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Abstract
Purpose  To compare the effect of high-intensity aerobic (AER), resistance (RES), and combined (COMB: RES + AER) 
exercise, on interstitial glucose (IG) variability and skeletal muscle signalling pathways in type 1 diabetes (T1D).
Methods  T1D participants (6 M/6F) wore a flash glucose monitoring system in four randomized sessions: one control 
(CONT), and one AER, RES and COMB (40 min each). Mean amplitude of glycemic excursions (MAGE), standard devia-
tion (SD) and coefficient variation (CV) of IG were used to compare the 24 h post-exercise IG variability. Blood and muscle 
samples were collected to compare exercise-induced systemic and muscle signalling responses related to metabolic, growth 
and inflammatory adaptations.
Results  Both RES and COMB decreased the 24 h MAGE compared to CONT; additionally, COMB decreased the 24 h SD 
and CV. In the 6–12 h post-exercise, all exercise modalities reduced the IG CV while SD decreased only after COMB. Both 
AER and COMB stimulated the PGC-1α mRNA expression and promoted the splicing of IGF-1Ea variant, while Akt and 
p38MAPK phosphorylation increased only after RES and COMB. Additionally, COMB enhanced eEF2 activation and RES 
increased myogenin and MRF4 mRNA expression. Blood lactate and glycerol levels and muscle IL-6, TNF-α, and MCP-1 
mRNAs increased after all exercise sessions, while serum CK and LDH level did not change.
Conclusion  COMB is more effective in reducing IG fluctuations compared to single-mode AER or RES exercise. Moreover, 
COMB simultaneously activates muscle signalling pathways involved in substrate metabolism and anabolic adaptations, 
which can help to improve glycaemic control and maintain muscle health in T1D.
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ATP	� Adenosine triphosphate
B2M	� Beta-2-microglobulin
BMI	� Body mass index
CK	� Creatine kinase
COMB	� Combined
CONT	� Control
CV	� Coefficient of variation
DEXA	� Dual-energy X-ray absorptiometry
eEF2	� Eukaryotic translation elongation factor 2
ERK1/2	� Extracellular signal-regulated protein kinases 

1 and 2
FGM	� Flash interstitial glucose monitoring
GAPDH	� Glyceraldehyde-3-phosphate dehydrogenase
GLUT4	� Solute carrier family 2, facilitated glucose 

transporter member 4
GPAQ	� Global Physical Activity Questionnaire
HbA1c	� Glycated hemoglobin
HR	� Heart rate
HRR	� Heart rate reserve
IG	� Interstitial glucose
IGF-1	� Insulin-like growth factor 1
IGF1R	� Insulin-like growth factor 1 Receptor
IL-6	� Interleukin-6
LDH	� Lactate dehydrogenase
MAGE	� Mean amplitude of glycemic excursions
MCP-1	� Monocyte chemoattractant protein 1/C–C 

motif chemokine 2
MRF4	� Myogenic regulatory factor 4/Myogenic fac-

tor 6
mRNA	� Messenger ribonucleic acid
mTOR	� Mechanistic target of rapamycin kinase
Myf5	� Myogenic factor 5
MyoD	� Myogenic differentiation 1
p38MAPK	� P38 map kinase
PGC-1α	� Peroxisome proliferative activated receptor, 

gamma, coactivator 1 alpha
PI3K	� Phosphatidylinositol-4,5-bisphosphate 

3-kinase
1RM	� One-repetition maximum
RES	� Resistance
RT-PCR	� Real-time polymerase chain reaction
SD	� Standard deviation
T1D	� Type 1 diabetes
TNF-α	� Tumor necrosis factor-alpha

Introduction

The maintenance of optimal glycaemic control is an essen-
tial goal for people living with type 1 diabetes (T1D). How-
ever, keeping glycaemic levels within a narrow range is 
extremely difficult in T1D and even in the case of tightly 
regulated insulin therapy, long-term complications such as 

microvascular diseases, retinopathy, neuropathy, and cardio-
vascular diseases, invariably arise as a direct/indirect result 
of T1D (Brownlee 2005; McCarthy et al. 2016).

