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Abstract

Aim: We investigated whether a high-intensity interval training (HIIT) protocol could restore beta-cell function in type 2
diabetes compared with sedentary obese and lean individuals.

Materials and methods: In patients with type 2 diabetes, and age-matched, glucose-tolerant obese and lean controls,
we examined the effect of 8 weeks of supervised HIIT combining rowing and cycling on the acute (first-phase) and
second-phase insulin responses, beta-cell function adjusted for insulin sensitivity (disposition index), and serum free
fatty acid (FFA) levels using the Botnia clamp (1-h IVGTT followed by 3-h hyperinsulinemic-euglycemic clamp).

Results: At baseline, patients with type 2 diabetes had reduced insulin sensitivity (~40%), acute insulin secretion (~13-
fold), and disposition index (>35-fold), whereas insulin-suppressed serum FFA was higher (~2.5-fold) compared with
controls (all P < 0.05). The HIIT protocol increased insulin sensitivity in all groups (all P < 0.01). In patients with type

2 diabetes, this was accompanied by a large (>200%) but variable improvement in the disposition index (P < 0.05).
Whereas insulin sensitivity improved to the degree seen in controls at baseline, the disposition index remained
markedly lower in patients with type 2 diabetes after HIIT (all P < 0.001). In controls, HIIT increased the disposition
index by ~20-30% (all P < 0.05). In all groups, the second-phase insulin responses and insulin-suppressed FFA levels
were reduced in response to HIIT (all P < 0.05). No group differences were seen in these HIIT-induced responses.

Conclusion: HIIT combining rowing and cycling induced a large but variable increase in beta-cell function adjusted
for insulin sensitivity in type 2 diabetes, but the disposition index remained severely impaired compared to controls,
suggesting that this defect is less reversible in response to exercise training than insulin resistance.

Trial registration: ClinicalTrials.gov (NCT03500016).

Keywords: beta-cell function; botnia clamp (intravenous glucose tolerance test (IVGTT) and hyperinsulinemic-euglycemic
clamp); high-intensity interval training (HIIT); obesity; type 2 diabetes
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Introduction

Type 2 diabetes is typically characterized by insulin
resistance and failure of the pancreatic beta cells to
compensate for this abnormality (1). Exercise training
is essential in diabetes management (2), and the
beneficial effects of regular exercise training on insulin
sensitivity, cardiorespiratory fitness, body composition,
glycemic control, and lipid profile in patients with type 2
diabetes are well documented (3, 4). Furthermore, there
is evidence supporting a beneficial effect of exercise
training on beta-cell function in patients with type 2
diabetes (5, 6, 7, 8, 9). Most studies investigating beta-
cell function have evaluated the effect of endurance
training at moderate intensity involving mainly lower
body muscle groups by either using cycle ergometers or
treadmills (5, 7, 10, 11, 12, 13, 14). Thus, little is known
about effects of high-intensity interval training (HIIT)
recruiting upper and lower body muscle groups on beta-
cell function in patients with type 2 diabetes.

When evaluating the effect of exercise training on
beta-cell function, it is important to adjust for changes
in insulin sensitivity (15, 16, 17). Thus, there is general
acceptance that the relationship between insulin
secretion and insulin sensitivity is hyperbolic (17, 18),
and, therefore, when insulin sensitivity is improved in
response to exercise training, less insulin secretion is
needed. It is, therefore, preferable that insulin sensitivity
and insulin secretion are evaluated on the same day after
the last bout of exercise has subsided (19, 20). This is often
done using oral glucose tolerance test (OGTT)-derived
surrogate markers of insulin secretion and insulin
sensitivity (5, 12, 13, 14), which is, however, associated
with variability due to differences in the rate of gastric
emptying and glucose absorption (21, 22, 23). A better
alternative to the OGTT could be the Botnia clamp, which
consists of an intravenous glucose tolerance test (IVGTT)
followed by a hyperinsulinemic-euglycemic clamp, the
gold standard for evaluating insulin sensitivity (24, 25,
26, 27, 28). The Botnia clamp has been validated for
same-day independent assessment of insulin secretion
and insulin sensitivity in patients with type 2 diabetes
(24, 29). However, to our knowledge, the Botnia clamp
has not previously been used to evaluate the effect
of exercise training on beta-cell function adjusted for
insulin sensitivity in patients with type 2 diabetes.
Furthermore, it remains to be established to what
extent exercise training can restore beta-cell function
in patients with type 2 diabetes compared to sedentary
non-diabetic individuals.

