exercise ses-
sions began with a 10-minute warm-up session consisting of light intensity exercises such as
breathing exercises, upper limb exercises, heel rise, and stretching of the tendo Achilles, ham-
string, and quadriceps muscles. This was followed by a minimum of 20 min of walking on a
treadmill at a moderate intensity and concluded with a 10-minute cool-down period. All the
participants underwent moderate-intensity exercises.

All exercises were performed at a rate of 4-6 out of 10 on the rating of perceived exertion
(RPE) scale. The patients were advised to exercise at least 3-5 times per week. The participants
were taught to recognize the signs of hypoglycaemia and proper immediate measures. Exercise
termination criteria were provided, recommending that participants stop exercising if they
experienced dyspnoea, chest pain, breathlessness, or signs of hypoglycaemia. Aerobic exercise,
specifically walking, was initially started at 15-20 minutes per session and later progressed to
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30-45 minutes per session. At the six-week mark, the intensity or duration of exercise was
adjusted based on the 6-minute walk distance (6 MWD) evaluation. A patient education man-
ual was developed to provide detailed information on all the prescribed exercises. The book
includes images that serve as a guide for patients to perform exercises at home (S1 File).

Walking intensity was decided by the individual’s intensity and heart rate response
observed during the baseline 6-minute walk test (6 MWT). Patients were instructed to walk
while maintaining a rating of perceived exertion (RPE) between 12-13 out of 20 or 4-6 out of
10. The duration of the walking sessions was progressively increased to achieve at least 30 min-
utes of walking time per day. In addition to the walking program, patients were taught exer-
cises targeting the major muscle groups of the trunk, shoulder girdle, pelvic girdle, and
muscles of the upper and lower limbs.

Initially, patients were prescribed a starting point of five repetitions with 1-2 sets of exer-
cises, which gradually progressed every two weeks in terms of both sets and repetitions. At the
conclusion of each exercise session, patients were instructed to perform a 5-10-minute cool-
down period. The duration of each exercise session initially ranged from to 10-20 minutes,
with a gradual progression to 30-60 minutes by the end of the 12-week period. The progres-
sion of exercises involved increasing the number of repetitions and extending the duration of
walking while maintaining the target rating of perceived exertion (RPE) between 12-13 out of
20 or 4-6 out of 10.

All patients were monitored and followed up for 12 weeks, with a re-evaluation conducted
at the end of this period. They received education about the termination criteria for exercise,
which included symptoms such as increased shortness of breath, fainting, palpitations, and
chest pain. Patients were recommended to seek immediate medical attention if any of these
symptoms were present. To track exercise adherence, an exercise logbook was provided, and
weekly phone calls were made to the patients during their participation in the structured exer-
cise program. Adherence to the program was decided based on the completion of > 70% of
the scheduled exercise sessions. The exercise protocol used in this study was developed based
on an earlier study conducted by Maiya et al. [24] Additionally, the guidelines recommended
by the American College of Sports Medicine (ACSM) were considered during the design of
the protocol S2 File [25]. The participants in the control group did not receive a structured
exercise program. Instead, they were recommended to continue with standard hospital care as
per the recommendations. Both groups were assessed using outcome measures at baseline and
12 weeks. The quality-of-life questionnaire was administered by requesting patients to com-
plete the questionnaire. For illiterate patients, the caregiver sought help.

Outcomes and measurements

The primary outcome measures in this study included fasting insulin levels [mIU/L], Homeo-
static Model Assessment of Insulin Resistance (HOMA-IR), and quality of life assessed using
the World Health Organization Quality of Life-BREF (WHOQOL-BREF) questionnaire (Cron-
bach’s o = 0.73-0.81). The secondary outcome measures consisted of the six-minute walk test,
body composition analysis, fasting blood sugar levels [mg/dL], postprandial blood sugar levels
[mg/dL], HbAlc levels, and assessment of physical activity using the Global Physical Activity
Questionnaire (GPAQ) (Cronbach’s o. = 0.83-0.96). Both groups underwent assessment using
these outcome measures at baseline and after the 12-week intervention period.

Adverse events

In the present study participants were asked to document and record the adverse events in the
exercise logbook. No adverse events were reported by participants in either group. The
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adherence of the participants to the exercise program was set at completion of >70% of the
exercise protocol.

Statistical analysis

The sample size was calculated from our pilot study using the mean change in fasting insulin
levels [26].

N = 2[Z1-a2+Z1-B]2X 02 (d)2

Z 1-0/2 = Level of significance Z 1-0/2 = 1.96

Z1-B = Power Z1-f =0.84

o = Standard deviation o = 8.26

d = Clinical significance difference d = 4

Sample size n = 67

With a dropout rate of 20% and an added 13 participants in each group, a total sample size
of n = 80 in each group was obtained. Data analysis was performed using SPSS version 20.
Demographic details included the age, gender, medical history, known case of hypertension,
were recorded and paired t test was used was used to calculate p value for baseline demo-
graphic data. Continuous variables were summarized using mean and standard deviations for
age, duration of diabetes, blood pressure, body composition, vibration perception threshold
(VPT), Homa-IR, FI (pu/mL), FBS (mg/dL), PPBS (mg/dL), HbAlc, WHOQOL and six-min-
ute walk test. While categorical variables were presented as frequencies and percentages for
gender, comorbidities,10-gram monofilament drug history and Global Physical Activity Ques-
tionnaire (GPAQ) score were presented in median (Interquartile range). In the present study
the Kolmogorov-Smirnov test is used to determine the distribution of the data. For normally
distributed data, repeated measures ANOVA was employed to compare the mean difference of
an outcome between two groups over time, and the assumptions of the repeated measures
ANOVA were checked using sphericity tests. In case of violation of assumption, the Green-
house—Geisser correction was performed for outcomes wherever deemed necessary. Mann-
Whitney U test was used to assess changes in GPAQ scores between the groups. The level of
significance was set at p <0.05.

Results

The CONSORT flow chart (Fig 1) explains the flow of participants enrolled in this study from
baseline to the 12th week. We screened 426 subjects for eligibility, of which 266 were excluded
because they did not fulfil the inclusion criteria. After exclusion, 160 participants were ran-
domized into control and study groups. At the end of 12 weeks, there were 71 and 75 partici-
pants in the control and study groups, respectively. The various reasons for attrition were as
follows: Attrition: Study group—05 [Lack of time-02; Travelling problem-03] Control group-
09 [Lack of interest-04; Lack of time-02; Travelling problem -03].

The baseline demographic characteristics of the participants enrolled in this trial are shown
in Table 1 and were homogenous at baseline. The body composition of the study participants
was measured using bioelectrical impedance analysis (Omron Karada scan, model HBF-701),
as illustrated in Table 2. Diabetic Neuropathy parameters of the foot, comorbidities, and drug
history of the participants are presented in Tables 3-5, respectively.

