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Abstract: (1) Background: Young non-obese insulin-resistant (IR) individuals could be at risk of
developing metabolic diseases including type 2 diabetes mellitus. The protective effect of physical
activity in this apparently healthy group is expected but not well characterized. In this study,
clinically relevant metabolic profiles were determined and compared among active and sedentary
insulin-sensitive (IS) and IR young non-obese individuals. (2) Methods: Data obtained from Qatar
Biobank for 2110 young (20–30 years old) non-obese (BMI ≤ 30) healthy participants were divided
into four groups, insulin-sensitive active (ISA, 30.7%), insulin-sensitive sedentary (ISS, 21.4%), insulin-
resistant active (IRA, 20%), and insulin-resistant sedentary (IRS, 23.3%), using the homeostatic model
assessment of insulin resistance (HOMA-IR) and physical activity questionnaires. The effect of
physical activity on 66 clinically relevant biochemical tests was compared among the four groups
using linear models. (3) Results: Overall, non-obese IR participants had significantly (p ≤ 0.001) worse
vital signs, blood sugar profiles, inflammatory markers, liver function, lipid profiles, and vitamin
D levels than their IS counterparts. Physical activity was positively associated with left handgrip
(p ≤ 0.01) and levels of creatine kinase (p ≤ 0.001) and creatine kinase-2 (p ≤ 0.001) in both IS and IR
subjects. Furthermore, physical activity was positively associated with levels of creatinine (p ≤ 0.01)
and total vitamin D (p = 0.006) in the IR group and AST (p = 0.001), folate (p = 0.001), and hematocrit
(p = 0.007) in the IS group. Conversely, physical inactivity was negatively associated with the white
blood cell count (p = 0.001) and an absolute number of lymphocytes (p = 0.003) in the IR subjects
and with triglycerides (p = 0.005) and GGT-2 (p ≤ 0.001) in the IS counterparts. (4) Conclusions:
An independent effect of moderate physical activity was observed in non-obese apparently healthy
individuals a with different HOMA-IR index. The effect was marked by an improved health profile
including higher vitamin D and lower inflammatory markers in IRA compared to IRS, and a higher
oxygen carrying capacity and lipid profile in ISA compared to the ISS counterparts.

Keywords: physical activity; insulin sensitive; insulin resistant; non-obese

1. Introduction

According to the International Diabetes Association, there is a rise in diabetes all
around the world, accounting for 425 million cases among individuals aged 20–79 years [1].
Evidence shows that by 2045, this number will rise to 629 million. The most common risk
factors that increase the prevalence of diabetes are an unhealthy diet, sedentary lifestyle,
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and urbanization [1]. The state of Qatar has experienced an epidemiological change as its
economy shifted from a healthy and active way of life (seafood diet, moving Bedouins, and
pearl hunting) into sedentary office jobs during the last 5 decades, as it has become mostly
dependent on gas and oil [2,3]. With a higher predisposition in women, the prevalence of
type 2 diabetes mellitus (T2DM) among adult Qataris is strikingly high (16.7%) [4].

Despite the established correlation between obesity and insulin resistance, multiple
studies have indicated that apparently healthy non-obese subjects could also develop
insulin resistance and T2DM. They are classified as prediabetes as they manifest a high level
of glucose, but lower than the diabetes threshold [5,6]. A recent study has identified that
over 40% of young (<30 years old) lean/overweight females in Qatar are insulin resistant
(IR) [4], compared to 25% of overweight females of other ethnicities [7–9]. Previous reports
have indicated that insulin resistance could predict up to 80% of T2DM cases in non-obese
subject individuals [9], suggesting that over 30% of overweight Qatari individuals are
prone to T2DM [10].

Physical inactivity is an important risk factor for metabolic diseases, including insulin
resistance, T2DM, and cardiovascular disease [5,11]. However, the underlying mechanisms
through which physical activity protects against the different components of metabolic
diseases remain not fully understood [12]. Regular physical exercise has a profound impact
on human blood sugar regulation and insulin sensitivity [13]. Indeed, the adoption of a
healthy lifestyle can change the life of a diabetic patient [11,14,15]. Studies have shown that
5 years of controlled diet and exercise reduce the risk of T2DM in non-obese individuals
with glucose intolerance [12]. Recent studies in rats [16,17] and humans [18] showed that
the skeletal muscle sensitivity to insulin increased after acute exercise and physical training.
Other studies have also shown that glucose tolerance and insulin sensitivity, as well as
various lipid parameters, blood pressure, and fibrinolytic activity, could be improved by
regular exercise in IR individuals [18–20].

Studies comparing the effect of exercise in healthy non-obese insulin-sensitive and IR
individuals remain limited. Understanding the underlying etiology of insulin sensitivity
in this apparently healthy non-obese group would help in preventing the development
of metabolic diseases including T2DM and in controlling disease progression through
targeted diet and exercise [21–23]. In this study, the effect of physical activity on various
clinically relevant metabolic traits was determined in apparently healthy non-obese Qatari
individuals stratified by insulin sensitivity using data from the Qatar Biobank.