Recent studies provide evidence that HIIT induces similar
or even larger metabolic responses compared to training
at moderate intensity (30, 31, 32, 33). Correspondingly,
HIIT for 6-8 weeks has been reported to increase beta-
cell function adjusted for insulin sensitivity as evaluated
by OGTT-derived indices in patients with type 2 diabetes
(8, 9). Interestingly, a recent acute exercise study,
using the one-leg technique, demonstrated that while
insulin sensitivity increased in the exercised muscles,
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it actually decreased at the whole-body level (34). This
finding suggests that the recruitment of more muscle
groups during exercise training could enhance the effect
on beta-cell function adjusted for insulin sensitivity.
Taken together, these data suggest that HIIT combining
upper and lower body muscle groups may enhance the
beneficial effect of aerobic training on beta-cell function
adjusted for insulin sensitivity.

Increased plasma FFA often accompanies the
development of obesity and type 2 diabetes and may
cause lipotoxicity in pancreatic beta-cells, resulting in
reduced beta-cell function (35). Recently, endurance
exercise training in healthy males was shown to improve
adipose tissue insulin sensitivity measured as the
product of fasting insulin and FFA levels (36), also known
as the adipose tissue insulin resistance index (Adipo-IR).
This suggests that exercise training may improve beta-
cell function by reducing lipotoxicity. However, it is
unknown if HIIT improves both Adipo-IR and insulin-
suppressed FFA and whether such changes correlate
with changes in beta-cell function.

We have recently shown that an 8-week HIIT protocol
combining cycling and rowing markedly improved
insulin sensitivity, body composition, and VO,max in men
with type 2 diabetes and glucose-tolerant obese and lean
men (37). In this secondary analysis, we hypothesized
that this HIIT protocol would markedly improve beta-
cell function adjusted for insulin sensitivity (disposition
index) as well as insulin-suppressed FFA levels in patients
with type 2 diabetes evaluated by the Botnia clamp and
that this would restore beta-cell function in patients with
type 2 diabetes compared to sedentary obese and lean
individuals.

Materials and methods

Study cohort

Fifteen obese (BMI 27-36) sedentary middle-aged (40—
65 years) men with type 2 diabetes, 15 age- and BMI-
matched sedentary obese (BMI 27-36) glucose-tolerant
men, and 18 age-matched sedentary lean (BMI 20-25)
glucose-tolerant men were included in this prespecified
secondary analysis. See Supplementary Table 1 (see
section on supplementary materials given at the end of
this article) for clinical and metabolic characteristics, pre-
and post-training. Further details about the participants,
including medication and eligibility criteria, are given
in Supplementary Materials and methods. This study is
part of a larger controlled trial from which other results
have been published recently (37, 38, 39). In this study,
we report the prespecified second outcome beta-cell
function adjusted for insulin sensitivity. At inclusion,
oral and written informed consent was obtained from
the participants, and the study was approved by the
Regional Scientific Ethical Committees for Southern
Denmark (project ID: S-20170142) and performed in
accordance with the Helsinki Declaration.
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Study design

Before and after 8 weeks of supervised HIIT combining
rowing and cycling, participants underwent
examinations on two separate experimental days:
Experimental days 1 and 2 were scheduled before
the HIIT protocol approximately 1 week apart, while
experimental day 3 was scheduled approximately 60 h
after the final HIIT session and experimental day 4 was
scheduled 48 h after experimental day 3. Experimental
days 1 and 3 were identical and consisted of a DXA scan
and a VO,max test, while experimental days 2 and 4
were identical and consisted of a Botnia clamp (see
below) and measures of plasma glucose, Hb1Ac, lipids,
serum insulin, and FFA (Supplementary Materials
and methods). It was assumed that the final VO,max
test maintained the long-lasting effects of the HIIT
protocol, whereas the acute effects of the VO,max test
subsided before the final clamp. Participants attended
after overnight fasting on all examination days and
were instructed to refrain from physically demanding
activities 48 h prior to examinations, as well as alcohol
and caffeine 24 h prior to examinations. Furthermore,
participants were informed to continue their habitual
diet during the study period. The VO,max test and DXA
scan are described in the Supplementary Materials and
methods, whereas the Botnia clamp is described below.
Participants with type 2 diabetes were requested to
withdraw all medication 1 week before clamp studies
on experimental days 2 and 4 but otherwise to continue
their medication during the study period.

As reported (37), the adherence to the training sessions
was high with an attendance rate of >95% in all groups,
and the average maximum heart rate (HR_,,,) was above
85% during the training intervals in all groups. No
participants sustained injuries, and only four participants
dropped out during the project. One lean man did not
start the training period due to a new knee injury,
and one lean man and two men with type 2 diabetes
dropped out during the training period due to lack
of time.