After 12 weeks of intervention, the study group shown significant improvements in various
outcome measures, including HOMA-IR, fasting blood sugar, postprandial blood sugar, and
glycated haemoglobin. The study participants in the study group received a tailored set of
structured exercises, which consisted of aerobic exercises, resistance training with weights, and
muscle stretching based on their first fitness assessment. Conversely, the control group
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Table 1. Demographic characteristics of the participants.

S.no Variable Study group (n =75) Control group (n=71) P value*
1 Age (years) (Mean + SD) 56.05 + 8.77 53.90 + 10.20 0.17
2 Gender- male n (%) & female n (%) 58 (77.33) & 17(22.66) 39(54.92) & 32 (45.07) -
3 Duration of diabetes (years) (Mean + SD) 12.74 + 8.67 11.46 £ 5.11 0.28
4 Systolic blood pressure (mmHg) (Mean + SD) 140.84 + 19.56 136.57 + 11.50 0.11
5 Diastolic blood pressure (mmHg) (Mean + SD) 81.97 £9.44 80.71 +7.94 0.38

https://doi.org/10.1371/journal.pone.0302831.t001

Table 2. Body composition of the participants.

received standard hospital care as recommended by the physician. The study group underwent
follow-up at the 6th week, during which the exercises progressed. At the end of the 12-week
period, all outcome measures were evaluated in both groups. Table 6 provides an overview of
the impact of the structured exercise program on insulin resistance, as shown by HOMA-IR,
fasting insulin, fasting blood sugar, postprandial blood sugar, and glycaemic control measured
by glycated haemoglobin, comparing the baseline and 12th-week results for both the study and
control groups.

Repeated measures ANOVA indicated significant timepoint*group interaction effect with
Greenhouse-Geisser corrected for Homa-IR -F (1, 144) = 89.29, p < 0.001; FI- F (1, 144) =
129.10, p < 0.001, FBS- F (1, 144) = 12.193, p< 0.001; PPBS -F (1, 144) = 53.015, p< 0.001;
and HbAlc - F (1, 144) = 80.050, p < 0.001 differed significantly between the study and control
groups from baseline to 12th week.

Table 7 provides an overview of quality of life was assessed using the WHOQOL-BREF
questionnaire, which includes of four domains. A repeated-measures ANOVA was conducted
to examine the impact of the structured exercise program on post-intervention quality of life
scores. Compared with the control group, the study group demonstrated significant improve-
ments in the domains of physical health (F (1, 144) = 20.008, p < 0.001), psychological well-
being (F (1, 144) = 77.984, p < 0.001), social relationships (F (1, 144) = 44.866, p < 0.001), and
environmental factors (F (1, 144) = 69.974, p < 0.001) of the WHOQOL-BREF between base-
line and the 12th week. These substantial changes show that exercise plays a crucial role in
enhancing the quality of life of individuals with type 2 diabetes mellitus.

The functional capacity of the participants was assessed using the six-minute walk test,
which is a standardized evaluation for measuring functional capacity in individuals with type 2
diabetes mellitus. Table 8 presents the six-minute walk distance values for both the control and
study groups. Both groups proved homogeneity of functional capacity at baseline. After 12
weeks, the study group showed a significant increase of 146.59 meters, whereas the control
group showed a slight increase of 45.63 meters. These findings showed that the 12-week struc-
tured exercise program had a significant impact (F (1, 144) = 84.135, p < 0.001). These results

S.no Variable Study group (n = 75) Control group (n =71) P value*
(Mean + SD) (Mean + SD)

1 Waist circumference in cm 92.12+£12.13 90.1+94 0.27

2 Body mass index (BMI)in kg/m* 25.32 £ 3.16 26.27 £ 3.63 0.09

3 Total fat (%) 28.54 £ 5.12 28.26 + 6.96 0.78

4 Visceral fat (%) 9.46 £ 4.26 10.12 £5.29 0.40

5 Free fat mass (%) 21.96 +4.03 23.26 +4.80 0.07
*p<0.05, *95% Significance
https://doi.org/10.1371/journal.pone.0302831.t1002
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Table 3. Diabetic neuropathy parameters of foot.

S.no Variable Study group (n = 75) Control group (n=71)
1 Vibration perception threshold (VPT) (volts) Rtleg: 31.32 + 12.61 Rt leg: 25.29 + 11.27
(Mean + SD) Lt leg: 33.46 + 10.60 Ltleg: 27.11 + 10.99
2 10-gram Monofilament Present: 66 (88) Present: 61 (86)
Right leg n (%) Absent: 09 (12) Absent:10(14)
Left leg n (%) Present: 64 (85) Present: 66(93)
Absent:11 (15) Absent:05 (7)

https://doi.org/10.1371/journal.pone.0302831.t003

Table 4. Comorbidities of the participants.

S. Variable Study Control Difference 95% CI Chi- DF | P value*
no group group (%) squared
n=75 (%) n=71 (%)

1 Obesity 39(52) 42(59.2) 7.2 -8.75 to0 22.61 0.76 1 0.38

2 Hypertension 53(70.6) 40(56.3) 14.3 -1.27 t0 29.01 3.20 1 0.07

3 Ischemic heart disease 0 2(2.8) 2.8 -2.47 t0 9.67 2.11 1 0.14

4 Eye complications [glaucoma, cataract, non-proliferative diabetic 8(10.7) 2(2.8) 7.9 -0.70 to 17.12 3.53 1 0.05

retinopathy (NPDR)]

*p<0.05, *95% Significance

https://doi.org/10.1371/journal.pone.0302831.1004

highlight the role of structured exercise programs in preserving and improving functional
capacity.

Table 9 presents physical activity levels of the study participants were assessed using the
Global Physical Activity Questionnaire (GPAQ). In addition to the structured exercise pro-
gram, the study group participants received education about the importance of physical activ-
ity and reduction of sedentary behaviour, while the control group participants were instructed
to continue with standard physician care. Both groups showed improvements in their physical
activity levels (p < 0.001); however, the between-group analysis revealed a significant differ-
ence in physical activity level (Z = -2674, p = 0.008) between the control and study groups. At
baseline, the study group consisted of 34 inactive (45.3%) and 41 active participants (54.7%).
After 12 weeks of the structured exercise program, the number of inactive participants
decreased to 20 (26.7%), while the number of active participants increased to 55 (73.3%) in the
study group. This shows that, after the intervention, 14 (18.6%) participants in the study group
became active. In contrast, the control group kept the same number of inactive participants
(37 [52.1%]) and active participants (34 [47.9%]) from baseline to the 12th week due of the
absence of exercise intervention.

Table 5. Drug history of the participants.

S.no Medications Study group Control group Difference (%) 95% CI Chi-squared DF P value*
n=75 (%) n=71(%)
1 OHA* 61 (81.3) 56(78.9) 2.4 -10.54 to 15.42 0.13 1 0.71
2 Insulin 1(1.3) 5(7.01) 5.71 -1.34 to 14.17 3.02 1 0.08
3 OHA + Insulin 12 (16) 6(8.5) 7.5 -3.50 to 18.40 1.88 1 0.17
4 Alternate medication 1(1.3) 4(5.6) 4.3 -2.44t0 12.33 2.04 1 0.15

*Oral hypoglycaemic agents—~OHA; *p<0.05, *95% Significance

https://doi.org/10.1371/journal.pone.0302831.t005
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Table 6. Effectiveness of structured exercise program on insulin resistance and glycaemic control between study and control group over 12 weeks.

