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Abstract
Aims/hypothesis The continuous demand for insulin in the face
of insulin resistance, coupled with the glucolipotoxic environ-
ment associated with the metabolic syndrome (MetS), adversely
affects the quality of insulin produced and secreted by the pan-
creatic beta cells. This is depicted by increased circulating intact
proinsulin concentration, which is associated with increased
MetS severity and risk of cardiovascular (CV) mortality. High-
intensity interval training (HIIT) has been shown to reduce insu-
lin resistance and other CV disease risk factors to a greater de-
gree than moderate-intensity continuous training (MICT). We
therefore aimed to investigate the impact of MICT and different
volumes of HIIT on circulating intact proinsulin concentration.
Methods This was a substudy of the ‘Exercise in prevention
of Metabolic Syndrome’ (EX-MET) multicentre trial. Sixty-
six individuals with MetS were randomised to 16 weeks of:
(1) MICT (n = 21, 30 min at 60–70% peak heart rate

[HRpeak], five times/week); (2) 4HIIT (n= 22, 4 × 4 min
bouts at 85–95% HRpeak, interspersed with 3 min of active
recovery at 50–70% HRpeak, three times/week); or (3) 1HIIT
(n=23, 1×4 min bout at 85–95%HRpeak, three times/week).
A subanalysis investigated the differential impact of these
training programmes on intact proinsulin concentration in
MetS individuals with type 2 diabetes (MICT, n=6; 4HIIT,
n= 9; 1HIIT, n= 12) and without type 2 diabetes (MICT,
n=15; 4HIIT, n=13; 1HIIT, n=11). Intact proinsulin, insulin
and C-peptide concentrations were measured in duplicate via
ELISA, following a 12 h fast, before and after the exercise
programme. Fasting intact proinsulin concentration was also
expressed relative to insulin and C-peptide concentrations.
Results Following the exercise training, there were no signif-
icant (p>0.05) changes in fasting intact proinsulin concentra-
tion indices in all participants (pre- vs post-programme proin-
sulin, proinsulin:insulin, proinsulin:C-peptide:MICT 19% de-
crease, 6% increase, 4% increase; 4HIIT 19% decrease, 8%
decrease, 11% decrease; 1HIIT 34% increase, 49% increase,
36% increase). In participants who did not have type 2 diabe-
tes, only 4HIIT significantly (p<0.05) reduced fasting intact
proinsulin concentration indices from pre to post intervention
(pre- vs post-programme proinsulin, proinsulin:insulin,
proinsulin:C-peptide: 4HIIT 32% decrease, 26% decrease,
32% decrease, p<0.05; 1HIIT, 14% increase, 32% increase,
16% increase, p>0.05; MICT 27% decrease, 17% decrease,
11% decrease), with a group × time interaction effect, indicat-
ing a greater reduction in intact proinsulin indices following
4HIIT compared with MICT and 1HIIT. There were no sig-
nificant (p>0.05) changes in intact proinsulin concentration
indices in participants with type 2 diabetes.
Conclusions/interpretation Higher-volume HIIT (4HIIT) im-
proved insulin quality in MetS participants without type 2
diabetes.
Trial registration: ClinicalTrials.gov NCT01676870

Electronic supplementary material The online version of this article
(doi:10.1007/s00125-016-4064-7) contains peer-reviewed but unedited
supplementary material, which is available to authorised users.

* Jeff S. Coombes
jcoombes@uq.edu.au

1 Centre for Research on Exercise, Physical Activity and Health,
School of Human Movement and Nutrition Sciences, The University
of Queensland, Blair Drive, St Lucia, QLD, Australia

2 Recreation, Exercise, and Sport Science Department, Western State
Colorado University, Gunnison, CO, USA

3 Institut des Sciences du Sport de l’Université de Lausanne (ISSUL),
University of Lausanne, Lausanne, Switzerland

4 Department of Physiology, Faculty of Biology and Medicine,
Lausanne University, Lausanne, Switzerland

5 School of Public Health, Faculty of Medicine and Biomedical
Sciences, The University of Queensland, Brisbane, QLD, Australia

Diabetologia (2016) 59:2308–2320
DOI 10.1007/s00125-016-4064-7

http://dx.doi.org/10.1007/s00125-016-4064-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s00125-016-4064-7&domain=pdf


Funding: The study was funded by the Norwegian University
of Science and Technology and from an unrestricted research
grant from the Coca-Cola company. Funding for the collection
of physical activity data was derived from a ‘UQ New Staff
Start Up’ grant awarded to B. Clark.

Keywords Glycaemic control . Insulin resistance . Interval
training . Pancreatic beta cell function . Proinsulin

Abbreviations
BF% Body fat %
CRF Cardiorespiratory fitness
CV Cardiovascular
CVD Cardiovascular disease
DI Disposition index
DBP Diastolic BP
ER Endoplasmic reticulum
EX-MET Exercise in prevention of Metabolic

Syndrome
FFM Free fat mass
GSIS Glucose-stimulated insulin secretion
HDL-C HDL-cholesterol
HIIT High-intensity interval training
HOMA-B HOMA of beta cell function
HRpeak Peak heart rate
IDF International Diabetes Federation
IFG Impaired fasting glucose
IGT Impaired glucose tolerance
IR Insulin resistance
MetS Metabolic syndrome
MICT Moderate-intensity continuous training
MVPA Moderate to vigorous physical activity
PGC-1α Peroxisome proliferator-activated

receptor-γ coactivator 1, alpha
ROS Reactive oxygen species
SBP Systolic BP
TF% Trunk fat %
VO
:

2peak Peak oxygen uptake
WC Waist circumference

Introduction

Insulin resistance (IR) has been proposed as the central medi-
ating factor in the emergence of cardiovascular disease (CVD)
risk factors, including hyperglycaemia, dyslipidaemia, hyper-
tension and central obesity, which collectively constitute the
metabolic syndrome (MetS) [1]. Thus, the presence of MetS
inevitably imposes an increased burden on the pancreatic beta
cells to hypersecrete insulin in an attempt to regulate blood
glucose, leading to impaired pancreatic beta cell function [2].

The continuous demand for insulin in the face of IR,
coupled with the glucolipotoxic environment associated with
MetS [3], adversely affects the quality of insulin produced and
secreted by the pancreatic beta cells [4, 5]. Insulin synthesis is
initiated in the endoplasmic reticulum (ER) of the pancreatic
beta cells, where proinsulin is cleaved from its folded
preprohormone state (preproinsulin). The proinsulin produced
is then packaged by the trans-Golgi to form secretory granules
that are then acted on by proteases (carboxypeptides), cleav-
ing C-peptide from the proinsulin molecule to form mature
insulin. However, increased insulin demand in the presence
of hyperglycaemia leads to defective processing or premature
release of proinsulin molecules [4, 5] that have lower affinity
for tissue insulin receptors, showing only about 10–20% of
the capacity of insulin to induce glucose uptake [6]. Therefore,
increased intact proinsulin concentration has been identified
as a key marker of poor insulin quality, and thus impaired beta
cell function [7].