Botnia clamp

The Botnia clamp consists of an IVGTT and a
hyperinsulinemic-euglycemic clamp (24, 29).
[3-3H]-glucose tracer was used throughout the Botnia
clamp to assess whole-body glucose disposal rates (GDR)
and hepatic glucose production (HGP) at the basal and
insulin-stimulated steady-state periods (Supplementary
Materials and methods) (40). After a basal 2-h tracer
equilibration period, a 60-min IVGTT was performed
using a bolus of 20% glucose solution (0.3 g/kg body
weight, maximum 25 g glucose). The first-phase insulin
response (FPIR) was determined as the incremental and
total insulin secretion during the first 10 min, and the
second-phase insulin response (SPIR) as the incremental
and total insulin secretion during the following 10-60
min (24, 29). The acute insulin response to glucose
(AIRg) was calculated as the mean increase in serum
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insulin above baseline insulin in the first 10 min (41).
Insulin-stimulated glucose infusion rates (GIR) were
determined as the average amount of glucose (mg/min/
m?) needed to maintain euglycemia (5.0-5.5 mmol/L)
during the last 40 min of the clamp. GDR and HGP were
calculated using Steele’s non-steady-state equations
during the final 40 min of the basal and insulin-
stimulated steady-state periods (40). Further details are
given in the Supplementary Materials and methods.

To calculate the beta-cell function adjusted for insulin
sensitivity, also termed the disposition index (DI), we
multiplied the acute insulin secretion (assessed as
the AIRg) by insulin sensitivity measured as insulin-
stimulated GDR adjusted for the insulin levels observed
at the end of the clamp (GDR/I) (18, 41). Serum FFA levels
were measured at the end of the basal and insulin-
stimulated steady-state periods.

HIIT protocol

The HIIT protocol consisted of 3 weekly supervised
training sessions (Monday, Wednesday, and Friday in
the afternoon) performed at high intensity (>85% of
HR,,.,) for 8 weeks on rowing and cycling ergometers
with the number of training blocks increasing from two
to five per session as described in detail previously (37).
After a 10 min warm-up period, each training session
included training blocks of five times 1 min training at
high intensity (>85% of HR,,,) interspersed with a 1 min
period of active or passive recovery. In weeks 1-2, the
training sessions consisted of two training blocks, and
an extra training block was added after every second
week completed, ending at five training blocks in weeks
7-8. Training blocks were performed alternately on
rowing (Concept2 Model E, Morrisville, Vermont, USA)
and cycle ergometer (Wattbike Pro/Trainer, Nottingham,
UK), and were separated by a 4 min break. Heart rate
was monitored during all training sessions (Polar H7,
Polar team, Kempele, Finland) to ensure training at the
targeted intensity. One training session was replaced by
a midway test of VO,max to adjust workload.

Statistical analysis

Statistical analysis was performed by STATA/IC 17.0
(StataCorp LLC, TX, USA), while visual presentations were
applied by the GraphPad Prism 8 (GraphPad Software
Inc., San Diego, CA, USA). The sample size was estimated
to detect lower insulin-stimulated GDR in men with type
2 diabetes and an increase in insulin-stimulated GDR
in response to HIIT, providing a power of >80% when
including 13 individuals in each group (37). Mixed model
linear regression was used to compare pre- and post-
training data within and between groups. The regression
model was modified to adjust for different variabilities
in the outcome measurements between the three
groups. Correlation analyses were performed by the
Pearson’s correlation coefficient. All data were tested for
normality. Baseline characteristics of the four dropouts
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were included in the analyses, but the regression model
did not include these data in the analyses of the HIIT-
induced effects. Data are presented as means + s.e.m. for
each group. A two-sided P-value below 0.05 was defined
as statistically significant.

Results

Baseline characteristics

The clinical, biochemical, and clamp metabolic
characteristics of the study cohort are presented in
Supplementary Table 1 and have been reported in
detail previously (37). In line with the reported data on
total fat mass (FM) and lean body mass (LBM) (37), the
regional levels of FM (android, gynoid, trunk, arms, and
legs) were higher in obese men with and without type
2 diabetes compared with lean men (all P < 0.001), and
the regional levels of LBM were higher in obese men
with and without type 2 diabetes compared to lean men
(all P < 0.05) except for a lack of difference in arm LBM
between the diabetic and lean groups (Table 1).

At baseline, the acute insulin secretion (AIRg and the
incremental FPIR) was markedly lower (~13-fold) in
men with type 2 diabetes compared with lean and
obese controls (all P < 0.001), and the incremental
SPIR was two-fold lower in men with type 2 diabetes
compared with lean controls (P < 0.05) (Table 2).
Moreover, the beta-cell function adjusted for insulin
sensitivity (estimated as the DI) was >35-fold lower,
and the insulin-suppressed serum FFA levels were ~2.5-
fold higher in men with type 2 diabetes compared with
controls at baseline (all P < 0.01) (Table 2). The fasting
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levels of serum FFA did not differ between groups,
but Adipo-IR was ~2.5-fold higher in men with type 2
diabetes compared with lean and obese men at baseline
(all P < 0.05) (Table 2).