S. Outcome
measures

Sample (N)
=146

Baseline
(Mean £ SD)

At 12 weeks
(Mean + SD)

Mean diff Post
intervention units

Source

df

Error
(Time)

Mean
Square

F

P
value*

Partial Eta
Square

1 Homa IR

Study
group

(N =75)

4.81 +2.69

3.35+1.82

Control
group

(N =71)

4.63 +2.69

5.38+£2.82

Between
the group

p value*

0.001

2.03

Time*Group

144

89.32

89.29

0.001

0.383

2 | FI(pu/mL)

Study
group

(N =75)

12.67 +5.92

9.49 + 4.64

Control
group

(N =71)

12.15+6.15

13.14 + 6.39

Between
the group

p value*

0.62

0.001

Time*Group

144

315.476

129.107

0.001

0.473

3 FBS (mg/
dr)

Study
group

(N =75)

159.55 + 33.59

136.81 + 18.11

Control
group

(N =71)

159.69 + 16.22

154.90 +28.33

Between
the group

p value®

0.83

0.001

Time*Group

144

5872.248

12.193

0.001

.078

4 | PPBS (mg/
dL)

Study
group

(N =75)

210.2 + 58.29

183.8 +44.1

Control
group

(N=71)

198.1 +48.3

201.5+ 50.8

Between
the group

p value*

0.11

0.001

17.7

Time*Group

144

28089.794

53.015

0.001

0.269

5 | HbAlc (%)

Study
group

(N =75)

8.11£1.27

7.52 +1.05

Control
group

(N =71)

8.06 £ 0.73

8.45+0.80

Between
the group

p value*

0.43

0.001

0.98

Time*Group

144

17.551

80.050

0.001

357

Homa-IR = Homeostasis model assessment for insulin resistance; FI- Fasting insulin; FBS Fasting blood sugar; PPBS- Postprandial blood sugar; HbAlc- Glycated

haemoglobin.

*p<0.05, *95% Significance; 2-way mixed ANOVA- Time*group

https://doi.org/10.1371/journal.pone.0302831.t006
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Table 7. Effectiveness of structured exercise program on quality of life between study and control group at baseline and the 12th week.

WHOQOL- BREF- Domains Study group(n = 75) % change Control group(n =71) % change P value*
Pre (Mean + SD) Post (Mean + SD) Pre (Mean + SD) Post (Mean + SD)
Physical health 56.80 £ 11.23 65.16 £ 8.18 14.7 46.14 £ 6.73 47.81 = 8.46 -3.6 <0.001
Psychological 51.40 £ 13.06 71.05 £ 11.27 38.2 43.16 £7.21 47.01 £7.74 8.9 <0.001
Social relationship 58.10 + 18.91 77.36 £ 16.27 33.1 45.38 +12.11 45.05 +10.35 -0.7 <0.001
Environmental 59.81 +£17.21 82.52 +13.05 37.9 42.67 +11.38 46.63 + 9.45 9.2 <0.001

*p<0.05, *95% Significance

https://doi.org/10.1371/journal.pone.0302831.t007

Discussion

Our 12-week structured exercise program was effective in improving insulin resistance levels
and quality of life in patients with T2DM. To the best of our knowledge, this is the first study
to report the effects of a structured exercise program on IR and quality in patients with T2DM.
The details of improvements in various outcome measures are discussed in the following
sections.

Effect of structured exercise program on insulin resistance in T2DM

In the present study, 12 weeks of structured exercise program was found to be effective in
reducing insulin resistance and glycaemic levels in the study group as compared to the control
group.

Homa-IR. In our study, implementation of a structured exercise program led to a notable
mean reduction in HOMA-IR levels by 30.06% in the study group (p < 0.001). Conversely, the
control group experienced an increase of 14.9% from baseline (Table 6). These findings are
consistent with those of earlier studies that demonstrated similar outcomes. For instance,
O’Donovan et al. [27] conducted a study investigating the effects of moderate and high-inten-
sity exercise over 24 weeks, which resulted in a significant decrease of 66.6% in Homa-IR.
Another study by Yorgi Mavros et al. [28] focused on insulin resistance and employed a
12-week intervention consisting of progressive resistance training three days a week, leading
to a significant decrease in HOMA-IR levels.

In a study by Lazarevic et al. [29], the impact of aerobic exercise training on individuals
with type 2 diabetes mellitus (T2DM) and insulin resistance was examined over a period of six
months. The results revealed a decrease in Homa-IR levels of 19.1% at the third month and
41.22% at six months from baseline. Similarly, Kader et al. [30] conducted a study compared
the effects of aerobic and resistance exercise training on insulin resistance in obese T2DM
patients. The intervention lasted for three months, three days per week. Significant reductions
in Homa-IR levels were seen, with decreases of 41.0% in the aerobic training group and 20.8%
in the resistance training group. Ryoma Mischishita et al. [31] focused on overweight individu-
als with T2DM and found a decrease of 14.5% in Homa-IR levels. Additionally, an earlier
study demonstrated that exercise therapy involving daily walking of 10,000 steps for six weeks

Table 8. Pre-post six-minute walk distance (meters) at baseline and 12th week between study and control group.

Parameters Study group(n = 75) Control group(n = 71) % change | P value*
Pre (Mean + SD) | Post (Mean+ SD) | % change | Pre (Mean+SD) | Post (Mean + SD)
Six-minute walk distance (in meters) 534.37 £122.94 680.96 + 118.53 27.4 370.84 +76.93 416.47 + 81.71 12.3 <0.001

*p<0.05, *95% Significance

https://doi.org/10.1371/journal.pone.0302831.t008
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Table 9. Physical activity level between study and control group at baseline and the 12th week.

Variable Within group Between group
Study group(n = 75) Control group(n = 71) P value*
Pre median (IQR) Post Median (IQR) Pre median (IQR) Post Median (IQR) Z P value*
GPAQ in met.min. week 600(410, 720) 720 (540,1200) 510(360, 880) 540 (360,960) <0.001 2.674 <0.008

*p<0.05, *95% Significance

https://doi.org/10.1371/journal.pone.0302831.t009

resulted in a significant decrease of 29.1% in HOMA-IR levels. These findings highlight the
consistent impact of exercise interventions on reducing insulin resistance in individuals with
T2DM.