A recent study that followed 9396 non-type 2 diabetic indi-
viduals for 6 years showed fasting intact proinsulin concentra-
tion to be a predictor of both the worsening of hyperglycaemia
and incidence of type 2 diabetes, with no difference in predic-
tive capacity compared with intact proinsulin concentration
level derived from a dynamic state [8]. Moreover, several stud-
ies have also found increased fasting intact proinsulin concen-
tration to be an independent predictor of all-cause and cardio-
vascular (CV) mortality [9, 10].

Increased fasting intact proinsulin concentration has been
linked with increased severity of MetS [11] and therefore in-
vestigations establishing the efficacy of therapies that can
modulate intact proinsulin concentration levels in MetS indi-
viduals are warranted. Increased cardiorespiratory fitness
(CRF) with exercise training has been established as an anti-
dote for different MetS components [12, 13]. However, the
effects of exercise on fasting intact proinsulin concentration
have not yet been established. Although moderate-intensity
continuous training (MICT) has long been established as an
efficacious intervention to improve CRF [13] and to reduce or
prevent the development of cardiometabolic disorders [14,
15], the time commitment recommended for benefit
(≥30 min/session, 5–7 days/week) is a barrier for long-term
exercise adherence [16]. Meta-analyses have revealed that a
more time-efficient form of exercise known as high-intensity
interval training (HIIT) improves CRF [17] and IR [18] to a
greater extent than MICT. Moreover, Tjonna et al [19] have
shown that a low-volume HIIT (1HIIT, 1×4 min interval at
90% peak heart rate [HRpeak]) improves CRF to a similar
extent as a high-volume HIIT (4HIIT, 4×4 min intervals at
90% HRpeak, separated by 3 min active recovery). Thus,
given that CRF has been shown to be inversely associated
with IR and beta cell dysfunction in individuals across the
entire glucose tolerance continuum [20], it could be inferred
that the low-volume 1HIIT protocol is sufficient to improve
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insulin quality. However, the specific impact of any dose of
HIIT relative to MICT on insulin quality or beta cell function
in MetS individuals has yet to be investigated.

Therefore, the primary aim of the current study was to
investigate the impact of different volumes of HIIT (4HIIT
and 1HIIT) and MICT on fasting intact proinsulin concentra-
tion indices in MetS individuals. As secondary outcome mea-
sures, the impact of these different exercise doses on CRF, IR
and other markers of beta cell function were also determined.
A subanalysis was also performed to investigate the differen-
tial impact of these training programmes on fasting intact pro-
insulin concentration, IR and other beta cell function indices
in MetS individuals with type 2 diabetes and without type 2
diabetes. We hypothesised that, in a dose-dependent manner,
HIIT interventions (4HIIT>1HIIT) would be more effica-
cious relative to MICT in improving all outcome measures.

Methods

Participants and study design Ninety-nine individuals diag-
nosed with MetS according to the International Diabetes
Federation (IDF) criteria, were recruited (January 2013 to
August 2015). This is a sub-study of the ‘Exercise in prevention
of Metabolic Syndrome’ (EX-MET) multicentre trial
(ClinicalTrials.gov NCT01676870). The present substudy re-
ports data collected exclusively at the Brisbane site where par-
ticipants were also requested to undertake an OGTT. The
fasting intact proinsulin concentration and other pancreatic beta
cell function indices, and parameters derived from the OGTT
were the endpoints specific to the present study. All other out-
come measures reported in the current study are background
information/endpoints that are either part of the EX-MET trial
(MetS risk factors, CRF and HOMA-IR), or have been pub-
lished previously (body composition) [21]. Fig. 1 presents a
consort diagram of participant flow throughout this substudy.
Sample size was calculated using an anticipated mean differ-
ence in intact proinsulin concentration reduction of 0.62 (pow-
er=0.80, alpha=0.05 for 2-tailed test) between the HIIT and
MICT groups. This was based on 1) a previous meta-analysis
showing a similar mean difference in reduction of IR between
HIIT andMICT in MetS or type 2 diabetes [18]; and 2) that the
continuous demand for insulin in the face of IR negatively
affects the quality of insulin processed by the pancreatic beta
cells [5]. See electronic supplementary material (ESM)
Methods for further details on the recruitment process, exclu-
sion criteria and randomisation procedure.

Participants underwent several tests at the university’s lab-
oratory (Human Movement and Nutrition Sciences Building,
The University of Queensland, St Lucia, QLD, Australia) be-
fore and after the 16 week interventions to measure the fol-
lowing: (1) MetS risk factors and body composition;
(2) fasting intact proinsulin concentration indices; (3) CRF;

(4) insulin sensitivity; and (5) other beta cell function indices.
See ESM Methods for further details.

MetS risk factors The following assessments were conducted
at a 12 h fasted state to determine participants eligibility for the
study: (1) fasting lipid profile and glucose level; (2) brachial
systolic BP (SBP) and diastolic BP (DBP); and (3) anthropo-
metric measures (weight, height, waist circumference [WC]
and hip circumference [HC]). In-depth details of these assess-
ments have been reported previously [22]. After the 16 week
training interventions, a tester blinded to the training group
allocation performed the subsequent series of tests.

Proinsulin, insulin sensitivity and other beta cell function
measures Serum and plasma samples were obtained from
blood collected from the participants’ antecubital vein follow-
ing a 12 h overnight fast for later analysis of intact proinsulin
concentration (human intact proinsulin ELISA, EZHIPI-17K,
Merck Millipore, Darmstadt, Germany), fasting glucose
concentration (Rx Daytona Plus, Randox Laboratories,
Crumlin, County Antrim, UK), C-peptide and insulin concen-
trations (electrochemiluminescence immunoassay [ECLIA],
Cobas e411 immunoassay analyzer, Roche Diagnostics,
Indianapolis, IN, USA). HbA1c was also measured from a
whole-blood sample (Rx Daytona Plus). Ratios of fasting in-
tact proinsulin concentration to insulin or C-peptide concen-
tration (proinsulin:insulin and proinsulin:C-peptide) were cal-
culated. See ESM Methods for further details.