Effects of HIIT on the regional
body composition

As reported (37), the HIIT protocol induced a reduction
in total FM (1.6-2.3 kg) in all three groups (all P < 0.001)
(Table 1). All regional levels of FM were reduced in all
three groups (all P < 0.05), except for arm FM in obese
men (Table 1). Interestingly, ~13-16% of the HIIT-induced
reduction of total FM was explained by reduced android
FM (all P < 0.05). Although the total LBM increased
(0.6-1.5 kg) in response to the HIIT protocol in all three
groups, an increase in truncal LBM was only significant
in men with type 2 diabetes (P < 0.05) (Table 1). Similarly,
the gynoid LBM only increased (200-400 g) in obese
men with and without type 2 diabetes (all P < 0.05).
The HIIT-induced responses on total and regional
body composition did, however, not differ significantly
between the three groups.

Effects of HIIT on first- and second-phase
insulin responses

Plasma glucose and serum insulin levels in response to
the IVGTT are presented in Fig. 1. In men with type 2
diabetes, the AIRg and the incremental FPIR were almost
numerically doubled after the HIIT protocol, which
appeared to be explained by lower levels of insulin prior

Table 1 HIIT-induced changes in regional body composition. Data are presented as mean + s.e.m.

T2D
Pre Post Pre Post Pre Post
N 18 16 15 15 15 13
Weight (kg) 789+2.0 77.3+2.22 100.0 + 2.9f 98.5 + 2.62f 103.1 £ 3.7f 102.5 + 4.1af
BMI (kg/m2) 24.0+0.4 23.7+0.42 30.8 +0.7f 30.3 +0.62f 31.2+0.8f 30.8 £ 0.92f
Fat mass (kg)
Total 20.1+£1.0 18.2+1.2¢ 32.0+1.9f 29.7 +1.8¢f 34.8 + 2.3f 33.0 + 2.5¢f
Legs 52+0.2 4.8+0.3p 8.5 + 0.4f 8.0 £ 0.4¢f 7.8+0.7¢ 7.6 £ 0.82¢
Arms 1.9+£0.1 1.8+£0.1p 2.8+0.2f 2.8+0.2f 3.1+0.2f 2.9 +0.2af
Truncal 12.1+£0.7 10.8 £ 0.8¢ 19.7 £ 1.4f 18.1 £1.3cf 22.8 +1.4f 21.1 £ 1.6¢f
Android 2.1+0.1 1.8+0.2c 3.7+0.3f 3.3+0.3¢f 4.4 +0.3f 4.1 +0.4b%9
Gynoid 29+0.1 2.6 +0.2b 45+ 0.2f 4.2 +0.2¢f 4.5 + 0.4f 4.3 + 0.4bf
Lean body mass (kg)
Total 56.9+1.3 57.1+1.42 65.3+1.3f 66.2 + 1.2bf 64.8 +1.7f 66.8 + 2.0bf
Legs 19.1+£0.5 19.0+£ 0.5 22.5 + 0.6f 22.9 + 0.64f 22.1+0.7¢ 22.6 £ 0.8f
Arms 7.1+0.2 7.1+0.2 7.9+0.3¢ 8.1+0.3¢ 76104 8.0 £ 0.4
Trunk 27.2+0.6 27.5+0.8 31.2 £ 0.6f 31.6 £ 0.7f 31.3+0.9f 32.4 +1.0af
Android 4.2+0.1 4.1+0.1 49+ 0.1f 4,9+ 0.1f 5.0+0.2f 5.2+0.2f
Gynoid 8.6+0.2 8.6+0.2 10.2 £ 0.2f 10.4 + 0.2af 9.9+0.3 10.3 £ 0.4af