Fasting insulin. Fasting insulin (FI) is a crucial marker of insulin resistance. In our study,
we saw a significant mean reduction of 24.34% in FI levels in the study groups (p<0.001). In
contrast, the control group showed an increase of 8.11% from baseline (Table 6). These find-
ings are consistent with those of earlier studies. Gary O’Donovan et al. [27] conducted a study
that reported a notable decrease of 69.3% in the moderate-intensity exercise group and 73.7%
after 24 weeks of exercise training. G. Lazarevic et al. [29] investigated the effects of aerobic
exercise training alone and found a decrease of 1.36% at three months and 8.21% at six months
when performed for 3-5 days a week. Similarly, Mischishita et al. [31] conducted a study
involving overweight individuals with type 2 diabetes mellitus (T2DM) and reported a
decrease of 11.36% in fasting insulin levels. These findings highlight the positive impact of
exercise interventions on reducing fasting insulin levels and improving insulin resistance.

A study on the T2DM population by Akira A Katsuki et al. [32] found a 10.76% decrease in
FI levels. In an earlier study, a decrease of 10.56% was reported after 16 weeks of aerobic exer-
cise training alone [4]. On the other hand, a 12-week resistance exercise program on insulin
resistance in T2DM by Geirsdottir et al. [20] found a significant decrease of 25.68% in fasting
insulin level, which was consistent with our study findings.

Effect of structured exercise program on glycaemic control in T2DM

The present study focused on the effect of a 12-week structured exercise program on glycaemic
control with parameters such as FBS, PPBS, and HbA1c levels, which were found to be signifi-
cantly reduced in the study group compared with the control group.

Fasting blood sugar (FBS). In our study, we saw a significant mean reduction of 14.24%
in fasting blood sugar (FBS) levels within the study group (p<0.001), whereas the control
group displayed a slight increase of 0.28% from baseline (Table 6). These findings are consis-
tent with those of the earlier studies. G. Lazarevic et al. [29] conducted a study on individuals
with diabetes and found a reduction in FBS levels of 25.9% at three months and 39.8% at six
months. Similarly, Mischishita et al. [31] investigated overweight individuals with type 2 diabe-
tes mellitus (T2DM) and saw an 8.6% decrease in FBS levels after 12 weeks of exercise. Akira
Akatsuki et al. [32] reported a significant decrease of 25% in FBS levels, whereas Anoop Misra
etal. [33] found a reduction of 28.9% in FBS levels among Asian Indians with T2DM. Addi-
tionally, Bacchi et al. [34] conducted a study on the metabolic effects of aerobic and resistance
training in T2DM subjects over four months and reported significant decreases of 15.2% and
12% in FBS levels in the respective exercise groups. These collective findings highlight the
effectiveness of exercise interventions in reducing fasting blood sugar levels and improving
glycaemic control in individuals with T2DM.

Postprandial blood sugar (PPBS). In our study, we found that PPBS had a significant
(p<0.001) mean reduction of 12.66% in the study group compared with the control group,
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where an increase of 6.60% from baseline was seen (Table 6). Our study findings are in line
with the study done by Mischishita et al. [31] on overweight patients with T2DM, who found a
decrease of 24.6% in PPBS after 12 weeks of exercise therapy.

Glycated haemoglobin (HbAlc). HbAlc is the gold standard for the measurement of gly-
caemic control in diabetes, as it accurately reflects glycaemic control over time. It also predicts
hyperglycaemia-related complications over time in patients with T2DM. Hence, any effort to
lower HbAc levels usually results in delayed microvascular-related complications in T2DM.
In a clinical setting, type 2 diabetes usually presents with poor glycaemic control, which
increases morbidity and mortality risk in the population [35].

The structured exercise program provided in the present study, along with standard care,
had a glycation effect, which resulted in a mean reduction of HbAlc levels in the study group
by 0.55 percent. We found a significant mean reduction of 6.80% in the study group, while
HbA1lc levels increased in the control group by 6.8% from baseline (Table 6). This possible
change in HbA1c in the study group could be due to the combined effects of physician-pre-
scribed management consisting of oral hypoglycaemic agents, insulin therapy, and a diabetic
diet along with a structured exercise program comprising aerobic exercises, resistance exercise,
flexibility, intrinsic foot muscle strengthening, and foot care.

Our findings are consistent with those in the existing literature. A Cochrane review by
Thomas et al. [19] proved a reduction in HbA1c levels by 0.6% with exercise, which was both
clinically and statistically significant. For studies with a duration of less than three months, the
decrease was -0.8% and that of studies spanning less than six months, it was -0.7%, which is
consistent with our study findings. Our findings are supported by Boule et al. [36], who
reported that exercise reduces HbA1lc levels by approximately 0.99%, which may be considered
an adequate reduction to improve glycaemic control. In a study by Yavari et al. [37], a similar
degree of reduction in HbAlc levels (0.73%) was found in the experimental group, while in the
control group, the HbA1C values increased by 0.28%.

Several studies have compared the effects of aerobic and resistance exercises and con-
cluded that aerobic exercises are more effective in reducing HbAlc levels. A systematic
review by Umpierre et al. [38] reported a reduction in HbAlc levels of 0.73% and 0.57%
with aerobic and resistance training, respectively. Similarly, another study found that
HbA1lc values decreased by 1.33%, 0.55%, and 1.74% in the aerobic, resistance, and com-
bined exercise training groups, respectively, while it was 0.2% higher in the control group
[39]. This improvement in HbA1c level may provide considerable benefit to patients with
poor glycaemic control.

Effect of structured exercise program on quality of life in T2DM

Based on our current study, the implementation of a structured exercise program for 12 weeks
had a positive impact on the quality of life of patients with type 2 diabetes mellitus (T2DM).
This is clear from the significant mean changes observed in the physical health (14.7%), psy-
chological (38.22%), social relationship (33.14%), and environmental (37.9%) domains of the
WHOQOL-BREF questionnaire (p < 0.001) when compared to the control group. Conversely,
the control group shown mild changes of -3.6%, 8.9%, -0.7%, and 9.2% in the same domains
(Table 7). Our study findings are consistent with the research conducted by Chew et al. [40] in
T2DM patients, which further supports the positive influence of structured exercise programs
on quality of life. Similarly, Bello et al. [41] assessed the effects of an 8-week aerobic exercise
program on physiological parameters and quality of life in T2DM patients, reporting an overall
significant change of 6.89%. These findings write down that participation in a 12-week struc-
tured exercise program can significantly enhance the quality of life of individuals with T2DM.
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Effect of structured exercise program on functional ability in T2DM

In our study, we measured the functional capacity of the participants using the six-minute
walk test (6 MWT). An overall improvement of 146.59 meters (27.43%) was found in the study
group at the end of the 12-week exercise intervention compared to baseline (Table 8). At pres-
ent, the minimal clinically important difference (MCID) in the six-minute walk test is 50
meters,154 thus, this improvement in the study group was statistically significant (p<0.001).
In contrast, in the control group, a minimal improvement of 46 months (46%) was seen,
which was less than the MCID value for the 6 MWT.