HOMA-IR and HOMA of beta cell function (HOMA-B)
were used to determine IR and insulin secretion at a steady
state, calculated via the HOMA2 calculator version 2.2 [23].
The basal disposition index (basal DI=HOMA-B/HOMA-IR)
was then calculated to determine beta cell function at a steady
state condition, given that the amount of insulin secreted is
highly dependent upon the prevailing IR magnitude. A 2 h
OGTT was also performed in a subgroup of participants
(n=32) to determine IR and beta cell function in a dynamic
condition. See ESM Methods for further details.

Cardiorespiratory fitness CRF depicted as the peak oxygen

uptake (VO
:

2peak ) was measured via indirect calorimetry using
the Metamax II system (Cortex, Leipzig, Germany) or Parvo
Medics TrueOne 2400 system (Parvomedics, Sandy, UT,
USA) during a graded maximal exercise test. See ESM
Methods for further details.

Body composition Body composition was assessed at base-
line and after the 16 week training programme via dual-energy
x-ray absorptiometry (Hologic Discovery W Apex software
version 3.3; Hologic, Bedford, MA, USA). A 3 day food diary
was also administered before and after the training programme
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to determine total energy intake. See ESMMethods for further
details.

Training protocol The HIIT groups trained three times per
week, whilst the MICT group trained five times per week.
Each MICT was 30 min in duration at a continuous pace and
target intensity of 60–70% HRpeak or rate of perceived exer-
tion (RPE) of 11–13 on the Borg scale (Fig. 2a). The 4HIIT
group trained for 38 min per session (Fig. 2b), whilst each
session of the 1HIIT protocol was approximately half of this
duration (17 min) (Fig. 2c). The metabolic equivalent (MET)
of the average workload throughout the intervention was cal-
culated [24], and used to calculate energy expended per min
based on the following assumptions: 1MET=3.5 ml kg−1

min−1 and 1 l of O2=20.92 kJ (5 kcal). See ESM Methods
for further details. Moderate to vigorous physical activity
(MVPA) time (min/day) was also measured before and after
the exercise programme using the activPAL device (Version 3,
Pal Technologies, Glasgow, UK) as described previously
[25, 26].

Statistical analysis The SPSS version 22 software package
(IBM, New York, NY, USA) was used to analyse all data.
One-way ANOVA or Kruskal–Wallis, and χ2 tests were used
to compare baseline values, as well as training adherence,

between intervention groups. Within-group differences in
continuous variables were analysed via a paired t test or
Wilcoxon test. Significant within-group changes in intact pro-
insulin concentration indices over time were further assessed
via mixed linear model regression analysis.

Group × time interaction effects were examined via
ANCOVA. η2 group × time interaction effect sizes were cal-
culated as the between-group sum of squares divided by the
total sum of squares. McNemar’s test was used to determine
whether there was a significant difference between the number
of participants diagnosed with MetS according to the IDF
criteria from pre to post intervention. Significance level was
set at p<0.05. See ESM Methods for further details.

Results

Sixty-six participants completed the exit assessment for the
primary outcome of the study (Fig. 1). There were no signif-
icant group differences in demographics and medication in-
take at baseline (Table 1). All baseline values of physiological
variables assessed were also similar across all groups
(Tables 2, 3, 4 and 5), except for baseline total glucose
AUC, where there was a significant difference between
MICT and 1HIIT groups (p<0.01). The MICT, 4HIIT and

Recruited as part of the EX-MET study 
(n=99)

Included in the EX-MET trial insulin quality substudy
(n=87)

4HIIT (n=29) 1HIIT (n=28)MICT (n=30)

Analysed 
(n=22)

Analysed 
(n=23)

Analysed 
(n=21)

- Withdrew after randomisation 
and before intervention due to 
lack of time (n=1), decided he 
lived too far away (n=1), 
dissatisfaction with group 
allocation (n=1) 

- Withdrew during intervention 
due to lack of time (n=3) 

- Excluded due to identification 
of an existing pulmonary 
disease (n=1) 

- Lost to follow-up (n=1) 

Excluded as an outlier (n=1)

Attended initial eligibility visit to 
the laboratory 

(n=169)

- Phlebotomist unavailable/unable to collect enough blood sample from 
the participant to measure insulin quality indices (n=8)

- Participant did not agree to a venipuncture (n=4)

- Withdrew after randomisation 
and before intervention due to 
lack of time (n=1) 

- Withdrew during intervention 
due to lack of time (n=3) and a 
negative encounter with a 
member of the study (n=1) 

- Not enough blood sample 
collected to measure the 
primary outcome of this sub-
study (n=2) 

- Withdrew during intervention, 
due to lack of time (n=3) and 
found the travel to the 
university for the required 
supervised sessions very 
stressful (n=1) 

- Lost to follow-up (n=1) 

Fig. 1 Flow chart for insulin quality substudy
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1HIIT groups completed 87 ± 14%, 88 ± 9% and 88±16%
(group difference, p=0.73) of the training prescribed, respec-
tively, with an estimated total of 59,199±17,209 kJ (14,149
± 4113 kcal), 65,534 ± 23,493 kJ (15,663 ± 5615 kcal) and
24,920 ± 9381 kJ (5956 ± 2242 kcal) expended over the
16 week programme, respectively (group difference,
p < 0.001). This equated to ∼3699 ± 1075 kJ/week (884
±257 kcal/week), 4096±1469 kJ/week (979±351 kcal/week)
and 1556±586 kJ/week (372±140 kcal/week), respectively
(group difference, p<0.001). There were significant differ-
ences in estimated kcal/week and total kcal between the
1HIIT and both MICT and 4HIIT groups, but not between
MICT and 4HIIT. The average exercise intensities for MICT,
4HIITand 1HIITwere 7±3, 20±7 and 20±6 kcal/min (group
difference, p<0.01), respectively, with a significant difference

between MICT and HIIT groups. The number of participants
who trained on a cycle ergometer was similar between all
training groups (MICT, n=4; 4HIIT, n=3; 1HIIT, n=5; group
difference, p=0.77). There were no reported physical injuries
that were directly related to the prescribed interventions in
participants included in this substudy.

Intact proinsulin concentration indices In all participants,
we found no significant changes in fasting intact proinsulin
concentration indices following the training interventions
(Table 2). A subanalysis that compared participants with or
without type 2 diabetes showed that 4HIIT significantly de-
creased the intact proinsulin concentration indices in non-type
2 diabetic individuals from pre to post intervention (proinsu-
lin, −32%; proinsulin:insulin, −26%; proinsulin:C-peptide,
−32%; see Table 3). We also detected a small to medium
group × time interaction effect on all intact proinsulin indices,
indicating a positive adaptation following 4HIIT compared
with MICT and 1HIIT in non-type 2 diabetic individuals
(Table 3). In contrast, there were no significant changes in
fasting intact proinsulin concentration indices in those with
type 2 diabetes following the training interventions (Table 4).