aP < 0.05; PP < 0.01; <P < 0.001; 9P < 0.10 vs pre-training. ¢P < 0.05; fP < 0.001 vs lean. 9P < 0.05.
T2D, type 2 diabetes; Pre, pre-training; Post, post-training.
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Table 2 Data from the Botnia clamp pre- and post-training. Data are mean + s.e.m.
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Lean Obese T2D
Characteristics Pre Post Pre Obese Pre Post
N 18 16 15 15 15 13
Glucose, basal 5.4+0.1 5.3+0.1 5.5+0.1 5.3+0.1 8.7 £ 0.7fi 8.1+ 0.7afi
(mmol/L)
Glucose, clamp 5.4+0.1 5.2+0.1 5.2+0.1 5.5+0.2 5.4 £ 0.1k 5.2 +0.1%
(mmol/L)
Insulin, basal (pmol/L) 48 +8 43+7 51+7 43+4 106 + 21eh 79 +12d
Insulin, clamp (pmol/L) 695 + 40k 671 + 35k 660 + 29k 691 + 34k 740 + 77k 707 + 65k
FFA, basal (mmol/L) 0.46 £ 0.02 0.44 £ 0.03 0.49+0.04 0.48 £ 0.04 0.50+0.04 0.50 £ 0.05
FFA, clamp (mmol/L) 0.02 £ 0.01% 0.01 £ 0.00ak 0.02 + 0.00% 0.01 £ 0.00ak 0.05 £ 0.01fi.k  0.03 £ 0.01aehk
Adipo-IR 213 18+3 24+ 4 19+2 55+ 13eh 39 + 8dgi
GDR basal (mg/min/m?2) 7512 782 78+2 815 82+2 82+5
GDR clamp (mg/min/m?2) 356 + 30k 463 + 360k 351 + 26k 447 + 29bk 210 + 24ehk 317 + 36¢cehk
GDR/1, clamp (mg/min/ 0.56 + 0.06 0.74 + 0.08P 0.56 + 0.06 0.66 + 0.052 0.31 £ 0.04eh 0.49 £ 0.07¢ceh
m2 per pmol/L)
Incremental glucose 69+3 71+3 68+3 69+3 63+2 65+3
(0-10 min)
Total glucose (0-10 min) 112+3 114+3 112+3 112+4 133 + 5eh 130 + 7eh
AIRg 371+53 354 + 61 346 + 60 388+79 26 + 16fi 47 + 28fi
Incremental FPIR 3363 + 474 3226 + 538 3193 £ 558 3609 + 746 220 £ 124fi 413 £+ 239fi
(pmol/L)
Total FPIR (pmol/L) 3839 + 505 3655 + 584 3705 £ 573 4141 £ 768 1278 £ 261fh 1130 + 304fi
Incremental FPIR/ 45+ 7 37+6 41+7 43 +8 2.8 £ 1.60 5.2+ 2.7fi
glucose
Total FPIR/glucose 304 26+4 28+4 305 8.4 + 1.9 7.8 +2.3f
Incremental SPIR 11,257 + 2986 7875 + 2311d 7551 + 894 6503 + 6582 5603 + 16569 5077 £ 1612
(pmol/L)
Total SPIR (pmol/L) 13,634 +3108 10,025+ 24452 10,111 + 889 9253 + 835d 11,017 £ 2420 8661 + 20282
Incremental SPIR/ 48 +11 34 +09a 34+4 366 22 + 6¢ 20 + 6h
glucose
Total SPIR/glucose 27+6 20+ 52 202 202 17+4 14+4
DI (AIRg x GDR, clamp/L) 171 +£22 218 £ 30p 181 +25 237 £ 402 4.7 + 2.5 15 £ 6bfi

aP < 0.05; PP < 0.01; <P < 0.001; 9P < 0.10 vs pre-training. ¢P < 0.05; /P < 0.001; 9P < 0.10 vs lean.hP < 0.05; iP < 0.001; iP < 0.10 vs obese. kP < 0.01 clamp vs

basal.

Adipo-IR, adipose tissue insulin resistance index; AIRg, acute insulin response to glucose; DI, disposition index; FPIR, first-phase insulin response; GDR,
glucose disposal rate; I, serum insulin; Pre, pre-training; Post, post-training; SPIR, second-phase insulin response; T2D, type 2 diabetes.

to the IVGTT post-training (Table 2). However, due to
large interindividual variations in the responses, these
increases in measures of acute insulin secretion were
not significant. In lean and obese men, the AIRg and
the incremental FPIR remained unaltered in response
to the HIIT protocol (Table 2). Moreover, no HIIT-
induced changes in total FPIR were observed in any of
the groups. Adjustments for glucose levels (incremental
FPIR/glucose and total FPIR/glucose) did not change the
results for the acute insulin responses (Table 2). The
HIIT protocol induced a reduction in the incremental
SPIR (14%) in obese men (P < 0.05) and tended to reduce
incremental SPIR (32%) in lean men (P = 0.053), whereas
the incremental SPIR remained unaltered in men
with type 2 diabetes (Table 2). Furthermore, the HIIT
protocol induced reductions in total SPIR in the lean
(27%) and type 2 diabetes (17%) groups (all P < 0.05),
while a tendency to reduction (8%) was observed in
the obese group (P = 0.05) (Table 2). However, when the

incremental and total SPIR were adjusted for glucose
levels, the HIIT-induced reductions only remained
significant in lean men (all P < 0.05). There were no
significant differences in the HIIT-induced effects on the
acute insulin responses (AIRg and FPIR) or SPIR between
the groups. The post-training levels of AIRg and the
incremental FPIR remained markedly lower (13-14-fold)
in men with type 2 diabetes compared with controls (all
P <0.001), and total FPIR also remained three-fold lower
post-training as compared with controls (all P < 0.05).