Our findings align with those of earlier research conducted in this field. Lambers et al. [14]
conducted a study investigated the effect of combined exercise training on obesity, diabetes,
and cardiovascular risk in patients with type 2 diabetes mellitus. They reported a significant
difference between the combination and endurance groups after three months of exercise
training. Similarly, Tan et al. [42] conducted a study examined the effects of six months of
combined aerobic and resistance training in patients with T2DM. They saw a significant
improvement in walking distance of 58 m (39%), which is consistent with our findings.
Patients with T2DM commonly show lower muscle strength [43, 44] and reduced skeletal
mass in their lower limbs than individuals without diabetes [45]. This deficiency in muscle
function may contribute to insulin resistance in these patients [46]. The 12-week structured
exercise training program used in our study may help enhance muscle strength in elderly
patients, thereby potentially addressing the issue of insulin resistance.

Effect of structured exercise program on physical activity in T2DM

Regular physical activity (PA) can improve blood glucose control and potentially delay T2DM
onset. Studies show higher PA rates, moderate-intensity walking, and vigorous activity
decrease T2DM risk, with higher fitness levels also associated with reduced risk. Sedentary
behaviour and low PA are linked to non-communicable cardiovascular disorders, while con-
sistent PA may delay T2DM development and reduce cardiovascular mortality risk in T2DM
participants [47].

In the present study, we measured the PA of participants using the Global Physical Activity
Questionnaire (GPAQ). We found a statistically significant difference of 20% in the study
group and 5.8%, in the control group, which was significant within the groups. We also found
a significant difference between the groups at baseline and 12 weeks (Table 9). A study con-
ducted by Beverley et al. [48] proved an association between total activity and insulin sensitiv-
ity in both men and women. Furthermore, the study found that sedentary time, light activity,
and activity intensity were also linked to insulin sensitivity. Several mechanisms have been
proposed to explain the effect of physical activity (PA) on insulin sensitivity.

One theory suggests that PA enhances glucose transport into muscle cells by potentially
increasing the expression of glucose transporter 4 [49]. Additionally, regular PA promotes a
decrease in fat mass and an increase in lean mass, which expands the muscle available for glu-
cose absorption [50]. Obesity stimulates the production of inflammatory cytokines, leading to
insulin resistance [51]. In this context, reducing body weight through PA may serve as a mech-
anism for enhancing insulin sensitivity. Another mechanism is improved blood perfusion of
muscles during PA, which can contribute to enhanced insulin sensitivity [52].

This study had several strengths. First, this is the first randomized controlled trial with a
substantial sample size to evaluate the efficacy of a structured exercise program in improving
insulin resistance and quality of life in individuals with type 2 diabetes mellitus (T2DM). Addi-
tionally, the exercise program implemented in this study was proven safe and possible for both
clinical and research purposes in the target population. Furthermore, an important strength of
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the study is that the main outcome assessor responsible for assessing the Homa-IR was
blinded, which helped minimize potential bias and enhance the validity of the findings.

Our study has some limitations. First, we did not record the post-exercise weight and BMI
of the participants, which could have offered valuable insights into the potential impact of the
exercise program on these measures. Second, comorbidities and drug effect can be indirect
influencer which is partial limitation of the present study. Another limitation is that the indi-
vidual dietary intake was not recorded, which could have influenced the outcomes of the
study. It is important to acknowledge these limitations, as they may have an impact on the
interpretation and generalizability of our findings.

Conclusions

The present study suggests that a structured exercise rehabilitation program has a positive
impact on the overall well-being and quality of life of individuals with type 2 diabetes mellitus.
Consequently, this study concluded that a 12-week structured exercise training program effec-
tively improves insulin resistance, quality of life, functional capacity, and glycaemic control in
individuals with type 2 diabetes mellitus. These findings highlight the potential benefits of
implementing such programs as part of the management and treatment of type 2 diabetes
mellitus.

Supporting information

S1 File. Patient education manual.
(PDF)

S2 File. Exercise protocol.
(PDF)

S1 Data.
(DOCX)

Acknowledgments

The authors express their heartfelt gratitude to all participants who willingly taken part in this
study. Their invaluable contributions and dedication have made this research possible. Their
cooperation and commitment were deeply appreciated.

Author Contributions

Conceptualization: Sampath Kumar Amaravadi, G. Arun Maiya, Vaishali K.

Data curation: Sampath Kumar Amaravadi, Vaishali K., B. A. Shastry.

Formal analysis: Sampath Kumar Amaravadi, G. Arun Maiya, Vaishali K., B. A. Shastry.
Investigation: Sampath Kumar Amaravadi, G. Arun Maiya, Vaishali K., B. A. Shastry.
Methodology: Sampath Kumar Amaravadi, G. Arun Maiya.

Project administration: G. Arun Maiya, B. A. Shastry.

Resources: Sampath Kumar Amaravadi, Vaishali K., B. A. Shastry.

Supervision: G. Arun Maiya, Vaishali K., B. A. Shastry.

Validation: Sampath Kumar Amaravadi, B. A. Shastry.

PLOS ONE | https://doi.org/10.1371/journal.pone.0302831 May 21, 2024 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302831.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302831.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302831.s003
https://doi.org/10.1371/journal.pone.0302831

PLOS ONE

Exercise training in Type 2 diabetes mellitus

Writing - original draft: Sampath Kumar Amaravadi.

Writing - review & editing: Sampath Kumar Amaravadi, G. Arun Maiya.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

American Diabetes Association. 2. Classification and diagnosis of diabetes: standards of medical care
in diabetes 2018. Diabetes care. 2018 Jan 1; 41(Supplement 1): S13-27.

Saeedi P, Petersohn |, Salpea P, Malanda B, Karuranga S, Unwin N, et al. Global and regional diabetes
prevalence estimates for 2019 and projections for 2030 and 2045: Results from the International Diabe-
tes Federation Diabetes Atlas. Diabetes research and clinical practice. 2019 Nov 1; 157:107843.

Aune D, Norat T, Leitzmann M, Tonstad S, Vatten LJ. Physical activity and the riskof type 2 diabetes: a
systematic review and dose—response meta-analysis. Eur J Epidemiol 2015; 30:529—42. https://doi.
org/10.1007/s10654-015-0056-z PMID: 26092138

Short KR, Vittone JL, Bigelow ML, et al. Effect of supervised progressive resistance-exercise training
protocol on insulin sensitivity, glycemia, lipids, and body composition in Asian Indians with type 2 diabe-
tes. Diabetes 2008; 67:179-83. https://doi.org/10.2337/dc07-2316 PMID: 18316394

Keshel TE. Exercise training and insulin resistance: a current review. J Obes Weight Loss Ther 2015;
5:228—41. https://doi.org/10.4172/2165-7904.5S5-003 PMID: 26523243

Gutch M, Kumar S, Razi SM, Gupta KK, Gupta A. Assessment of insulin sensitivity/resistance. Indian J
Endocrinol Metab 2015; 19:160—4. https://doi.org/10.4103/2230-8210.146874 PMID: 25593845