2. Materials and Methods
2.1. Data Source and Study Participants

This is a retrospective study. The data from 2110 participants was extracted from the
Qatar Biobank, including questionnaires related to physical activity and laboratory results
for 66 clinically relevant metabolic traits, such as measurements of systolic and diastolic
blood pressure, waist-to-hip ratio (WHR), body mass index (BMI), clinical chemistry, and
endocrinology tests (Table 1). The study was approved by the Institutional Review Boards
of the Qatar Biobank (QF-QBB-RES-ACC-00066) and the Qatar University (QU-IRB 1716-
E/22). All participants provided informed consent. Insulin resistance was determined
by HOMA-IR ((fasting glucose (mmol/L) × fasting insulin mlU/mL)/22.5)). Individuals
with an HOMA-IR less than or equal to 1.85 were categorized as IS, whereas those with
an HOMA-IR greater than 1.85 were categorized as IR. Physically active participants were
identified as those who walk at least two days per week for more than 150 min [24–27].
Inclusion criteria included young (20–30 years old), lean/overweight (BMI: 20–30 kg/m2),
healthy (no chronic diseases) individuals. Exclusion criteria included those younger than
20 years or over 30 years old, with BMIs less than 20 kg/m2 or greater than 30 kg/m2, or
participants with the following chronic diseases: diabetes, glaucoma, macular degeneration,
blood clots, cardiovascular disease, bariatric surgery, or cancer. Among all participants,
51.5% were males and 54.6% were IS, including 22.5% sedentary (ISS) and 32.2% active (ISA),
whereas 45.4% were IR, including 24.4% sedentary (IRS) and 20.9% active (IRA) (Figure 1).
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Table 1. General characteristics of participants.

Insulin Sensitive Insulin Resistant p Value

All (1153) Sedentary
(474)

Active
(679) All (957) Sedentary

(515)
Active
(442)

ISS vs.
ISA

IRS vs.
IRA

IS vs.
IR ANOVA

Vital signs

Age 25.9 (2.9) 25.8 (3.0) 26.0 (2.8) 25.7 (3.1) 25.8 (3.1) 25.6 (3.1) 0.327 0.349 0.186 0.194
BMI

(continuous) 24.5 (2.6) 24.3 (2.6) 24.7 (2.6) 25.6 (2.7) 25.6 (2.7) 25.7 (2.6) 0.024 0.302 ≤0.001 ≤0.001
Average systolic

BP 105.2 (9.4) 103.7 (9.5) 106.2 (9.3) 108.4 (9.9) 107.8 (9.6) 109.0
(10.3) ≤0.001 0.065 ≤0.001 ≤0.001

Average diastolic
BP 62.3 (8.1) 62.6 (8.3) 62.1 (7.9) 64.6 (8.4) 65.0 (8.3) 64.0 (8.4) 0.387 0.062 ≤0.001 ≤0.001

Average pulse
rate 69.2 (10.4) 70.4 (9.8) 68.3 (10.7) 72.7 (10.4) 73.3 (10.2) 72.0 (10.7) ≤0.001 0.035 ≤0.001 ≤0.001

Blood sugar
marker

Fasting Time
(min)

539.3
(289.9)

530.1
(303.9)

545.8
(279.6)

458.7
(304.2)

439.3
(309.3)

481.1
(296.9) 0.165 0.019 ≤0.001 ≤0.001

HOMA-IR 1.2 (0.4) 1.3 (0.3) 1.2 (0.4) 3.6 (3) 3.7 (3.0) 3.6 (3.0) 0.126 0.964 ≤0.001 ≤0.001
C-Peptide
(ng/mL) 4.7 (0.4) 1.5 (0.5) 1.4 (0.4) 4.9 (1.3) 2.8 (1.4) 2.7 (1.1) 0.020 0.969 0.524 ≤0.001

Insulin (uU/mL) 6.1 (1.7) 6.2 (1.7) 6.0 (1.7) 16.4 (11.3) 16.7 (11.8) 16.1 (10.7) 0.106 0.827 ≤0.001 ≤0.001
HBA1C 5.1 (0.3) 5.1 (0.3) 5.1 (0.3) 5.2 (0.4) 5.2 (0.4) 5.2 (0.4) 0.535 0.884 ≤0.001 ≤0.001
Glucose

(mmol/L) 4.6 (0.4) 4.6 (0.4) 4.6 (0.4) 4.9 (0.8) 5.0 (0.9) 4.9 (0.6) 0.770 0.016 ≤0.001 ≤0.001

Physical
tests

Sitting height 90.6 (13.7) 90.8 (15.1) 90.4 (12.7) 90.3 (12.7) 90.3 (13.2) 90.3 (12.0) 0.001 0.096 0.176 0.983
Weight 68.1 (11.1) 66.2 (10.9) 69.5 (11.1) 71.7 (11.3) 70.6 (11.2) 73.0 (11.4) ≤0.001 0.002 ≤0.001 ≤0.001

Waist size (cm) 77.1 (8.4) 76.1 (8.6) 77.8 (8.2) 80.7 (9.1) 80.2 (9.0) 81.2 (9.2) ≤0.001 0.084 ≤0.001 ≤0.001
Hips size (cm) 99.6 (6.7) 99.6 (6.7) 99.6 (6.7) 101.7 (6.3) 101.5 (6.5) 101.9 (6.2) 0.954 0.395 ≤0.001 ≤0.001
Waist-to-hip

ratio 0.8 (0.1) 0.8 (0.1) 0.8 (0.1) 0.8 (0.1) 0.8 (0.1) 0.8 (0.1) ≤0.001 0.251 ≤0.001 ≤0.001