Exercise and physical activity, in conjunction with ade-
quate dietary care, can prevent/regress the development of 
diabetes-related complications (Colberg et al. 2016). In a 
recent study comprising nearly 2000 T1D adults, the most 
physically active individuals exhibited better HbA1c levels, 
fewer diabetes-related microvascular complications, reduced 
dyslipidemia, and decreased risk of developing severe hypo-
glycaemia than those who were less physically active (Bohn 
et al. 2015).

Nevertheless, glycaemic management may be challenging 
for people living with T1D, both during and post-exercise, 
and exercise-induced hypoglycaemia or hyperglycaemia can 
impact both immediate and long-term health in adults with 
T1D (Riddell et al. 2017). For instance, large fluctuations 
in blood/interstitial glucose (IG) concentration, reported as 
the coefficient of glucose variation (CV), are detrimental 
and associated with higher cardiovascular risk (Gorst et al. 
2015). Moreover, most individuals living with T1D iden-
tify exercise as a risk factor for hypoglycaemia even several 
hours afterwards (Riddell et al. 2017).

Several factors influence the glucose response to exer-
cise in T1D, including the type of insulin, mode of deliv-
ery, the glycaemic concentration before exercise, the con-
sumption of a pre-exercise meal, and the exercise modality 
performed, e.g., aerobic (AER) or resistance (RES) exer-
cise (Minnock et al. 2019). A common assumption is that 
moderate-intensity AER exercise causes a blood glucose 
reduction in most individuals with T1D and may increase 
the risk of experiencing hypoglycaemia (Riddell and Perkins 
2009). In contrast, compared with the AER exercise, only 
a few studies have investigated the effects of RES exercise 
on glucose concentration in T1D, demonstrating that RES 
exercise may result in a more stable glucose level than AER 
exercise (Yardley et al. 2013; Reddy et al. 2019). Moreover, 
the combination of RES and AER exercise in the same ses-
sion (COMB) is associated with improved glucose stability, 
although only if the RES exercise is performed before AER 
exercise (Yardley et al. 2012). Interestingly, in people living 
with type 2 diabetes, the combination of aerobic and resist-
ance training was associated with better improvements in 
HbA1c levels and in general fitness compared with either 
resistance or aerobic training alone (Church et al. 2010). 
To our knowledge, the mechanisms underlying the greater 
glycaemic variability observed after AER compared to RES 
exercise are mostly unknown. The higher lactate production 
during RES, with respect to AER exercises, has been pro-
posed as a stimulus of gluconeogenesis that could potentially 
attenuate declines in blood glucose in people living with 
T1D (Yardley et al. 2013). Moreover, in healthy participants 
performing COMB exercise, starting with RES exercise 
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raises blood concentrations of free fatty acids and glyc-
erol hence reducing the reliance on carbohydrates as a fuel 
source during the following AER exercise (Goto et al. 2007). 
Although not specifically addressed so far in T1D, differ-
ent exercise modalities also induce the activation of distinct 
skeletal muscle signalling pathways, which orchestrate the 
adaptive response to exercise and could directly affect glu-
cose homeostasis (Röhling et al. 2016). For example, AER 
exercise determines an immediate fluctuation in intracellu-
lar calcium, ATP, and redox potential levels activating the 
‘metabolic/stress’ kinases such as p38MAPK, ERK1/2, and 
AMPK (Coffey and Hawley 2007). This is succeeded by an 
increase of GLUT4 translocation and upregulation in the lev-
els of transcription factors such as PGC-1α, which is associ-
ated with increased mitochondrial biogenesis and improved 
oxidative capacity of skeletal muscle (Jäger et al. 2007). 
On the other hand, RES exercises stimulate the signalling 
responsible for skeletal muscle growth, which mainly con-
verges on PI3K/Akt/mTOR signalling pathway and hence 
its effectors that control protein synthesis such as eukaryotic 
elongation factor 2 (eEF2) and insulin-like growth factor 1 
(IGF-1) (Egerman and Glass 2014; Rose et al. 2005).

Moreover, many of these components have additional 
roles in the regulation of glucose uptake and glycogen syn-
thesis (Röhling et al. 2016). For example, the deletion of 
muscle IGF-1 and IGF-1R impaired glucose clearance both 
at rest and during exercise (O’Neill et al. 2015; Vassilakos 
et al. 2019). Thus, although these studies were conducted on 
rodents and therefore are not directly transferable to humans 
growing evidence suggests an important role of PI3K/Akt/
mTOR signalling pathway in exercise-induced glucose 
uptake (Röhling et al. 2016).