Insulin sensitivity and free fatty acids

As reported (37), insulin-stimulated GDR increased
markedly (~27-42%) in all groups after the HIIT protocol
(all P < 0.01) with no differences in the HIIT-induced
responses between the groups (Table 2). In men with
type 2 diabetes, insulin-stimulated GDR remained lower
(~30%) after the HIIT protocol as compared with both
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Figure 1

Plasma glucose (A, C, E) and serum insulin levels
(B, D, F) during an IVGTT performed before (solid
lines) and after (dashed lines) 8 weeks of HIIT in

patients with type 2 diabetes (blue lines) and
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lean and obese controls (all P < 0.01). However, post-
training insulin-stimulated GDR in men with type 2
diabetes was not different from insulin-stimulated GDR
in the lean and obese controls at baseline (all P > 0.40).
The fasting (basal) serum FFA levels did not change in
response to HIIT in any of the groups, but there was a
tendency to a reduction (30%) in the surrogate marker of
adipose tissue insulin resistance, Adipo-IR, in men with
type 2 diabetes (P = 0.053) (Table 2). The HIIT protocol
reduced the insulin-suppressed serum FFA levels in all
three groups (all P < 0.05) with a 29% in men with type 2
diabetes, 35% in obese controls, and 48% in lean controls,
respectively (Table 2), and the insulin-suppressed serum
FFA levels remained two-fold higher in men with type
2 diabetes compared to controls post-training (all
P <0.001). There were no differences in the HIIT-induced
responses on FFA between the groups.

Effects of HIIT on beta-cell function adjusted
for insulin sensitivity

Figure 2 shows the acute insulin secretion (AIRg) versus
insulin sensitivity (GDR/I) in men with type 2 diabetes
compared with glucose-tolerant obese and lean men

Time (minutes)

T T T T T T
10 20 30 40 50 60 glucose-tolerant, obese (green lines) and lean

(red lines) controls. Data are mean + s.e.m.

both before and after HIIT (Fig. 2A and B). The HIIT
protocol induced beneficial changes in the DI in both
men with type 2 diabetes and obese and lean men. These
changes were mainly driven by improvements in insulin
sensitivity (Fig. 2A and B). Beta-cell function adjusted for
insulin sensitivity (assessed as the DI) increased >200%
in men with type 2 diabetes (P < 0.01), 19% in obese men
(P < 0.05), and 27% in lean men (P < 0.01) in response
to the HIIT protocol (Table 2 and Fig. 3A). Although
the percentage increase in DI was markedly higher in
patients with type 2 diabetes, there were no significant
differences in the HIIT-induced changes in DI between
the three groups. This was likely explained by the high
variability in this response, particularly in patients with
type 2 diabetes (Fig. 3B). In contrast to insulin-stimulated
GDR, the DI achieved after HIIT in men with type 2
diabetes was still far from the DI observed in the obese
and lean men at baseline (Table 2), and DI remained ~15-
fold lower in men with type 2 diabetes compared with
lean and obese controls post training (all P < 0.001).

Figure 2C and D illustrates the relationship between
the SPIR and insulin sensitivity in the three groups pre-
and post training. The HIIT-induced increase in insulin
sensitivity was accompanied by a reduction in the SPIR
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Figure 2

Insulin sensitivity (insulin-stimulated GDR/I)
versus (A, B) acute insulin response to glucose
(AIRg) and (C, D) second-phase insulin response
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in lean men and to a lesser extent in obese men, while
the increase in insulin sensitivity in men with type 2
diabetes is accompanied by an almost unaltered SPIR.

Correlation analyses

To explore the potential role of glucose and FFA levels
and FM composition on beta-cell function, we examined
the association of fasting (basal) plasma glucose, HbAlc,
serum FFA, Adipo-IR, android FM, and gynoid FM with DI
at baseline and the changes induced by HIIT. Before HIIT,
basal plasma glucose and HbAlc correlated inversely
with DI in the pooled cohort (r= -0.45 to -0.60; all
P < 0.05). The inverse association between basal plasma
glucose and DI was present in each group (r= -0.53 to
-0.58, all P < 0.05), whereas the inverse correlation
between HbAlc and DI was only observed in men with
type 2 diabetes (r= -0.58, P < 0.05). The android FM at
baseline also correlated inversely with the DI in the
pooled cohort (r=-0.41, P < 0.01), whereas no correlation
was observed between the gynoid FM and DI. Fasting
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FFA (baseline) did not correlate with DI, and only a
weak inverse correlation was seen between Adipo-IR
and DI in the pooled cohort (r=-0.33, P < 0.05), whereas
the insulin-suppressed serum FFA correlated inversely
with the DI in the pooled cohort (r= -0.54, P < 0.001).
However, the HIIT-induced reductions in the basal
plasma glucose levels and HbAlc, which were seen
in particular in the diabetic group, did not correlate
with the DI in any group. Moreover, the HIIT-induced
reductions in android FM and insulin-suppressed
serum FFA did not correlate with the increase in DI,
and neither did the HIIT-induced changes in Adipo-IR
or gynoid FM correlate with the improvement in DI.