Hand grip (left) 33.3 (13) 30.2 (12.1) 35.4 (13.2) 33.4 (12.9) 31.7 (12.6) 35.3 (13.1) ≤0.001 ≤0.001 0.76 ≤0.001
Hand grip

(right) 34.5 (13.1) 31.5 (12.5) 36.5 (13.1) 34.3 (12.8) 32.9 (12.7) 35.9 (12.8) ≤0.001 ≤0.001 0.902 ≤0.001

Planned run
time (s)

592.1
(160.5)

575.4
(174.0)

603.8
(149.3)

602.2
(155.7)

590.5
(167.8)

615.8
(139.4) 0.242 0.334 0.129 ≤0.001

Blood in-
flammatory

markers

Hemoglobin
(g/dL) 13.9 (1.7) 13.5 (1.7) 14.1 (1.6) 13.9 (1.8) 13.8 (1.8) 14.0 (1.8) ≤0.001 0.076 0.383 ≤0.001

Hematocrit 41.2 (4.5) 40.2 (4.5) 41.9 (4.3) 41.4 (4.8) 41.2 (4.7) 41.7 (4.9) ≤0.001 0.070 0.272 ≤0.001
Red Blood Cell

(×106 µL) 5 (0.6) 4.9 (0.6) 5.0 (0.5) 5.1 (0.6) 5.1 (0.6) 5.1 (0.6) ≤0.001 0.013 ≤0.001 ≤0.001

White Blood Cell
(×103 µL) 6.3 (1.8) 6.4 (1.9) 6.1 (1.7) 6.7 (1.8) 6.9 (1.9) 6.5 (1.7) 0.009 0.001 ≤0.001 ≤0.001

Monocyte% 7.7 (2) 7.5 (1.9) 7.8 (2.0) 7.7 (2.1) 7.7 (2.0) 7.8 (2.2) 0.020 0.540 0.546 0.166
Neutrophil
(×103 µL)

3.4 (1.4) 3.5 (1.4) 3.3 (1.4) 3.7 (1.4) 3.8 (1.5) 3.5 (1.3) 0.011 0.003 ≤ 0.001 ≤0.001

Neutrophil% 52.1 (10.4) 52.3 (10.8) 51.9 (10.0) 53.9 (9.9) 54.2 (10.1) 53.5 (9.7) 0.166 0.228 ≤0.001 ≤0.001
Lymphocyte
(×103 µL)

2.2 (0.6) 2.3 (0.7) 2.2 (0.6) 2.3 (0.7) 2.3 (0.8) 2.2 (0.6) 0.010 0.008 0.054 0.002

Lymphocyte% 36.9 (9.1) 36.7 (9.4) 36.9 (9.0) 35 (8.9) 34.9 (9.1) 35.2 (8.7) 0.398 0.395 ≤0.001 ≤0.001
Eosinophil% 2.7 (2.1) 2.7 (2.0) 2.8 (2.1) 2.8 (2) 2.7 (1.7) 2.9 (2.3) 0.208 0.557 0.215 0.319
Basophil% 0.6 (0.3) 0.6 (0.4) 0.6 (0.3) 0.6 (0.3) 0.6 (0.4) 0.6 (0.3) 0.647 0.435 0.891 0.844
C-Reactive

Protein (mg/L) 4.7 (6.6) 4.9 (6.5) 4.5 (6.7) 4.9 (5.9) 5.1 (5.5) 4.6 (6.3) 0.105 0.014 0.524 0.019

Kidney
profile

Sodium
(mmol/L) 140 (2.3) 139.9 (2.3) 140.1 (2.2) 140.1 (2.2) 140.1 (2.2) 140.1 (2.1) 0.199 0.649 0.462 0.451
Potassium
(mmol/L) 4.3 (0.3) 4.3 (0.3) 4.3 (0.3) 4.3 (0.3) 4.3 (0.3) 4.3 (0.3) 0.010 0.437 0.657 0.107
Chloride

(mmol/L) 101.5 (2.3) 101.6 (2.2) 101.4 (2.3) 101.4 (2.3) 101.4 (2.2) 101.6 (2.4) 0.096 0.179 0.428 0.263

Bicarbonate
(mmol/L) 25.9 (2.4) 25.8 (2.3) 25.9 (2.4) 25.6 (2.4) 25.7 (2.4) 25.6 (2.5) 0.140 0.952 0.011 0.064

Urea (mmol/L) 4.3 (1.4) 4.1 (1.3) 4.5 (1.4) 4.2 (1.2) 4.1 (1.1) 4.3 (1.2) 0.000 0.004 0.061 ≤0.001
Creatinine
(mmol/L) 66.9 (15.4) 64.1 (16.1) 68.9 (14.6) 66.8 (14.8) 65.0 (14.3) 68.9 (15.1) 0.000 ≤0.001 0.896 ≤0.001
Calcium

(mmol/L) 2.4 (0.1) 2.4 (0.1) 2.4 (0.1) 2.4 (0.1) 2.4 (0.1) 2.4 (0.1) 0.051 0.491 0.507 0.202

Calcium
Corrected
(mmol/L)

2.3 (0.1) 2.3 (0.1) 2.3 (0.1) 2.3 (0.1) 2.3 (0.1) 2.3 (0.1) 0.351 0.213 ≤0.001 0.002