Notably, although COMB exercise has been suggested as 
the best exercise approach to minimize glycaemic fluctua-
tions (Yardley et al. 2013), no attention has been given to 
the potential interference between AER- and RES-induced 
muscle signalling pathways, which in turn can compromise 
the post-exercise training adaptations (Coffey and Hawley 
2007). Furthermore, structural, functional, and metabolic 
alterations in the skeletal muscle of individuals with T1D 
(i.e., diabetic myopathy), evident even before the appear-
ance of other diabetic complications, have been recently 
reported in a number of studies (Krause et al. 2011; Monaco 
et al. 2017). Despite this recent evidence, the effect of T1D 
on exercise capacity, muscle damage, and inflammatory 
response are still largely unknown (Krause et al. 2011).

The aim of this study was to compare the effects of a 
single bout of high-intensity AER, RES, and COMB exer-
cises on blood glucose homeostasis during the 24-h follow-
ing exercise in people living with T1D. Furthermore, blood 
samples and muscle biopsies were collected before and after 
each exercise session to compare the metabolic alteration 
and exercise-induced muscle changes in gene expression and 

signalling pathways related to muscle metabolism, growth 
and inflammation.

We hypothesized that COMB exercise would elicit the 
best response both in terms of 24-h glycemic control and 
skeletal muscle signalling in people living with T1D.

Methods

Participant information and baseline evaluations

The present study was conducted in 2017 and all data col-
lection and exercise testing took place in the Human Physi-
ology Laboratory and the High-Performance Gym at the 
local University Institute for Sport and Health (ISH) at the 
University College Dublin, Ireland. T1D Participants were 
recruited from study advertisements placed in the local Uni-
versity Hospital and shared with Diabetes support groups in 
the area. Inclusion criteria were: age between 18–45 years, 
no contraindications to exercise, T1D diagnosed for at least 
12 months, BMI < 30 kg m−2, and non-smokers. Twelve 
T1D participants (6 males; age 31.8 ± 5.3  years; BMI 
27.5 ± 2.5 kg m−2; duration of diabetes 13.7 ± 8.5 years; 
HbA1c 65 ± 11 mmol mol−1) with good glycaemic control 
and without known diabetic comorbidities were enrolled. 
Participants gave their written, informed consent to partici-
pate in the study, which was approved by the local Univer-
sity Human Research Ethics Committee (Application ID-
LS-16-67-Minnock-DeVito). Participants were not habitual 
exercisers and were classified as inactive following comple-
tion of the Global Physical Activity Questionnaire (GPAQ). 
Ten of the participants were using multiple daily injections 
of insulin, while the remaining two continuous subcutaneous 
insulin infusion with an insulin pump. All-female partici-
pants (n = 6) were using oral hormonal contraceptives and 
provided information about their menstrual cycle to avoid 
being tested during menstruation. Body composition was 
assessed by dual-energy X-ray absorptiometry (DEXA) 
(Lunar iDXA, GE Healthcare, Buckinghamshire, United 
Kingdom). DEXA results reported a total body fat percent-
age of 28.5 ± 9.8 (fat mass: 22.6 ± 8.4 kg; lean body mass: 
53.9 ± 11.3 kg; trunk fat mass: 10.9 ± 4.1 kg; trunk lean 
body mass 25.8 ± 5.1 kg). Following the DEXA scan, since 
participants had been lying down for approximately 20 min 
during the scan, the resting heart rate (HR) was recorded 
(Omron M2, USA). A total of 3 h values were taken to pro-
vide an average resting value to establish the target HR zone 
of AER sessions (set at 80% of HR reserve (HRR)) using 
the Karvonen Formula (target HRR = [(max HR − resting 
HR) × 0.8] + resting HR) (Karvonen et al. 1957). Muscle 
strength was assessed by evaluating the one-repetition maxi-
mum (1RM) for each of the six-RES exercises that were to 
be used during the exercise intervention (lateral pull-down, 
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triceps extension, biceps curl, knee extension, squat press, 
leg press).