Insulin resistance, glycaemic control and other beta cell
function indices derived from a fasting steady-state IR
measured at a fasted steady-state condition (HOMA-IR) sig-
nificantly decreased followingMICTand 4HIIT by −23% and
−14%, respectively, but not following 1HIIT (group differ-
ence, p > 0.05). In our subanalysis, the same pattern in
HOMA-IR improvement was evident in non-type 2 diabetic
individuals (Table 3), with no significant change in type 2
diabetic participants (Table 4). Moreover, only the 4HIIT
group had a significant decrease in insulin secretion
(HOMA-B), −11% (Table 2), following the intervention.
Again, our subanalysis showed that this pattern was only

Table 1 Participant characteristics

Variable MICT
(n= 21)

4HIIT
(n= 22)

1HIIT
(n= 23)

p value

Demographics

Age (years) 57 ± 9 56± 10 58± 7 0.72

Male sex (%) 71 55 61 0.52

Type 2 diabetes (%) 29 41 52 0.28

Hypertensive (%) 71 73 78 0.86

Medications

Angiotensin II blocker (%) 43 45 52 0.81

Calcium antagonist (%) 10 23 13 0.45

Beta-blocker (%) 14 0 17 0.13

Statin (%) 33 50 57 0.29

Aspirina (%) 24 18 17 0.85

Metformin (%) 24 27 35 0.71

Data shown as mean± SD or %
aAcetylsalicylic acid

10 14 17 21 24 28 31 35 38

Time (min)

30 min at 60–70% HRpeak

0

Warm up 
60–70% 
HRpeak

a  
MICT

b 
4HIIT 

c 
1HIIT

T
yp

es
 o

f 
ex

er
ci

se

Cool down 
60–70% 
HRpeak

Interval
85–95% 
HRpeak

Recovery
50–70% 
HRpeak

Cool down
60–70% 
HRpeak

Recovery
50–70% 
HRpeak

Recovery
50–70% 
HRpeak

Warm up 
60–70% 
HRpeak

Interval
85–95% 
HRpeak

Interval
85–95% 
HRpeak

Interval
85–95% 
HRpeak

Interval
85–95% 
HRpeak

Fig. 2 Schematic representation
of MICT (a), 4HIIT (b) and
1HIIT (c)
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evident in individuals without type 2 diabetes (Table 3). Basal
DI was significantly increased following only MICT, by 18%
(p<0.01). Moreover, there was no significant difference in
fasting glucose and HbA1c levels following all interventions
(Table 2).

Insulin sensitivity and beta cell function indices derived
from a dynamic state Table 5 presents the change in insulin
sensitivity and beta cell function derived from a dynamic state

inMetS participants who underwent an OGTT (MICT, n=14;
4HIIT, n=8; and 1HIIT, n=9). A significant insulin sensitiv-
ity improvement assessed via the Matsuda index was only
evident following MICT (32%, p<0.001). However, 4HIIT
and 1HIIT also showed a trend towards Matsuda index im-
provement by 17% (p=0.26) and 28% (p=0.16), respective-
ly. There was no significant change in first-phase glucose-
stimulated insulin secretion (GSIS) following all training in-
terventions. Whilst only 1HIIT showed a significant reduction

Table 2 Changes in beta cell function and cardiometabolic factors following different types of training in all participants

Variable MICT (n= 21) 4HIIT (n = 22) 1HIIT (n = 23) Between groups

Pre Post Pre Post Pre Post

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD p value Effect size

Beta cell function

Basal DIa 69.9 34.2 82.3 32.9* 62.0 34.0 66.6 41.4 59.3 28.9 66.4 40.8 0.52 0.02

Intact proinsulin (pmol/l) 3.1 3.7 2.5 2.9 4.2 3.8 3.4 3.9 4.4 4.4 5.9 7.5 0.30 0.03

Intact proinsulin:insulin (×10−2) 3.5 4.9 3.7 5.5 3.7 3.0 3.4 3.3 4.1 3.7 6.1 7.1 0.52 0.02

Intact proinsulin:C-peptide (×10−3) 2.7 3.4 2.8 3.5 3.5 3.0 3.1 3.1 3.6 3.0 4.9 5.2 0.39 0.03

Glucose and insulin metabolism

Fasting glucose (mmol/l) 6.3 1.3 5.9 0.9 7.1 2.6 7.2 3.0 7.0 1.7 7.0 1.9 0.11 0.05

Fasting insulin (pmol/l) 114 69 89 58* 106 38 91 39 107 56 99 64 0.41 0.03

C-peptide (nmol/l) 1.20 0.37 0.97 0.30* 1.14 0.27 1.02 0.32* 1.12 0.29 1.07 0.39 0.12 0.07

HbA1c (%) 5.9 0.7 5.7 0.5 6.8 2.2 6.8 2.4 6.6 1.3 6.4 0.8 0.52 0.03

HbA1c (mmol/mol) 40.4 7.8 39.2 5.9 50.6 24.1 50.8 26.2 48.4 14.4 46.4 8.8 0.52 0.03

HOMA-IR (insulin) 2.2 1.3 1.7 1.1* 2.1 0.9 1.8 0.8* 2.1 1.1 2.0 1.2 0.32 0.04

HOMA-B (insulin) 105.8 48.5 98.6 48.8 93.0 40.7 83.0 34.9* 85.7 40.6 79.5 42.9 0.77 0.01

HOMA-B (C-peptide) 126.0 36.3 117.2 34.2 113.8 41.2 103.9 39.0* 104.5 34.6 100.9 35.5 0.51 0.02

CRF

Absolute VO
:

2peak (l/min) 2.7 0.8 2.8 0.7 2.4 0.7 2.7 0.9* 2.3 0.7 2.5 0.8* 0.15 0.06

Relative VO
:

2peak (ml kg−1 min−1) 27.9 7.5 28.7 6.8 24.6 5.8 28.2 7.3* 25.8 6.5 27.9 6.7* 0.15 0.06

MetS risk factors and anthropometric measures

HDL-C (mmol/l) 1.13 0.35 1.21 0.40 1.01 0.33 1.09 0.36 1.15 0.43 1.28 0.39* 0.57 0.02

Triacylglycerol (mmol/l) 1.73 0.76 1.62 0.91 2.30 1.21 2.17 1.18 1.86 0.70 1.67 0.58 0.63 0.01

SBP (mmHg) 132 13 125 11* 129 12 127 10 135 13 126 13* 0.19 0.04

DBP (mmHg) 86 10 81 7* 84 7 80 7* 82 7 79 7 0.99 <0.001

WC 107 12 105 13* 105 11 104 10 103 13 100 12* 0.39 0.03

Waist:hip ratio 0.94 0.09 0.92 0.08* 0.91 0.08 0.90 0.07 0.94 0.09 0.91 0.07* 0.59 0.01