Kumar AS, Maiya AG, Shastry BA, Vaishali K, Ravishankar N, Hazari A, et al. Exercise and insulin
resistance in type 2 diabetes mellitus: a systematic review and meta-analysis. Annals of Physical and
Rehabilitation Medicine. 2019 Mar 1; 62(2):98-103. https://doi.org/10.1016/j.rehab.2018.11.001 PMID:
30553010

Okita K, lwahashi H, Kozawa J, Okauchi Y, Funahashi T, Imagawa A, et al. Homeostasis model assess-
ment of insulin resistance for evaluating insulin sensitivity in patients with type 2 diabetes on insulin ther-
apy. Endocrine journal. 2012: EJ12—-0320. https://doi.org/10.1507/endocrj.ej12-0320 PMID: 23149658

Singh B, Saxena A. Surrogate markers of insulin resistance: A review. World journal of diabetes. 2010
May 15; 1(2):36. https://doi.org/10.4239/wjd.v1.i2.36 PMID: 21537426

Bonora E, Formentini G, Calcaterra F, Lombardi S, Marini F, Zenari L, et al. HOMA-estimated insulin
resistance is an independent predictor of cardiovascular disease in type 2 diabetic subjects: prospective
data from the Verona Diabetes Complications Study. Diabetes care. 2002 Jul 1; 25(7):1135-41. https://
doi.org/10.2337/diacare.25.7.1135 PMID: 12087010

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, et al. Homeostasis model assess-
ment: insulin resistance and 3-cell function from fasting plasma glucose and insulin concentrations in
man. Diabetologia. 1985 Jul 1; 28(7):412-9.

Papazafiropoulou AK, Bakomitrou F, Trikallinou A, Ganotopoulou A, Verras C, Christofilidis G, et al.
Diabetes-dependent quality of life (ADDQOL) and affecting factors in patients with diabetes mellitus
type 2 in Greece. BMC research notes. 2015 Dec; 8(1):786. https://doi.org/10.1186/s13104-015-1782-
8 PMID: 26666403

Chawla A, Chawla R, Jaggi S. Microvasular and macrovascular complications in diabetes mellitus: dis-
tinct or continuum? Indian journal of endocrinology and metabolism. 2016 Jul; 20(4):546. https://doi.org/
10.4103/2230-8210.183480 PMID: 27366724

Lambers S, Van Laethem C, Van Acker K, Calders P. Influence of combined exercise training on indices
of obesity, diabetes, and cardiovascular risk in type 2 diabetes patients. Clinical Rehabilitation. 2008
Jun; 22(6):483-92. https://doi.org/10.1177/0269215508084582 PMID: 18511528

Manley S. Haemoglobin A1c—a marker for complications of type 2 diabetes: the experience from the UK
Perspective Diabetes Study (UKPDS). Clinical chemistry and laboratory medicine. 2003 Sep 16; 41
(9):1182-90.

Nield L, Moore H, Hooper L, Cruickshank K, Vyas A, Whittaker V, et al. Dietary advice for treatment of
type 2 diabetes mellitus in adults. Cochrane database of systematic reviews. 2007(3). https://doi.org/
10.1002/14651858.CD004097.pub4 PMID: 17636747

Greenway FL, Fujioka K, Plodkowski RA, Mudaliar S, Guttadauria M, Erickson J, et al. Effect of naltrex-
one plus bupropion on weight loss in overweight and obese adults (COR-I): a multicentre, randomized,
double-blind, placebo-controlled, phase 3 trial. The Lancet. 2010 Aug 21; 376(9741):595-605

Zou Z, Cai W, Cai M, Xiao M, Wang Z. Influence of the intervention of exercise on obese type Il diabetes
mellitus: A meta-analysis. Primary care diabetes. 2016 Jun 1; 10(3):186—201. https://doi.org/10.1016/j.
pcd.2015.10.003 PMID: 26553963

PLOS ONE | https://doi.org/10.1371/journal.pone.0302831 May 21, 2024 16/18


https://doi.org/10.1007/s10654-015-0056-z
https://doi.org/10.1007/s10654-015-0056-z
http://www.ncbi.nlm.nih.gov/pubmed/26092138
https://doi.org/10.2337/dc07-2316
http://www.ncbi.nlm.nih.gov/pubmed/18316394
https://doi.org/10.4172/2165-7904.S5-003
http://www.ncbi.nlm.nih.gov/pubmed/26523243
https://doi.org/10.4103/2230-8210.146874
http://www.ncbi.nlm.nih.gov/pubmed/25593845
https://doi.org/10.1016/j.rehab.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30553010
https://doi.org/10.1507/endocrj.ej12-0320
http://www.ncbi.nlm.nih.gov/pubmed/23149658
https://doi.org/10.4239/wjd.v1.i2.36
http://www.ncbi.nlm.nih.gov/pubmed/21537426
https://doi.org/10.2337/diacare.25.7.1135
https://doi.org/10.2337/diacare.25.7.1135
http://www.ncbi.nlm.nih.gov/pubmed/12087010
https://doi.org/10.1186/s13104-015-1782-8
https://doi.org/10.1186/s13104-015-1782-8
http://www.ncbi.nlm.nih.gov/pubmed/26666403
https://doi.org/10.4103/2230-8210.183480
https://doi.org/10.4103/2230-8210.183480
http://www.ncbi.nlm.nih.gov/pubmed/27366724
https://doi.org/10.1177/0269215508084582
http://www.ncbi.nlm.nih.gov/pubmed/18511528
https://doi.org/10.1002/14651858.CD004097.pub4
https://doi.org/10.1002/14651858.CD004097.pub4
http://www.ncbi.nlm.nih.gov/pubmed/17636747
https://doi.org/10.1016/j.pcd.2015.10.003
https://doi.org/10.1016/j.pcd.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26553963
https://doi.org/10.1371/journal.pone.0302831

PLOS ONE

Exercise training in Type 2 diabetes mellitus

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Thomas D, Elliott EJ, Naughton GA. Exercise for type 2 diabetes mellitus. Cochrane database of sys-
tematic reviews. 2006(3). https://doi.org/10.1002/14651858.CD002968.pub2 PMID: 16855995

Geirsdottir OG, Arnarson A, Briem K, Ramel A, Jonsson PV, Thorsdottir |. Effect of a 12-week resis-
tance exercise program on body composition, muscle strength, physical function, and glucose metabo-
lism in healthy, insulin-resistant, and diabetic elderly Icelanders. Journals of Gerontology Series A:
Biomedical Sciences and Medical Sciences. 2012 Apr 10; 67(11):1259-65.

Fedewa MV, Gist NH, Evans EM, Dishman RK. Exercise and insulin resistance in youth: a meta-analy-
sis. Pediatrics. 2014 Jan 1; 133(1): e163—74. https://doi.org/10.1542/peds.2013-2718 PMID: 24298011

Quinn E. PAR-Q the Physical Activity Readiness Questionnaire. Take the PAR-Q Before You Start and
Exercise Program. 2008.