Phosphorus
(mmol/L) 1.2 (0.1) 1.2 (0.1) 1.2 (0.1) 1.2 (0.2) 1.2 (0.2) 1.2 (0.2) 0.113 0.862 ≤0.001 ≤0.001

Uric Acid
(umol/L) 282 (76.6) 268.0

(77.9)
291.8
(74.2)

289.6
(76.4)

283.4
(74.7)

296.8
(77.8) ≤0.001 0.009 0.016 ≤0.001

Creatine Kinase 206.8
(602.2)

157.2
(595.6)

244.3
(605.6)

168.5
(639.8)

103.2
(116.3)

257.2
(968.0) ≤0.001 0.007 0.204 ≤0.001

Creatine
Kinase-1
(ng/mL)

47.3
(107.3)

46.1
(103.0)

48.1
(111.5)

73.5
(289.1)

113.7
(399.8) 30.9 (63.3) 0.864 0.808 0.459 0.914

Creatine
Kinase-2 (U/L)

208.7
(1216.2)

124.1
(280.4)

263.4
(1542.5)

133.3
(275.2)

119.2
(257.1)

147.9
(292.6) ≤0.001 0.002 0.063 ≤0.001

Magnesium
(umol/L) 0.8 (0.1) 0.8 (0.1) 0.8 (0.1) 0.8 (0.1) 0.8 (0.1) 0.8 (0.1) 0.712 0.323 0.111 0.203

Total Protein
(g/L) 74.4 (4) 74.2 (4.0) 74.5 (4.0) 74.8 (3.9) 74.9 (3.9) 74.8 (3.8) 0.313 0.771 0.01 0.038

Homocysteine
(umol/L) 9.6 (3.2) 9.4 (3.2) 9.7 (3.1) 9.5 (3.2) 9.4 (3.2) 9.6 (3.2) 0.027 0.371 0.298 0.152
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Table 1. Cont.

Insulin Sensitive Insulin Resistant p Value

All (1153) Sedentary
(474)

Active
(679) All (957) Sedentary

(515)
Active
(442)

ISS vs.
ISA

IRS vs.
IRA

IS vs.
IR ANOVA

Liver
function

Bilirubin Total
(umol/L) 9.7 (5.6) 9.0 (5.0) 10.3 (5.8) 8.2 (4.7) 8.0 (4.5) 8.4 (4.9) ≤0.001 0.206 ≤0.001 ≤0.001

Albumin (g/L) 44.6 (3.4) 44.4 (3.5) 44.8 (3.4) 44.1 (3.6) 44.2 (3.6) 44.1 (3.6) 0.052 0.621 ≤0.001 0.001
Alkaline

Phosphatase
(U/L)

65 (18.4) 65.8 (19.3) 64.5 (17.7) 69.9 (21.5) 70.9 (23.0) 68.8 (19.6) 0.538 0.080 ≤0.001 ≤0.001

ALT (GPT)
(U/L) 20.3 (18.1) 19.1 (18.7) 21.1 (17.6) 23.6 (19.2) 23.5 (20.8) 23.7 (17.1) ≤0.001 0.198 ≤0.001 ≤0.001

AST (GOT)
(U/L) 20.6 (20.1) 18.5 (9.6) 22.1 (24.8) 19.6 (10.7) 19.2 (10.5) 20.1 (10.9) ≤0.001 0.047 0.922 ≤0.001

GGT (U/L) 16.8 (12) 16.6 (12.3) 17.1 (11.9) 22.8 (25.8) 23.8 (28.3) 21.2 (21.5) 0.459 0.312 0.033 0.118
GGT-2 (U/L) 20.4 (26.9) 22.2 (39.2) 19.1 (13.5) 25 (24.3) 25.1 (24.0) 25.0 (24.6) 0.230 0.690 ≤0.001 ≤0.001

Lipid
profile

HDL Cholesterol
(mmol/L) 1.5 (0.4) 1.5 (0.4) 1.5 (0.4) 1.4 (0.4) 1.4 (0.4) 1.4 (0.4) 0.063 0.708 ≤0.001 ≤0.001

LDL Cholesterol
(mmol/L) 2.7 (0.8) 2.7 (0.8) 2.7 (0.8) 2.7 (0.8) 2.7 (0.8) 2.7 (0.8) 0.372 0.290 0.47 0.493

Triglyceride
(mmol/L) 0.9 (0.4) 0.9 (0.5) 0.9 (0.4) 1.2 (0.7) 1.2 (0.7) 1.1 (0.6) 0.283 0.307 ≤0.001 ≤0.001

Hormones

Testosterone
Total (nmol/L) 12.1 (12.1) 9.7 (11.3) 13.7 (12.4) 10 (9.5) 9.4 (9.3) 10.7 (9.7) 0.000 0.103 ≤0.001 ≤0.001

Estradiol
(pmol/L)

292.8
(638.1)

332.8
(895.3)

264.7
(359.2)

262.5
(314.9)

271.5
(332.6)

252.1
(292.9) 0.002 0.780 0.155 0.015

SHBG (nmol/L) 57.4 (48.1) 60.7 (53.6) 54.9 (43.4) 47.8 (46.9) 49.0 (46.5) 46.1 (47.5) 0.086 0.163 ≤0.001 ≤0.001
Free Thyroxine