Discussion

In this study, we aimed to investigate whether an
8-week HIIT protocol recruiting both upper and lower
body muscle groups improves acute and second-phase
insulin responses and beta-cell function adjusted for
insulin sensitivity (DI) in patients with type 2 diabetes

Figure 3

The disposition index (A) before (white bars) and
after (colored bars) 8 weeks of HIIT in patients
with type 2 diabetes (T2D) and glucose-tolerant,
obese, and lean controls, and (B) the
interindividual variability in the HIIT-induced
changes (%) in DI in patients with T2D (blue bars)
and glucose-tolerant, obese (green bars) and lean
(red bars) control. Data are mean * s.e.m.

*P < 0.05 pre- vs post-training, P < 0.001 vs

lean, ¥#P < 0.001 vs. obese.
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compared with glucose-tolerant, obese, and lean
individuals using the Botnia clamp. The main finding is
that our HIIT protocol induced an increase in the DI in
all three groups with a magnitude that was numerically,
but not significantly, larger (>200%) in men with type 2
diabetes than in obese and lean men (~20-30%). This is
likely explained by the high variability in the response of
the DI to exercise training, particularly in patients with
type 2 diabetes. The improved DI was mainly driven
by a marked increase in insulin sensitivity rather than
an increase in the acute insulin secretion. Importantly,
although the HIIT protocol induced a marked increase in
the DI in the patients with type 2 diabetes, the beta-cell
function even when adjusted for the improved insulin
sensitivity, remained severely reduced compared to
obese and lean controls post-training, suggesting that
this component of type 2 diabetes is less reversible in
response to exercise training than insulin resistance.

Other studies, evaluating the effect of more than 6 weeks
of moderate or high-intensity aerobic exercise training
(cycle ergometer, cross-fit, or treadmill) on same-day
indices of beta-cell function and insulin sensitivity from
an OGTT or a hyperglycemic clamp in patients with type
2 diabetes, have reported increases in DI in the range
of ~35-62% (6, 8, 9). Moreover, a recent study reported
increases in the late-phase DI by ~100-140% after 16
weeks of moderate to high-dose exercise training and
calorie restriction in patients with type 2 diabetes (42).
In that study, late-phase insulin secretion and insulin
sensitivity were determined by a hyperglycemic clamp,
the gold standard for determining insulin secretion (42).
In our study, we found an even higher improvement in
the DI of ~200% in response to 8 weeks of HIIT in patients
with type 2 diabetes. This suggests that HIIT combining
rowing and cycling is more effective in improving beta-
cell function. However, the use of different methods
to assess the DI in our and previous studies makes
comparisons between the effect of exercise training on
the DI very difficult (6, 8, 9, 42), and we cannot exclude
the possibility that the apparent superior improvement
in the DI in patients with type 2 diabetes in our study is
explained by the use of the Botnia clamp.

To the best of our knowledge, the Botnia clamp has
not previously been used to evaluate the effect of
exercise training on beta-cell function adjusted for
insulin sensitivity in patients with type 2 diabetes and
glucose-tolerant obese and lean controls. Since same-day
measurements of insulin secretion and insulin sensitivity
cannot be obtained by the gold standard methods
of a hyperglycemic clamp and a hyperinsulinemic-
euglycemic clamp, respectively, the Botnia clamp is a
suggested alternative (24, 29). The IVGTT has shown
reproducibility (24, 43), and has been suggested as the
most precise method to determine first-phase insulin
secretion in response to a carbohydrate challenge (16,
44). However, in contrast to the hyperglycemic clamp,
the glucose levels at the initiation of an IVGTT affect the
measurement of the acute insulin secretion and thereby
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the estimates of DI (45). In addition, the IVGTT can be
criticized for being non-physiological from several
aspects since it bypasses the effects of the incretin
hormones, the nutrient stimulus is carbohydrate alone,
and the determination of the insulin secretion is based
on an immediately markedly supraphysiological glucose
stimulus (44).

Consistent with other studies, the improvement in our
estimate of beta-cell function seems primarily to be
driven by the improvement in insulin sensitivity rather
than an increase in insulin secretion per se (5, 6, 8, 42).
However, when insulin sensitivity increases in response
to exercise training, lower insulin levels will be sufficient
to maintain glucose homeostasis, and, therefore,
it is mandatory to include measurement of insulin
sensitivity when assessing beta-cell function (15, 16, 17,
44). In this study, we did see a marked increase in insulin
sensitivity in all three groups, and in men with type 2
diabetes, the HIIT protocol increased insulin sensitivity
to the same degree as seen in lean and obese glucose-
tolerant men at baseline. Although the HIIT protocol, on
average, induced a (non-significant) two-fold increase
in the estimates of first-phase insulin secretion (AIRg
and incremental FPIR) and a very large increase in
the DI in men with type 2 diabetes, these measures of
acute insulin secretion and DI were still markedly lower
compared with both lean and obese controls after the
training period. This is in line with other studies (7, 8)
indicating that the defects causing beta-cell dysfunction
are far less reversible to exercise training than the
defects causing insulin resistance in patients with type
2 diabetes. On the other hand, we cannot exclude the
possibility that exercise training for a longer duration
is necessary to achieve a reversible effect on beta-cell
function in patients with type 2 diabetes. This needs to
be examined in future studies.