Balady GJ, Chaitman B, Driscoll D, Foster C, Froelicher E, Gordon N, et al. Recommendations for car-
diovascular screening, staffing, and emergency policies at health/fitness facilities. Circulation. 1998 Jun
9; 97(22):2283-93. https://doi.org/10.1161/01.cir.97.22.2283 PMID: 9631884

Maiya a, sunitha n, sarath kr. Influence of aerobic treadmill exercise on blood glucose homeostasis and
lipid profile in obese type-ii diabetics mellitus. The shield-research journal of physical education & sports
science. 2006 dec 10;1.

American College of Sports Medicine. ACSM'’s guidelines for exercise testing and prescription. Lippin-
cott Williams & Wilkins; 2013 Mar 4.

Kumar AS, Maiya AG, Shastry BA, Vaishali K, Hazari A, Jadhav R. Effectiveness of a structured exer-
cise program on insulin resistance in type 2 diabetes mellitus—A pilot study. Indian Journal of Public
Health Research and Development. 2018 Nov 1; 9(11):88-91.

O’Donovan G, Kearney EM, Nevill AM, Woolf-May K, Bird SR. The effects of 24 weeks of moderate- or
high-intensity exercise on insulin resistance. Eur J Appl Physiol. 2005; 95(5-6):522—-528. https://doi.
org/10.1007/s00421-005-0040-5 PMID: 16151830

Mavros Y, Kay S, Anderberg KA, et al. Changes in insulin resistance and HbA1c are related to exer-
cise-mediated changes in body composition in older adults with type 2 diabetes: Interim outcomes from
the GREAT2DO trial. Diabetes Care. 2013; 36(8):2372-2379. https://doi.org/10.2337/dc12-2196
PMID: 23474589

Lazarevic G, Antic S, Cvetkovic T, Vlahovic P, Tasic |, Stefanovic V. A physical activity programme and
its effects on insulin resistance and oxidative defense in obese male patients with type 2 diabetes melli-
tus. Diabetes & Metabolism. 2006 Dec 1; 32(6):583-90. https://doi.org/10.1016/S1262-3636(07)70312-
9 PMID: 17296511

El-Kader SM. Aerobic versus resistance exercise training in modulation of insulin resistance, adipocyto-
kines and inflammatory cytokine levels in obese type 2 diabetic patients. Journal of Advanced
Research. 2011 Apr 1; 2(2):179-83.

Michishita R, Shono N, Kasahara T, Tsuruta T. Effects of low intensity exercise therapy on early phase
insulin secretion in overweight subjects with impaired glucose tolerance and type 2 diabetes mellitus.
Diabetes research and clinical practice. 2008 Dec 1; 82(3):291-7. https://doi.org/10.1016/j.diabres.
2008.08.013 PMID: 18922594

Katsuki A, Sumida Y, Gabazza EC, Murashima S, Furuta M, Araki-Sasaki R, et al. Homeostasis model
assessment is a reliable indicator of insulin resistance during follow-up of patients with type 2 diabetes.
Diabetes care. 2001 Feb 1; 24(2):362-5. https://doi.org/10.2337/diacare.24.2.362 PMID: 11213893

Misra A, Alappan NK, Vikram NK, Goel K, Gupta N, Mittal K, et al. Effect of supervised progressive
resistance-exercise training protocol on insulin sensitivity, glycemia, lipids, and body composition in
Asian Indians with type 2 diabetes. Diabetes Care. 2008 Jul 1; 31(7):1282-7. https://doi.org/10.2337/
dc07-2316 PMID: 18316394

Bacchi E, Negri C, Zanolin ME, Milanese C, Faccioli N, Trombetta M, et al. Metabolic effects of aerobic
training and resistance training in type 2 diabetic subjects: a randomized controlled trial (the RAED2
study). Diabetes care. 2012 Apr 1; 35(4):676-82. https://doi.org/10.2337/dc11-1655 PMID: 22344613

Stratton IM, Adler Al, Neil HA, Matthews DR, Manley SE, Cull CA, et al. Association of glycaemia with
macrovascular and microvascular complications of type 2 diabetes (UKPDS 35): prospective observa-
tional study. Bmj. 2000 Aug 12; 321(7258):405—12. https:/doi.org/10.1136/bmj.321.7258.405 PMID:
10938048

Boulé NG, Kenny GP, Haddad E, Wells GA, Sigal RJ. Meta-analysis of the effect of structured exercise
training on cardiorespiratory fitness in Type 2 diabetes mellitus. Diabetologia. 2003 Aug 1; 46(8):1071—
81. https://doi.org/10.1007/s00125-003-1160-2 PMID: 12856082

Yavari A, Najafipoor F, Aliasgarzadeh A, Niafar M, Mobasseri M. Effect of aerobic exercise, resistance
training or combined training on glycaemic control and cardiovascular risk factors in patients with type 2
diabetes. Biology of Sport. 2012 Jan 1; 29(2):135.

PLOS ONE | https://doi.org/10.1371/journal.pone.0302831 May 21, 2024 17/18


https://doi.org/10.1002/14651858.CD002968.pub2
http://www.ncbi.nlm.nih.gov/pubmed/16855995
https://doi.org/10.1542/peds.2013-2718
http://www.ncbi.nlm.nih.gov/pubmed/24298011
https://doi.org/10.1161/01.cir.97.22.2283
http://www.ncbi.nlm.nih.gov/pubmed/9631884
https://doi.org/10.1007/s00421-005-0040-5
https://doi.org/10.1007/s00421-005-0040-5
http://www.ncbi.nlm.nih.gov/pubmed/16151830
https://doi.org/10.2337/dc12-2196
http://www.ncbi.nlm.nih.gov/pubmed/23474589
https://doi.org/10.1016/S1262-3636%2807%2970312-9
https://doi.org/10.1016/S1262-3636%2807%2970312-9
http://www.ncbi.nlm.nih.gov/pubmed/17296511
https://doi.org/10.1016/j.diabres.2008.08.013
https://doi.org/10.1016/j.diabres.2008.08.013
http://www.ncbi.nlm.nih.gov/pubmed/18922594
https://doi.org/10.2337/diacare.24.2.362
http://www.ncbi.nlm.nih.gov/pubmed/11213893
https://doi.org/10.2337/dc07-2316
https://doi.org/10.2337/dc07-2316
http://www.ncbi.nlm.nih.gov/pubmed/18316394
https://doi.org/10.2337/dc11-1655
http://www.ncbi.nlm.nih.gov/pubmed/22344613
https://doi.org/10.1136/bmj.321.7258.405
http://www.ncbi.nlm.nih.gov/pubmed/10938048
https://doi.org/10.1007/s00125-003-1160-2
http://www.ncbi.nlm.nih.gov/pubmed/12856082
https://doi.org/10.1371/journal.pone.0302831

PLOS ONE

Exercise training in Type 2 diabetes mellitus

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Umpierre D, Ribeiro PA, Kramer CK, Leitdo CB, Zucatti AT, Azevedo MJ, et al. Physical activity advice
only or structured exercise training and association with HbA1c levels in type 2 diabetes: a systematic
review and meta-analysis. Jama. 2011 May 4; 305(17):1790-9. https://doi.org/10.1001/jama.2011.576
PMID: 21540423