(pmol/L) 14.4 (2.5) 14.3 (2.4) 14.5 (2.6) 14.6 (2.8) 14.5 (2.9) 14.7 (2.6) 0.216 0.251 0.525 0.2

Free
Triiodothyronine 4.4 (0.8) 4.3 (0.8) 4.4 (0.8) 4.7 (0.9) 4.6 (1.0) 4.7 (0.9) 0.294 0.189 ≤0.001 ≤0.001

TSH mI (U/L) 2.3 (5.3) 2.2 (4.8) 2.3 (5.7) 2.1 (3.3) 2.2 (4.2) 2.0 (1.8) 0.968 0.906 0.696 0.871

Iron profile

Iron (umol/L) 16.4 (7.2) 15.8 (7.8) 16.9 (6.8) 14.7 (6.5) 14.5 (6.5) 14.9 (6.5) 0.002 0.428 ≤0.001 ≤0.001
TIBC (umol/L) 63.5 (11.7) 64.4 (12.3) 62.9 (11.2) 66 (11.2) 65.7 (11.4) 66.3 (10.9) 0.089 0.259 ≤0.001 ≤0.001
UIBC (umol/L) 42.8 (13) 44.2 (13.8) 41.7 (12.2) 47.2 (13.5) 47.9 (14.0) 46.4 (12.7) 0.024 0.268 ≤0.001 ≤0.001
Ferritin (µg/L) 68.8 (70) 59.5 (64.8) 75.3 (72.7) 73.6 (86.5) 71.8 (93.2) 75.7 (78.1) ≤ 0.001 0.107 0.83 ≤0.001

Vitamins

Folate (nmol/L) 20.3 (8.7) 19.8 (8.9) 20.6 (8.6) 19.1 (7.6) 18.9 (8.0) 19.2 (7.2) 0.051 0.270 0.002 0.003
Dihydroxyvitamin

D (ng/mL) 17.2 (10.9) 16.8 (11.5) 17.4 (10.4) 15.4 (8.6) 14.7 (8.1) 16.1 (9.2) 0.052 0.025 ≤0.001 ≤0.001

Vitamin B12
(pmol/L)

312.4
(146.6)

309.3
(160.5)

314.6
(136.1)

290.4
(117.4)

286.7
(117.2)

294.7
(117.6) 0.230 0.362 0.003 0.003

ALT: alanine aminotransferase, AST: aspartate aminotransferase, GGT: gamma-glutamyl transferase, HDL: high-
density lipoprotein, LDL: low-density lipoprotein, SHBG: sex hormone-binding globulin, TSH: thyroid-stimulating
hormone, TIBC: total iron-binding capacity, UIBC: unsaturated iron-binding capacity, neutrophil (×103 µL):
absolute neutrophil count, lymphocyte (×103 µL): absolute lymphocyte count.
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Figure 1. Study design indicating the study groups (ISA, ISS, IRA, and IRS) and their percentages.

2.2. Statistical Analysis

All analyses were performed using R Studio (v 4.0.3) software (R foundation for
statistical computing, Vienna, Austria). Nominal variables are displayed as numbers with
percentages, and the differences were determined using the chi-squared test. Numeric
(continuous) data are presented as means (standard deviation) and were compared using
Student’s t-test/Mann–Whitney U test. The Shapiro–Wilk test was used to examine the
normality of the distribution and the skewed data were log-transformed. Differences in the
marginal means of each metabolic profile (as the y variable) between active and sedentary
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at each level of HOMA-IR were calculated using the R emmeans package while correcting
for confounders’ age, BMI, gender, and fasting time. Nominal p-values were corrected for
multiple testing using the false discovery rate (FDR) method. The analysis incorporated the
interaction between the HOMA-IR category and the physical activity groups; the estimate
represents the offset in the intercept from the sedentary baseline to active individuals.

3. Results
3.1. Differences between IS and IR Individuals Regardless of Physical Activity Status
3.1.1. BMI, Pulse Rate, Glucose, and C-Peptide Levels

As shown in Table 1, IR participants had significantly worse vital signs, including
a higher BMI, systolic and diastolic blood pressure (BP), and pulse rate, than their IS
counterparts. IR individuals also exhibited worse blood sugar profiles (fasting blood
glucose, HBA1C, and C-Peptide).

3.1.2. Hematological Parameters, Liver Function Tests, and Lipid Profile

Individuals in the IR group exhibited higher inflammatory markers (white blood cell
count, neutrophil percentage, and absolute count). Similarly, liver function tests (uric acid,
total protein, homocysteine, alkaline phosphatase (ALP), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and gamma glutamyl transferase-2 (GGT-2)) and lipid
profiles (triglycerides) showed higher levels in IR group.

3.1.3. Iron Profile and Hormones

Higher free triiodothyronine, total iron-binding capacity (TIBC), unsaturated iron-
binding capacity (UIBC), and ferritin levels were measured in the IR group. On the other
hand, IR individuals exhibited lower levels of urea, homocysteine, creatine kinase, creatine
kinase-2, total bilirubin, high density lipoprotein (HDL) cholesterol, testosterone, estradiol,
sex hormone-binding globulin (SHBG), iron, folate, dihydroxyvitamin D, and vitamin B12.