Weight (kg) 99 18 98 19 98 17 97 17 92 21 90 20 0.94 <0.001

BF% 38.9 8.8 38.5 9.1 42.3 6.4 41.8 7.0 39.5 7.3 39.0 7.4 0.97 <0.001

TF% 42.3 8.5 41.8 8.6 44.9 5.5 44.6 6.1 42.9 6.4 42.4 6.2 0.93 <0.001

FFM (kg) 56.9 11.8 56.5 12.1 54.1 10.5 53.6 10.1 52.7 12.8 52.4 12.9 0.95 <0.001

Patients with MetS, (n)b,c 21/21 20/21 22/22 18/22 23/23 20/23

Data are presented as mean ± SD unless specified
a Basal DI =HOMA-B/HOMA-IR
b IDF criteria was used for MetS classification
c A significant difference was observed between all participants who were diagnosed with MetS pre intervention (n= 66) vs post intervention (n= 58;
p< 0.05)
* p< 0.05 vs baseline
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in second-phase GSIS, by −20% (p = 0.04), 4HIIT also
showed a trend towards a reduction (−22%, p=0.42). There
were no significant changes in first- or second-phase DI, 2 h
glucose or insulin or total AUC glucose or insulin following
any of the training interventions.

CRF and MVPA CRF (relative VO
:

2peak [ml/kg−1 min−1])
was significantly improved in only the HIIT groups, with
increases of 15%, 8% and 3% following 4HIIT, 1HIIT and
MICT, respectively. There was also a small to medium
group × time interaction effect on CRF, indicating a greater
capacity of the HIIT groups to improve CRF compared with
MICT, [F(2, 59) = 1.99, p = 0.15, η2 = 0.06] (Table 2).

MVPA time (min/day) also significantly increased follow-
ing all training interventions (MICT, 47%; 4HIIT, 33%;
1HIIT, 26%; group difference, p = 0.03, η2 = 0.12).
Interestingly, only the 4HIIT group improved CRF despite
a significant increase in MVPA following both MICT
(49%, p< 0.001) and 4HIIT (44%, p= 0.02) in non-type 2
diabetic individuals.

MetS risk factors and anthropometric measurements
Table 2 presents changes in MetS risk factors and anthropo-
metric measurements from pre to post intervention in all par-
ticipants. BP and WC were only significantly reduced follow-
ing MICT (SBP −5%; DBP −6%; WC −2%) and 1HIIT (SBP

Table 3 Changes in beta cell function and cardiometabolic factors following different types of training in non-type 2 diabetic participants

Variable MICT (n= 15) 4HIIT (n = 13) 1HIIT (n = 11) Between groups

Pre Post Pre Post Pre Post

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD p value Effect size

Beta cell function

Basal DIa 74.2 30.6 86.1 27.2* 73.5 35.4 82.0 46.4 70.5 31.7 75.3 37.1 0.67 0.02

Intact proinsulin (pmol/l) 2.2 1.9 1.6 1.3 3.8 4.1 2.6 3.8* 2.1 2.2 2.4 2.4 0.28 0.06

Intact proinsulin:insulin (×10−2) 2.3 2.4 1.9 1.6 3.1 2.9 2.3 3.2* 1.9 2.0 2.5 2.5 0.35 0.05

Intact proinsulin:C-peptide (×10−3) 1.8 1.3 1.6 1.4 3.1 3.1 2.1 2.8* 1.9 1.9 2.2 2.1 0.34 0.05

Glucose and insulin metabolism

Fasting glucose (mmol/l) 5.9 1.1 5.6 0.5 6.5 3.0 6.6 2.9 6.2 0.7 6.1 0.6 0.20 0.08

Fasting insulin (pmol/l) 114 67 91 63* 108 37 91 44* 100 32 95 44 0.49 0.05

C-peptide (nmol/l) 1.20 0.40 0.96 0.32* 1.14 0.25 1.01 0.29* 1.07 0.18 1.00 0.22 0.30 0.05

HbA1c, % (mmol/mol) 5.7 0.5 5.6 0.4 6.2 1.6 6.2 1.8 5.8 0.4 5.9 0.7 0.65 0.10

HbA1c, % (mmol/mol) 38.2 5.4 37.3 4.5 44.2 17.6 44.4 19.4 39.0 4.7 40.5 7.0 0.65 0.10

HOMA-IR (insulin) 2.2 1.2 1.7 1.1* 2.2 1.0 1.8 0.9* 1.9 0.6 1.8 0.9 0.45 0.05

HOMA-B (insulin) 117.8 51.1 109.4 52.4 109.2 36.8 93.8 32.2* 98.3 27.9 96.3 37.2 0.74 0.02

HOMA-B (C-peptide) 137.2 31.8 125.7 33.6 131.3 33.5 116.4 32.2* 120 23.3 116 28.4 0.47 0.04

CRF

Absolute VO
:

2peak (l/min) 2.7 0.8 2.8 0.8 2.4 0.7 2.7 1.0 2.2 0.8 2.3 0.9 0.37 0.06

Relative VO
:

2peak (ml kg−1 min−1) 27.9 7.6 28.9 6.9 24.5 4.5 28.4 6.8* 24.3 6.1 26.0 6.3 0.46 0.04

MetS risk factors and anthropometric measures

HDL-C (mmol/l) 1.21 0.35 1.20 0.33 0.97 0.28 1.07 0.30 1.43 0.42 1.47 0.44 0.57 0.03

Triacylglycerol (mmol/l) 1.67 0.81 1.70 1.05 2.40 1.41 2.14 1.15 1.81 0.65 1.60 0.53 0.89 0.01

SBP (mmHg) 131 15 124 10 134 12 127 11* 133 14 121 8* 0.21 0.05

DBP (mmHg) 87 11 82 8 87 7 82 8* 83 8 79 4 0.83 0.01

WC 107 14 105 14 105 11 104 9 102 15 98 13 0.30 0.06

Waist:hip ratio 0.92 0.09 0.90 0.08 0.90 0.08 0.89 0.06 0.91 0.10 0.88 0.07 0.37 0.03