Najafipour F, Mobasseri M, Yavari A, Nadrian H, Aliasgarzadeh A, Abbasi NM, et al. Effect of regular
exercise training on changes in HbA1c, BMI and VO2max among patients with type 2 diabetes mellitus:
an 8-year trial. BMJ Open Diabetes Research and Care. 2017 Nov 1; 5(1): €000414. https://doi.org/10.
1136/bmjdrc-2017-000414 PMID: 29177050

Chew BH, Mohd-Sidik S, Shariff-Ghazali S. Negative effects of diabetes—related distress on health-
related quality of life: an evaluation among the adult patients with type 2 diabetes mellitus in three pri-
mary healthcare clinics in Malaysia. Health and quality of life outcomes. 2015 Dec; 13(1):187. https://
doi.org/10.1186/s12955-015-0384-4 PMID: 26596372

Bello Al, Owusu-Boakye E, Adegoke BO, Adjei DN. Effects of aerobic exercise on selected physiologi-
cal parameters and quality of life in patients with type 2 diabetes mellitus. International journal of general
medicine. 2011; 4:723. https://doi.org/10.2147/IJGM.S16717 PMID: 22114516

Tan S, Li W, Wang J. Effects of six months of combined aerobic and resistance training for elderly
patients with a long history of type 2 diabetes. Journal of sports science & medicine. 2012 Sep; 11
(3):495. PMID: 24149359

Andersen H, Nielsen S, Mogensen CE, Jakobsen J. Muscle strength in type 2 diabetes. Diabetes. 2004
Jun 1; 53(6):1543-8. https://doi.org/10.2337/diabetes.53.6.1543 PMID: 15161759

Park SW, Goodpaster BH, Strotmeyer ES, De Rekeneire N, Harris TB, Schwartz AV, et al. Decreased
muscle strength and quality in older adults with type 2 diabetes: the health, aging, and body composition
study. Diabetes. 2006 Jun 1; 55(6):1813-8. https://doi.org/10.2337/db05-1183 PMID: 16731847

Taijiri Y, Kato T, Nakayama H, Yamada K. Reduction of skeletal muscle, especially in lower limbs, in
Japanese type 2 diabetic patients with insulin resistance and cardiovascular risk factors. Metabolic syn-
drome and related disorders. 2010 Apr 1; 8(2):137—42. https://doi.org/10.1089/met.2009.0043 PMID:
19900156

Maiorana A,O’Driscoll G, Goodman C, Taylor R, Green D. Combined aerobic and resistance exercise
improves glycemic control and fitness in type 2 diabetes. Diabetes research and clinical practice. 2002
May 1; 56(2):115-23. https://doi.org/10.1016/s0168-8227(01)00368-0 PMID: 11891019

Britto A, Kumar S, Hazari A, Jadhav R, Babu AS, Bhat V, et al. Physical Activity Measurement Using an
Accelerometer among Indians with Type 2 Diabetes Mellitus: A Cross-Sectional Study. Critical
Reviews™ in Physical and Rehabilitation Medicine. 2018; 30(2).

Balkau B, Mhamdi L, Oppert JM, Nolan J, Golay A, Porcellati F, et al. Physical activity, and insulin sensi-
tivity: the RISC study. Diabetes. 2008 Oct 1; 57(10):2613-8. https://doi.org/10.2337/db07-1605 PMID:
18591396

Esteghamati A, Khalilzadeh O, Rashidi A, Meysamie A, Haghazali M, Asgari F, et al. Association
between physical activity and insulin resistance in Iranian adults: National Surveillance of Risk Factors
of Non-Communicable Diseases (SURFNCD-2007). Preventive medicine. 2009 Nov 1; 49(5):402-6.
https://doi.org/10.1016/j.ypmed.2009.09.005 PMID: 19744508

Perseghin G, Price TB, Petersen KF, Roden M, Cline GW, Gerow K, et al. Increased glucose transport—
phosphorylation and muscle glycogen synthesis after exercise training in insulin-resistant subjects.
New England Journal of Medicine. 1996 Oct 31; 335(18):1357—62.  hitps://doi.org/10.1056/
NEJM199610313351804 PMID: 8857019

Bradley RL, Jeon JY, Liu FF, Maratos-Flier E. Voluntary exercise improves insulin sensitivity and adi-
pose tissue inflammation in diet-induced obese mice. American Journal of Physiology-Endocrinology
and Metabolism. 2008 Sep; 295(3): E586—-94. https://doi.org/10.1152/ajpendo.00309.2007 PMID:
18577694

Baron AD, Steinberg HO, Chaker H, Leaming R, Johnson A, Brechtel G. Insulin-mediated skeletal mus-
cle vasodilation contributes to both insulin sensitivity and responsiveness in lean humans. The Journal
of clinical investigation. 1995 Aug 1; 96(2):786-92. https://doi.org/10.1172/JCI118124 PMID: 7635973

PLOS ONE | https://doi.org/10.1371/journal.pone.0302831 May 21, 2024 18/18


https://doi.org/10.1001/jama.2011.576
http://www.ncbi.nlm.nih.gov/pubmed/21540423
https://doi.org/10.1136/bmjdrc-2017-000414
https://doi.org/10.1136/bmjdrc-2017-000414
http://www.ncbi.nlm.nih.gov/pubmed/29177050
https://doi.org/10.1186/s12955-015-0384-4
https://doi.org/10.1186/s12955-015-0384-4
http://www.ncbi.nlm.nih.gov/pubmed/26596372
https://doi.org/10.2147/IJGM.S16717
http://www.ncbi.nlm.nih.gov/pubmed/22114516
http://www.ncbi.nlm.nih.gov/pubmed/24149359
https://doi.org/10.2337/diabetes.53.6.1543
http://www.ncbi.nlm.nih.gov/pubmed/15161759
https://doi.org/10.2337/db05-1183
http://www.ncbi.nlm.nih.gov/pubmed/16731847
https://doi.org/10.1089/met.2009.0043
http://www.ncbi.nlm.nih.gov/pubmed/19900156
https://doi.org/10.1016/s0168-8227%2801%2900368-0
http://www.ncbi.nlm.nih.gov/pubmed/11891019
https://doi.org/10.2337/db07-1605
http://www.ncbi.nlm.nih.gov/pubmed/18591396
https://doi.org/10.1016/j.ypmed.2009.09.005
http://www.ncbi.nlm.nih.gov/pubmed/19744508
https://doi.org/10.1056/NEJM199610313351804
https://doi.org/10.1056/NEJM199610313351804
http://www.ncbi.nlm.nih.gov/pubmed/8857019
https://doi.org/10.1152/ajpendo.00309.2007
http://www.ncbi.nlm.nih.gov/pubmed/18577694
https://doi.org/10.1172/JCI118124
http://www.ncbi.nlm.nih.gov/pubmed/7635973
https://doi.org/10.1371/journal.pone.0302831