3.2. Comparing the Effect of Physical Activity in IS and IR Subjects

When assessing the impact of physical activity, active IS and IR (ISA and IRA) partic-
ipants showed lower pulse rates, WBC, neutrophils, and lymphocyte counts, but higher
weight, handgrip, red blood cell count, urea, uric acid, creatinine, CK, CK2, AST, and dihy-
droxyvitamin D levels than their sedentary counterparts. When comparing ISA versus ISS,
ISA had higher levels of systolic BP, waist size, waist-to-hip ratio, hemoglobin, hematocrit,
monocyte %, homocysteine, total bilirubin, albumin, ALT, total testosterone, iron, UIBC,
ferritin, and folate levels, but lower C-peptide and estradiol than the ISS counterparts.
When comparing IRA versus IRS, IRA showed lower C-reactive protein levels, fasting time,
and glucose than the IRS counterparts (Table 1).

3.3. Differential Metabolic Response to Physical Activity in IS vs. IR

To evaluate the association between physical activity and metabolic profiles in IS
versus IR individuals, linear regression was conducted after adjusting for age, BMI, gender,
and fasting blood glucose. As shown in Table 2, physical activity was positively associ-
ated with left handgrip, creatine kinase, and creatine kinase-2 in both IS and IR subjects.
Furthermore, physical activity was positively associated with AST, folate, hematocrit, and
estimated maximum heart rate in the IS groups only, whereas it was associated with creati-
nine, total dihydroxyvitamin D, and weight in the IR group. Conversely, physical inactivity
was negatively associated with triglycerides and GGT-2 in the IS individuals, whereas it
was negatively associated with white blood cells and an absolute number of lymphocytes
in the IR subjects. Data is also summarized in Figure 2.
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Table 2. Linear regression analysis evaluating the association between physical activity and the
metabolic profiles in each HOMA-IR category.

Insulin Sensitive (HOMA-IR < 1.85) Insulin Resistant (HOMA-IR > 1.85)

Estimate # SE p-Value FDR Estimate # SE p-Value FDR

Handgrip out left 0.044 0.015 0.003 0.027 0.073 0.016 ≤0.001 ≤0.001
Weight 0.004 0.003 0.329 0.540 0.015 0.005 0.001 0.023

Creatine kinase 0.273 0.071 0.000 0.005 0.207 0.075 0.006 0.052
Creatine kinase-2 (µ/L) 0.202 0.051 0.000 0.005 0.153 0.055 0.005 0.052

AST (GOT) (µ/L) 0.069 0.020 0.001 0.012 0.027 0.022 0.208 0.552
GGT-2 (µ/L) −0.106 0.032 0.001 0.012 −0.040 0.034 0.229 0.585

Folate (nmol/L) 0.086 0.025 0.001 0.012 0.048 0.027 0.080 0.276
Dihydroxyvitamin D (ng/mL) 0.069 0.031 0.028 0.108 0.093 0.034 0.006 0.052

Creatinine (mmol/L) 0.018 0.009 0.039 0.142 0.040 0.009 0.000 0.001
Triglyceride (mmol/L) −0.074 0.026 0.005 0.041 −0.036 0.028 0.204 0.552

Hematocrit 0.012 0.005 0.007 0.055 −0.001 0.005 0.997 0.997
White Blood Cell (×103 µL) −0.041 0.017 0.014 0.100 −0.059 0.018 0.001 0.023
Lymphocyte Auto (×103 µL) −0.040 0.017 0.023 0.100 −0.055 0.019 0.003 0.042

# This analysis incorporated the interaction between HOMA-IR category and physical activity groups, the estimate
represents the offset in the intercept from the active individuals to sedentary baseline. SE: standard error; FDR:
false discovery rate.
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This analysis incorporated the interaction between the HOMA-IR category and phys-
ical activity groups; the estimate represents the offset in the intercept from the active
individuals to sedentary baseline.

4. Discussion

The association between obesity and insulin resistance is well established, however,
studies investigating the increased risk of insulin resistance in non-obese apparently healthy
individuals and the effect of exercise on mitigating their risk remain limited. In this study,
we focused on investigating the effect of physical activity on circulating levels of clinically
relevant metabolic traits associated with insulin resistance in healthy lean and overweight
(BMI: 20–30 kg/m2) individuals. Our data has shown that physical activity can exert an
independent effect in non-obese apparently healthy IS and IR groups as it improves some,
but not all traits associated with the risk of metabolic syndromes depending on HOMA-IR
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status. The emerging data can help assess the impact of physical activity in apparently
healthy but high-risk subjects for a better understanding of exercise’s protective effects and
a better management of the subjects’ risk.

4.1. Association between IR and BMI, Pulse Rate, and Hematological Parameters

As expected, our data revealed that overall IR individuals exhibited worse vital
signs and a higher risk of diabetes, inflammation, liver disease, and hypertriglyceridemia
than their IS counterparts. Our results showed significant elevations in WBC count and
neutrophil percentages in IR individuals but decreased lymphocyte percentages. The WBC
count is commonly used to monitor increased risks of insulin resistance and cardiovascular
diseases in T2D patients as well as healthy individuals [28,29]. Neutrophils are the first
immune cells to respond to inflammation and can exacerbate the chronic inflammatory
state [30]. The neutrophil–lymphocyte ratio (NLR) is used as an indicator of subclinical
inflammation. Increased NLR was significantly associated with IR, and high NLR values
may be a reliable predictive marker of insulin resistance [31]. Our data also indicated
an association between insulin resistance and RBC count. Our findings provide in vivo
evidence of a relation between hyperinsulinaemia/insulin resistance, the main variables of
insulin resistance syndrome and erythropoiesis. Increased red blood cell count could be
considered a new aspect of the insulin resistance syndrome that could contribute to the
increased risk of developing cardiovascular problems [32].