Weight (kg) 99 21 98 22 97 18 96 18 91 22 89 21 0.77 0.01

BF (%) 40.8 9.4 40.8 9.6 43.1 5.1 42.8 5.5 43.3 6.1 42.6 6.2 0.74 0.02

TF (%) 43.8 9.0 43.7 9.0 45.2 4.4 45.2 4.8 45.7 5.4 45.0 5.0 0.81 0.01

FFM (kg) 55 13 55 13 53 11 52 10 49 14 49 14 0.45 0.04

Data are presented as mean ± SD
aBasal DI =HOMA-B/HOMA-IR
* p< 0.05 vs baseline
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−7%; DBP −4%; WC −3%), with a small to medium group ×
time interaction effect size, indicating a greater capacity for
these training interventions to reduce these MetS risk factors
when compared with 4HIIT. Only 1HIIT significantly in-
creased HDL-cholesterol (HDL-C) from pre to post interven-
tion (11%), but MICT (7%) and 4HIIT (8%) also showed a
trend towards an increase. There were no other significant
changes in the lipid profile. Interestingly, in a subanalysis of
participants with and without type 2 diabetes (Tables 2 and 3),
1HIIT was still shown to be sufficient to improve SBP, WC
and HDL-C. Moreover, eight out of the 66 individuals includ-
ed in the trial were no longer diagnosed with MetS (p<0.01)
following the 16 week intervention, and seven of these eight

were from the HIIT groups (Table 2). There were no signifi-
cant changes in weight and body composition (body fat %
[BF%], trunk fat % [TF%] and free fat mass [FFM]) following
all training interventions (Tables 2, 3 and 4). Moreover, there
were no significant within- and between-group changes in
total energy intake from pre to post exercise training.

Mixed linear model regression analysis The mechanism by
which 4HIIT could significantly reduce fasting intact proinsulin
concentration indices in non-type 2 diabetic individuals was fur-
ther examined via the mixed linear model regression analysis.
The decrease in intact proinsulin concentration indices following
4HIIT was significantly associated with the change in glucose

Table 4 Changes in beta cell function and cardiometabolic factors following different types of training in type 2 diabetic participants

Variable MICT (n= 6) 4HIIT (n = 9) 1HIIT (n = 12) Between groups

Pre Post Pre Post Pre Post

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD p value Effect size

Beta cell function

Basal DIa 60.0 42.7 73.6 45.2* 45.4 25.0 44.4 18.2 49.0 22.7 58.3 44.0 0.53 0.05

Intact proinsulin (pmol/l) 5.4 5.8 4.9 4.4 4.7 3.4 4.7 4.0 6.4 4.9 9.2 9.2 0.35 0.09

Intact proinsulin:insulin (×10−2) 6.4 7.9 8.0 8.9 4.5 3.1 4.9 3.0 6.1 3.8 9.5 8.4 0.45 0.07

Intact proinsulin:C-peptide (×10−3) 4.8 5.6 5.3 5.4 4.1 3.0 4.5 3.2 5.2 3.0 7.3 6.1 0.49 <0.001

Glucose and insulin metabolism

Fasting glucose (mmol/l) 7.3 1.4 6.8 1.1 7.9 1.7 8.2 2.9 7.8 2.0 7.9 2.3 0.54 0.05

Fasting insulin (pmol/l) 116 81 84 47 103 43 92 34 113 72 102 80 0.56 0.04

C-peptide (nmol/l) 1.21 0.31 1.00 0.27* 1.15 0.31 1.04 0.37 1.17 0.37 1.13 0.50 0.44 0.07

HbA1c, (%) 6.2 0.9 6.0 0.7 7.6 2.8 7.6 3.0 7.0 1.4 6.7 0.8 0.46 0.06

HbA1c, mmol/mol 44.4 10.5 42.6 7.1 59.7 30.4 60.0 33.1 53.2 15.4 49.3 8.2 0.46 0.06

HOMA-IR (insulin) 2.3 1.6 1.7 0.9 2.1 0.8 1.9 0.6 2.3 1.4 2.1 1.5 0.49 0.05

HOMA-B (insulin) 75.9 23.9 71.4 24.6 69.5 35.8 67.3 34.2 74.2 47.8 64.2 43.5 0.67 0.03

HOMA-B (C-peptide) 99.8 34.7 97.4 28.7 88.5 39.4 85.7 42.5 90.4 37.9 87.0 36.7 0.87 0.01

CRF

Absolute VO
:

2peak (l/min) 2.7 0.6 2.7 0.4 2.4 0.7 2.7 0.8 2.4 0.6 2.6 0.6* 0.37 0.08

Relative VO
:

2peak (ml kg−1 min−1) 27.9 7.9 28.3 6.9 24.6 7.4 27.9 8.3 27.3 6.8 29.7 6.8* 0.30 0.10

MetS risk factors & anthropometric measures

HDL-C (mmol/l) 0.94 0.29 1.23 0.59 1.07 0.41 1.12 0.46 0.89 0.23 1.10 0.24* 0.40 0.07

Triacylglycerol (mmol/l) 1.87 0.64 1.43 0.41 2.15 0.89 2.23 1.30 1.90 0.76 1.73 0.65 0.34 0.08

Systolic BP (mmHg) 134 9 127 12* 121 7 127 8 136 12 130 16* 0.03 0.24

Diastolic BP (mmHg) 86 5 79 6* 80 7 78 7 82 6 80 9 0.89 0.01

WC (cm) 108 10 105 8 106 11 104 11 104 11 102 11* 0.77 0.02

Waist:hip ratio 0.99 0.09 0.96 0.09* 0.91 0.09 0.91 0.09 0.97 0.06 0.94 0.06 0.59 0.03

Weight (kg) 100 10 97 12 100 16 98 17 93 20 92 20 0.66 0.04

BF (%) 34.2 4.7 32.8 4.1 41.1 8.3 40.2 9.1 35.7 6.6 35.4 6.9 0.55 0.06

TF (%) 38.7 6.1 37.0 5.5 44.4 7.2 43.4 8.0 40.0 6.3 39.7 6.3 0.56 0.05

FFM (kg) 62 6 61 6 56 9 56 9 56 10 56 11 0.24 0.13

Data are presented as mean ± SD unless specified
a Basal DI =HOMA-B/HOMA-IR
* p< 0.05 vs baseline
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concentration (proinsulin, p<0.01; proinsulin:insulin, p<0.001;
proinsulin:C-peptide, p<0.005) and HOMA-IR (proinsulin,
p<0.01; proinsulin:insulin, p=0.02; proinsulin:C-peptide,
p<0.001). There was also a trend towards an association be-
tween a reduction in intact proinsulin concentration indices from
pre to post intervention and the change in triacyglycerol concen-
tration (proinsulin, p = 0.08; proinsulin:insulin, p = 0.05;
proinsulin:C-peptide, p=0.05), but not HDL-C (proinsulin,
p=0.92; proinsulin:insulin, p=0.90; proinsulin:C-peptide,
p=0.98). We also found a significant association between the
decrease in intact proinsulin indices and the changes in BF%
(proinsulin, p<0.001; proinsulin:C-peptide, p=0.02) and TF%
(proinsulin, p<0.001; proinsulin:insulin, p=0.03; proinsulin:
C-peptide, p < 0.01), but not CRF (proinsulin, p = 0.43;
proinsulin:insulin, p=0.78; proinsulin:C-peptide, p=0.90).
Interestingly, the change in body fat indices was significantly
dependent on the change in CRF (BF%, p<0.001; TF%,
p<0.005), but not MVPA (BF%, p=0.47; TF%, p=0.51).