Our study does not explain possible metabolic or
molecular mechanisms behind the improvements seen
in beta-cell function adjusted for insulin sensitivity.
However, the increased insulin sensitivity and improved
glycemic control seen in patients with type 2 diabetes
in this study could reduce the beta-cell dysfunction
proposed to be induced by exposure to high glucose
levels (46). Moreover, 10 weeks of endurance exercise
training was recently reported to reduce Adipo-IR
in young healthy men (36). This was associated with
increased protein abundance of the insulin receptor in
subcutaneous fat, suggesting a mechanism for improved
adipose tissue insulin sensitivity (36). However, while
Adipo-IR is a clinically relevant measure of adipose
tissue insulin resistance (47), insulin-suppressed plasma
FFA correlates much more strongly with the reference
method for assessing insulin-mediated suppression
of lipolysis (48). Thus, the observed HIIT-induced
reduction in insulin-suppressed FFA levels in all three
groups in our study extends this beneficial effect of
exercise training to middle-aged, sedentary men with
and without obesity or type 2 diabetes. This reduction

Downloaded from Bioscientifica.com at 05/02/2024 12:48:15PM

via Open Access. This work is licensed under a Creative Commons
Attribution-NonCommercial 4.0 International License.
https://creativecommons.org/licenses/by-nc/4.0/



https://creativecommons.org/licenses/by-nc/4.0/

M Houborg Petersen et al.

in insulin-suppressed FFA levels may reflect reduced
exposure of the pancreatic beta-cells to lipotoxicity,
which is believed to induce beta-cell dysfunction (35).
However, we were unable to demonstrate that the HIIT-
induced increase in DI correlated with the reduction in
insulin-suppressed FFA levels. This suggests that other
mechanisms are also involved or that a longer duration
of exercise intervention is needed.

The strengths of our study include the use of the Botnia
clamp, which has been validated as a method to obtain
same-day measurements of acute insulin secretion
and insulin sensitivity, and hence DI in type 2 diabetes
(24). Moreover, the comparison of the effect of our HIIT
protocol on beta-cell function included both patients
with type 2 diabetes and obese and lean glucose-tolerant
individuals allowing us to distinguish between the
effects of type 2 diabetes and obesity per se, and to what
extent beta-cell function is restored compared to the non-
diabetic state. Furthermore, we applied and tested the
effects of a novel HIIT protocol involving both upper and
lower-body muscle groups to study the effect of exercise
training on beta-cell function. This has, to our knowledge,
not previously been reported in either patients with type
2 diabetes or glucose-tolerant individuals.

The study also has some limitations. First, the
hyperglycemic clamp is considered by many to be the
gold standard for the measurement of insulin secretion,
and assessment of insulin secretion by this method
would have been superior to the determination by
an IVGTT. Secondly, the use of the DI as an estimate of
beta-cell function adjusted for insulin sensitivity is
based on a hyperbolic relationship between the acute
insulin secretion and insulin sensitivity and a constant
of the product (18, 41). However, in cases where the
pathogenesis of type 2 diabetes is mainly an intrinsic
beta-cell defect, insulin secretion may be low at any
degree of insulin sensitivity (49). Thirdly, although there
were no significant correlations between the increase
in DI and the reductions in HbAlc, fasting plasma
glucose, insulin-suppressed FFA levels, or android FM,
we cannot rule out a possible influence of these changes
on the HIIT-induced changes in the DI. Finally, we only
included men, which precludes the opportunity to
conclude whether the same results would have been
found in women. However, several studies of the effect
of exercise training on beta-cell function in patients with
type 2 diabetes have included both men and women and
have reported improvements in beta-cell function in
pooled data (5, 6, 6, 7, 8, 9).

In summary, this study demonstrates that a novel
HIIT protocol combining rowing and cycling markedly
improves beta-cell function adjusted for insulin
sensitivity in men with type 2 diabetes when evaluated
by same-day measurements of insulin secretion and
insulin sensitivity using the Botnia clamp. The improved
beta-cell function was mainly driven by an increase
in insulin sensitivity and not an increase in insulin
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secretion per se. Interestingly, we observed a large
interindividual variation in the HIIT-induced effect
on beta-cell function, especially in men with type 2
diabetes. However, although our HIIT protocol in obese
men with type 2 diabetes improved insulin sensitivity
to the same degree seen in obese and lean controls at
baseline, beta-cell dysfunction seems to be a much more
irreversible defect in response to exercise training in
type 2 diabetes.
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