4.2. Association between IR and Kidney and Liver Function Tests

Our results also indicated higher levels of uric acid and total protein in IR individuals
compared to their IS counterparts. Uric acid represents a reliable biomarker of IR subjects
with metabolic syndromes. Elevated levels of uric acid are caused by various hemodynamic
abnormalities, including glucose intolerance, insulin resistance, dyslipidemia, and hyper-
tension. High uric acid levels can initiate oxidative stress, inflammation, and enzymes
associated with glucose and lipid metabolism, suggesting a mechanism for the impairment
of metabolic homeostasis [33]. Our results also showed lower levels of total bilirubin and
albumin in IR compared to IS, but higher levels of ALP, ALT, and GGT2. These results
are in line with a previous study that showed the association between lower levels of
serum total bilirubin with an increased risk of T2D [34]. High levels of bilirubin are also
negatively associated with abdominal obesity, hypertriglyceridemia, and cardiometabolic
risk factors, including dyslipidemia and hypertension [35,36]. Conversely, increased ALP
activity is correlated with various cardiometabolic diseases. Serum ALP levels are in-
dependently and positively associated with the surrogate markers of insulin resistance
(triglyceride-to-high-density lipoprotein cholesterol ratio, triglyceride, and glucose) in the
general population [37]. Additionally, insulin resistance was significantly associated with
elevated ALT, AST, and GGT levels in nondiabetic adults, especially among those who
were overweight/obese [38].

4.3. Association between IR and Hormones and Lipid Profile

As expected, our results showed significantly higher triglycerides and lower HDL
cholesterol levels in IR individuals compared to their IS counterparts. This is in line with
previous studies showing higher serum levels of triglycerides and low levels of HDL
cholesterol in patients with metabolic syndrome [4,39–43]. Studies have also shown that
the triglyceride/HDL ratio is positively associated with ALT levels and that assessment
of IR and metabolic syndrome can become more precise by evaluating the TG/HDL
cholesterol ratio and ALT, simultaneously [44,45]. Our data also indicated lower levels of
testosterone and SHBG in the IR group. Testosterone levels are partly influenced by insulin
resistance [46]. Testosterone deficiency is common in men with diabetes, regardless of the
type. Low SHBG levels are correlated with low free testosterone even after HOMA-IR
adjustment, suggesting that SHBG can be associated with testosterone deficiency beyond
the influence of insulin resistance [47]. Our results also showed significantly higher free
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triiodothyronine (T3) in IR compared to IS. High levels of free T3 are associated with
insulin resistance, and the use of free T3 to assess insulin resistance in healthy patients was
previously suggested [48]. Indeed, previous studies have shown that higher baseline free
T3 levels were significant predictors of decreased insulin sensitivity [49].

4.4. Association between IR and Iron Profile and Vitamins

Our results also showed significantly lower iron levels in IR which correlated signifi-
cantly with higher TIBC and UIBC results. UIBC is used along with a serum iron test and
TIBC to evaluate iron deficiency or iron overload, where a high TIBC usually indicates iron
deficiency anemia [50]. Furthermore, our results showed lower levels of dihydroxyvitamin
D in the IR group. Vitamin D deficiency can play a role in the development of insulin
resistance in individuals with prediabetes who have a high cardiovascular risk [51]. Recent
studies reported inverse correlations between the vitamin D status, hyperglycemia, and
glycemic control in patients with T2D [52]. Additionally, IR had significantly lower levels
of vitamin B12 and folate compared to the IS counterpart. Low B12 levels in pregnancy alter
adipose-derived circulating micro RNAs, which may mediate an adipogenic and IR pheno-
type, leading to obesity [53]. A recent study showed that poor folic acid, vitamin D, and
B12 status were associated with insulin resistance in nondiabetic obese patients [54]. Early
supplementation of folate and vitamin B12 improved insulin resistance and lipid levels in
intrauterine growth-retardation rats to some extent, along with decreasing homocysteine
levels, but not enough to completely repair glucose and lipid metabolism [55].

Physical activity can induce adaptations in metabolism that are considered beneficial
for health. Intense and continuous exercise, training, and competitions were reported
to induce changes in the serum concentrations of numerous laboratory parameters [56].
Regular mild exercise, especially aerobic training, has been widely shown to improve
cardiovascular and pulmonary function [25]. Furthermore, it affects the lipid profile and
the risk of cardiovascular diseases. Our emerging data showed changes in the response
to mild activity in various clinically relevant traits common between apparently healthy
non-obese ISA and IRA groups, in addition to other traits specific to ISA or IRA.