Discussion

This is the first randomised trial to compare the impact of
different volumes of HIIT (4HIIT and 1HIIT) and MICT on
insulin quality in MetS individuals. The main finding is that

high-volume HIIT (4HIIT) was the only potent stimulus to
enhance insulin quality, depicted by a reduction of fasting
intact proinsulin concentration indices in MetS individuals
without type 2 diabetes. Interestingly, these fasting intact pro-
insulin concentration indices did not change from pre to post
intervention in MetS individuals with type 2 diabetes. Our
study therefore provides evidence that combining increased
intensity and volume of training, predominantly aerobic exer-
cise, may be important for improving insulin quality in MetS
individuals who have not progressed to type 2 diabetes.

The significant decrease in fasting intact proinsulin concen-
tration indices following 4HIIT in non-type 2 diabetic partic-
ipants did not translate to a significant improvement in
glycaemic control (HbA1c and fasting glucose). However,
the improvement in fasting intact proinsulin concentration in-
dices could be deemed clinically significant, given that people
without type 2 diabetes with a low concentration of fasting
intact proinsulin have been shown to be less susceptible to
developing type 2 diabetes [8], ultimately reducing risk of
all-cause and CV mortality [9, 10]. Based on a previous study
[27], it could be inferred that the improvement in fasting intact
proinsulin concentration following 4HIIT could be solely at-
tributed to the exercise dose, independent of a change in die-
tary intake. Torjesen et al [27] showed a significant reduction
in fasting intact proinsulin following an exercise-only

Table 5 Change in beta cell function and glucose and insulin metabolism indices derived from an OGTT

Variable MICT (n= 14) 4HIIT (n= 8) 1HIIT (n = 9) Between groups

(NGT, n= 4; IFG/IGT/T2D,
n = 10)

(NGT, n= 2; IFG/IGT/T2D,
n= 6)

(NGT, n= 0; IFG/IGT/T2D,
n = 9)

Pre Post Pre Post Pre Post

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD p value Effect size

Beta cell function
First-phase DIa 0.8 0.6 0.9 0.4 0.7 1.0 0.7 0.7 0.3 0.1 0.3 0.2 0.06 0.12
Second-phase DIb 1.3 0.8 1.5 0.7 1.1 1.1 1.2 0.9 0.6 0.3 0.6 0.3 0.08 0.16

Glucose and insulin metabolism
2 h glucose (mmol/l) 8.2 3.9 7.9 4.0 11.5 6.3 10.2 7.0 14.1 5.7 14.1 5.2 0.50 0.04
2 h insulin (pmol/l) 670.3 707.0 448.2 430.4* 893.5 706.7 443.6 247.9 770.7 836.7 566.2 491.8 0.47 0.03
Total glucose AUC (mmol/l ×min) 18 6 16 3 24 8 22 10 28 7 28 8 0.13 0.12
Total insulin AUC (pmol/l ×min) 1309 854 1178 749 1850 1679 1254 717 1463 1158 1112 812 0.67 0.03
Matsuda index 2.2 1.2 2.9 1.5* 1.8 0.8 2.1 0.5 1.8 1.0 2.3 1.7 0.42 0.05
First-phase glucose-stimulated
insulin releasec

0.4 0.2 0.4 0.2 0.6 1.1 0.4 0.3 0.2 0.2 0.2 0.2 0.28 0.07

Second-phase glucose-stimulated
insulin released

0.7 0.5 0.7 0.4 0.9 1.1 0.7 0.5 0.5 0.5 0.4 0.3* 0.50 0.05

Data are presented as mean ± SD
a First-phase DI = ([I0–30/G0–30] ×Matsuda index)
b Second-phase DI = (I60–120/G60–120) ×Matsuda index
c First-phase glucose-stimulated insulin release = I0–30/G0–30
d Second-phase glucose-stimulated insulin release = I60–120/G60–120

* Significantly different from baseline, p< 0.05

NGT, normal glucose tolerance; T2D, type 2 diabetes
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intervention, with no significant difference in improvement
compared with exercise plus diet change.

The 4HIIT-induced improvement in fasting intact proinsu-
lin concentration indices was likely due to a reversal of
glucolipotoxicity in pancreatic beta cells [28] and CRF
improvement-related metabolic adaptations such as mitochon-
drial biogenesis (i.e. peroxisome proliferator-activated
receptor-γ coactivator 1, alpha [PGC-1α]) that are associated
with increased antioxidant defence and insulin sensitivity [29,
30]. This is supported by our finding, which showed that the
increase in intact proinsulin concentration indices is associat-
ed with detrimental changes in glucose, HOMA-IR, triacyl-
glycerol and body fat indices, which are all contributing fac-
tors to a glucolipotoxic environment. Increased CRF has been
postulated to be an antidote against traditional CVD risk fac-
tors [12], which are all contributing factors to a glucolipotoxic
environment and thus oxidative stress-induced impaired beta
cell function [3]. The transient reactive oxygen species (ROS)
produced via the mitochondrial metabolism of glucose are
known to act as a coupling factor to promote beta cell insulin
secretion [31]. However, a glucolipotoxic milieu-induced ex-
cessive and continuous ROS production in an IR state makes
pancreatic beta cells susceptible to oxidative damage because
of the relatively low expression of antioxidant enzymes [32].
This, in turn, leads to ER stress [33, 34] and thus incomplete
processing of proinsulin to produce higher-quality insulin.

The glucolipotoxic environment-induced oxidative stress
could, however, be buffered by the upregulation of PGC-1α
that usually occurs following HIIT [35–38] promoting expres-
sion of antioxidant enzymes [39]. Specifically, Tjonna et al [35]
demonstrated 138% increase in PGC-1α following 16 weeks
of 4HIIT (three times/week), accompanied by a significant im-
provement in vascular function and reversal of MetS risk fac-
tors in individuals with MetS. This notion is further supported
by studies that showed HIIT to significantly improve vascular
function [40, 41] and diabetes-related inflammatory cytokines
[42], which are factors related to reduced oxidative stress-
induced pancreatic beta cell dysfunction.

Our results also suggest that the exercise HIIT volume mat-
ters in promoting beta cell function improvement, given that
1HIIT did not significantly reduce fasting intact proinsulin con-
centration indices despite also improving CRF. This is support-
ed by a previous study, which suggests that higher exercise
doses are necessary to improve beta cell function in adults with
impaired glucose tolerance (IGT) and/or impaired fasting glu-
cose (IFG) [43]. The importance of exercise volume is further
highlighted by our results, which showed a slight non-
significant increase in intact proinsulin indices in the 1HIIT
group who were non-type 2 diabetic (Table 3), which is further
amplified in patients with type 2 diabetes following the inter-
vention (Table 4). This suggests that this low-volume 1HIIT
protocol may not be adequate to maintain pancreatic beta cell
function or to deter the progression of type 2 diabetes.

A potential additive mechanism by which high-volume
HIIT exercise could significantly decrease fasting intact pro-
insulin concentration could be a change in pancreatic gene
expression associated with insulin synthesis and GSIS.
Indeed, Koranyi et al [44] found a significant decrease in
pancreatic glucokinase and proinsulin mRNA levels in
rodents following 3 weeks of running at 25 m/min up a
15% incline for 90 min/day for 6 days/week. In contrast,
Slentz et al [45] demonstrated that a lower exercise dose
of 1220 kcal/week is sufficient to improve pancreatic beta
cell function in sedentary overweight adults, perhaps be-
cause of an increase in insulin sensitivity that has been
shown to be notable even following a small exercise dose
of ∼400 kcal/week [46]. The discrepancies between results
may be attributed to the methods of pancreatic beta cell
function measures employed between studies.

Perhaps a greater exercise stimulus, whether it may be the
type (e.g. resistance training) or duration of the exercise pro-
gramme (>16 weeks), may be required to provoke enhance-
ment of insulin quality in MetS individuals with type 2 diabe-
tes. For example, Church et al [47] showed that in type 2
diabetic patients, a combination of resistance and aerobic exer-
cise for 9 months was necessary to induce a significant im-
provement in glycaemic control (HbA1c), which could infer a
parallel improvement in insulin quality. In the same study, type
2 diabetic patients who only performed aerobic or resistance
training of similar time duration per week (∼140 min/week) as
the combination training group, showed no significant change
in HbA1c. This is consistent with our study wherein no signif-
icant improvement in either fasting intact proinsulin concentra-
tion or HbA1c was evident in a subgroup of MetS participants
with type 2 diabetes following any of the exercise interven-
tions. In contrast, other studies have demonstrated a significant
HbA1c improvement following 8–12 weeks of HIIT in type 2
diabetic patients [48, 49], which could be attributed to the dif-
ference in pre-existing glycaemic status of individuals within
each study. Indeed, Malin et al [50] showed that individuals
with a combination of IFG and IGT were less responsive to
exercise-induced improvement in insulin sensitivity relative to
individuals with IGT alone at baseline.

Alternatively, it could be speculated that the lack of im-
provement in fasting intact proinsulin concentration following
the interventions in MetS patients with type 2 diabetes could
be due to the intake of metformin medication by the majority
of type 2 diabetic patients included in this trial. Metformin has
been shown to blunt the full effect of exercise on insulin sen-
sitivity, perhaps through its opposing effect on ROS signal-
ling, downregulating cellular signals involved with mitochon-
drial biogenesis, endothelial function (nitric oxide-mediated
blood flow) and glucose uptake (GLUT4) [51] that could in-
directly affect an insulin quality improvement and thus beta
cell function. Malin and colleagues [52] showed that 12 weeks
of treatment with an exercise-only programme increased
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insulin sensitivity by 25–30% compared with a combination
of the same exercise programme and metformin intake or
metformin only. Similarly, our study showed a significant im-
provement in insulin sensitivity (14% decrease in HOMA-IR)
following 4HIIT in MetS individuals without type 2 diabetes,
but not in patients with type 2 diabetes, of whom ∼70% were
taking metformin.

Inconsistent with recent studies showing improved first-
phase DI following HIIT but not MICT in type 2 diabetic pa-
tients [48, 53], our study only showed a significant basal DI
improvement following MICT in MetS individuals with type 2
diabetes. This improvement resulted from increased insulin
sensitivity with no accompanying change in insulin secretion.
Slentz et al [45] also showed a significant increase in first-phase
DI following 8 months of a similar dose of MICT (40–55%

VO
:

2peak, ∼200 min/week) in sedentary overweight adults,
albeit through an additional mechanism, showing an improve-
ment in both insulin sensitivity and insulin secretion. The dis-
crepancies between results could be attributed to the difference
in HIIT and MICT dose used in the studies. Alternatively, it
could also be argued that the DI measure becomes unreliable
when comparing beta cell function changes following regular
exercise between studies of different cohorts. This is because
the change in insulin secretion that accompanies a change in
insulin sensitivity following regular exercise is highly depen-
dent on the state of the individual’s beta cell function prior to the
intervention. It has been reported that individuals with healthy
beta cell function demonstrate reduced insulin secretion con-
comitant with improved insulin sensitivity following regular
exercise. In contrast, individuals with impaired beta cell func-
tion demonstrate augmented insulin secretion with improved
insulin sensitivity [54–56].

Limitations The mere assessment of fasting intact proinsulin
concentration at a steady-state condition has been criticised as
providing only limited physiological information of beta cell
function relative to markers derived from dynamic conditions
[7]. However, a recent study showed fasting intact proinsulin
concentration to be a better predictor of both worsening of
hyperglycaemia and incidence of type 2 diabetes compared
with glucose-stimulated intact proinsulin concentration
assessed via an OGTT in 9396 individuals without type 2
diabetes from recruitment [8]. Moreover, the variation in the
time of metformin intake (am/pm) at both intervention time
points could have been the source of variance seen in our
results. However, it should be noted that the drug was taken
at approximately the same time of day by each participant at
both intervention timepoints, thereby decreasing the chance
that it would have affected our overall results.

Conclusion Higher-volume HIIT (4HIIT) decreased intact
proinsulin levels in MetS participants without type 2 diabetes,

suggesting that this higher-intensity volume of exercise im-
proved beta cell function. This, therefore, provides evidence
that at least 16 weeks of a combination of higher exercise
intensity and volume, as seen with 4HIIT, may be important
in improving insulin quality in MetS individuals without type
2 diabetes. However, it should be noted that this did not trans-
late to a significant improvement in glycaemic control (HbA1c

and fasting glucose). Nonetheless, the intact proinsulin con-
centration reduction evident following 4HIIT could be
deemed clinically relevant given that people without type 2
diabetes with low fasting intact proinsulin concentration have
been reported to be less susceptible to developing type 2 dia-
betes [8] and thus lower risk of all-cause and CV mortality [9,
10]. More studies are, however, warranted to investigate
whether a greater exercise stimulus may be required to en-
hance insulin quality inMetS individuals with type 2 diabetes.
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