4.5. Association between Physical Activity and Cardiac Markers

Among the common clinically relevant traits that were associated with physical activity
regardless of insulin resistance status, our results showed elevated levels of both CK and
CK2 in addition to the expected higher handgrip. CK is an enzyme found in the brain (CK1),
skeletal, and heart muscles (CK2 and CK3). Normal levels of CK in the blood are mainly
derived from skeletal muscles. Damaged tissues cause higher CK levels in the blood [57,58].
CK and CK2 increase with exercise, regardless of insulin resistance status, since they mark
muscle damage associated with greater physical activity. Among the clinically relevant traits
that are associated with ISA, but not IRA, our results showed higher levels of AST. Elevated
AST release is typical of exercising muscle [56]. In our data, the elevation in AST in ISA, but
not IRA, could simply reflect the lower AST levels in the ISS compared to IRS, suggesting
a lower risk of liver disease in the former group. Our results also showed lower GGT2
levels in ISA, but not IRA. GGT is an extracellular membrane-bound enzyme that cleaves
the peptide bonds of gamma-glutamyl in glutathione and transfers the gamma-glutamyl
moiety to acceptors. Studies have shown that levels of GGT2 are higher in individuals with
liver disease, and physical activity can lower these levels [59]. Elevated GGT2 seen in all IR
could indicate a risk of liver disease. The effect of exercise on lowering GGT2 levels in IS,
but not IR, could also indicate could also indicate lowering risk of liver disease.

4.6. Association between Physical Activity and Hematological Parameters

Our results also showed higher levels of folate in ISA, but not IRA, suggesting that
exercise improved folate levels in IS but not IR individuals, although a similar trend was
seen in the IRA group. Folate supplementation increases insulin sensitivity [55]. The modest
increase in folate levels in ISA could reflect supplement intake, although, the interaction
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between exercise and folate levels requires further investigation. Our data also showed
that ISA individuals exhibit significantly higher hematocrit concentration. Improvement
in hematocrit concentration during exercise is known [60]. Exercise can increase the total
hemoglobin, red blood cell mass, and hematocrit, which increases oxygen carrying capacity.
During exercise, the body’s demand for oxygen is increased to provide muscles with the
required oxygen for energy production [61,62]. Indeed, athletes have a higher total mass
of red blood cells, hemoglobin, and hematocrit compared to sedentary subjects [61]. The
increase in hematocrit in ISA, but not IRA, could suggest a better oxygen carrying capacity
in the former than the latter since higher oxygen uptake was previously described as an
important determinant for insulin sensitivity [63]. Our data showed an inverse relationship
between physical activity and WBC and absolute lymphocyte count in IRA individuals,
confirming the anti-inflammatory role of exercise, especially in the IR group, since IRS
showed a higher WBC count and absolute lymphocyte. Previous reports showed that
exercise reduces WBC counts and that changes in the total WBC are inversely correlated
with changes in the glucose disposal rate [64]. Our data also revealed that other clinically
relevant traits were associated with IRA, but not ISA. These include elevated creatinine
levels, although a similar trend of increase was seen in the IS group. Creatinine levels are
elevated after exercise as it plays a role in providing energy to muscle tissues [65]. Various
studies have shown that athletes exhibit elevated creatinine levels [66,67]. Creatinine is
a metabolic product of creatine phosphate in muscles, which provides energy to muscle
tissues. The elevated creatinine levels in IRA, but not ISA, may reflect greater muscle
damage in the IRA group.

4.7. Association between Physical Activity and Lipid Profile and Vitamin D

Triglyceride levels were slightly, but significantly, lower in the ISA group. The in-
teraction of insulin sensitivity and triglyceride levels with exercise is well established.
Previous studies have shown that increased physical activity improves insulin sensitivity
and triglyceride levels [68]. The lack of effect of physical activity on triglyceride levels in the
IR group requires further investigation. Another metabolite that increased in IRA was the
1,25-dihydroxyvitamin D. Previous studies have shown that serum 1,25-dihydroxyvitamin
D levels increase with exercise [69]. Our data showed lower levels of vitamin D in IRS than
ISS, which may explain the higher response to exercise in the IRA group, perhaps due to a
greater exposure to sunlight [70].

4.8. Difference in the Metabolic Profile Due to Physical Activity between Males and Females of
Different HOMA-IR Groups

We found a significant increase in creatine kinase, creatine kinase 2, folate, bilirubin,
and left handgrip in physically active males, whereas a decrease in waist size, triglyceride,
and GGT2 levels was calculated. On the other hand, a similar analysis in females showed
significant changes in only creatinine levels due to activity, and no significant associations
between other metabolites due to physical activity were found (Tables S1 and S2).

This study has potential limitations including the lack of osmolarity data. Indeed,
research has shown that potential hyperglycemic conditions might affect fluid balance
and hydration status, especially during physical activity, and this might have a significant
effect on the level of blood biomarkers and on metabolic and vascular health profiles.
Furthermore, fluid restriction has been reported to affect a cascade of health biomarkers
due to raised copeptin levels, particularly in diabetic patients [71–73].

5. Conclusions

This study has revealed an independent effect of physical activity in non-obese appar-
ently healthy IS and IR individuals, marked by higher vitamin D and lower inflammatory
status in the IRA compared to the IRS group and a higher oxygen carrying capacity and
lipid profile in ISA compared to the ISS counterparts. The emerging data could help in un-
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derstanding the protective role of moderate physical activity for the improved management
of non-obese apparently healthy subjects with a higher risk of insulin resistance and T2D.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijerph191912169/s1, Table S1: linear regression analysis assessing
the difference in metabolic profiles between physically active and sedentary males in each HOMA-IR
category; Table S2: linear regression analysis assessing the difference in metabolic profiles between
physically active and sedentary females in each HOMA-IR category. SE: standard error; FDR: false
discovery rate.
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