Study design

Participants attended one preliminary visit, followed by one 
control session (CONT) and three randomized experimen-
tal exercise sessions separated by a 1-week washout period 
(Fig. 1). Each participant was assigned the same 50-min time 
slot to attend between 06:00 am and 12:00 noon, across all 
intervention sessions. Participants were unaware of which 
intervention they would partake in until they arrived (except 
for the last session). In order, to guarantee a normal hydra-
tion status, participants were invited to drink at least 400 ml 
of water in the 60-min period preceding the start of each 
experimental session (Sawka et al. 2007). During CONT 

session, each participant sat in a semi-recumbent position 
on a treatment table for 40 min, ensuring to avoid physi-
cal activity during this time. On the day of the AER inter-
vention, participants were fitted with an HR monitor (Polar 
H7, USA) and then positioned on an electromagnetic cycle 
ergometer (Lode Excalibur Sport, Netherlands). Participants 
cycled for 5-min to warm-up, maintaining a cadence of 50 
revolutions per minute (rpm) and a power of 50 watts and 80 
watts for female and male participants, respectively. Follow-
ing the warm-up, they were asked to increase to 80 rpm and 
to maintain this pace for the remaining 30 min. The resist-
ance on the cycle ergometer was adjusted (if required) to 
ensure participants remained in the desired target HR inten-
sity zone (i.e. at 80% of HRR) with verbal support provided 
when necessary. Since the monitoring of intensity was based 
on the measure of HR we decided to use water ad libitum to 

Fig. 1   Participants underwent four testing sessions separated by one 
week each. No-exercise control session (CONT) was performed first 
and was followed by three different high-intensity exercise sessions 
performed in random order: aerobic (AER; 80% of HRR), resistance 
(RES; 80% of 1RM) or combined resistance and aerobic, exercise 

(COMB; 20 min each). The interstitial glucose was recorded over a 
24 h period by a flash interstitial glucose monitoring (FGM) system. 
Venous blood and muscle samples (vastus lateralis) were also taken 
at the time points indicated in the figure
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minimise the fluctuations of HR due to blood plasma shift-
ing. In any case, this corresponded to a minimum of 200 ml 
and a maximum of 500 ml of water consumed during exer-
cise by each participant. In addition, the laboratory constant 
conditions and the relatively short duration of the sessions 
(40 min including warm up and cool down phases) should 
have not represented a particular striking condition (Coyle 
and González-Alonso 2001; Montain and Coyle 1992). At 
minute 35 of the intervention, the bike resistance was gradu-
ally reduced in conjunction with rpm to provide a cool-down 
period. The intervention ceased once participants completed 
the 40-min total exercise.

For the RES session, the warm-up consisted of 5 min 
RES exercises executed at 30% 1RM, 6–8 reps per machine 
(~ 45 s), moving directly from one machine to the next 
(allowing for approximately 5–10 s transfer time between 
each machine) for (1) lateral pull-down, (2) biceps curl, (3) 
knee extension, (4) squat press, (5) triceps extension, (6) 
leg press. Following the warm-up, the exercise continued 
for 30 min, where two complete circuits of the 6 exercises 
performed at 80% 1RM, each lasting about 900 s including 
rest periods, were executed. Each exercise was executed 8/10 
within 60 s followed by a 90 s rest period and transfer time 
to the next machine (i.e. within 150 s in total). The RES ses-
sion ended with a 5 min cool down period spent exercising 
at 30% 1RM the same protocol used for the warm-up period.

In the COMB session, the RES and AER components 
were modelled directly on the single RES and AER interven-
tions. Participants performed RES exercise before AER exer-
cise (Yardley et al. 2012). The COMB exercise commenced 
with a warm-up consisting of approximately 2.5 min of RES 
exercises executed at 30% 1RM, 20 s per machine, following 
the same progression as the RES intervention. Following the 
warm-up, the exercise continued for 15 min, where one cir-
cuit of six exercises was executed at 80% 1RM. Completion 
of all six exercises (1 circuit), including rest periods between 
exercises, lasted 900 s. The session ended with a 2.5 min 
cool down period spent exercising at 30% 1RM using the 
same protocol for the warm-up period as mentioned above. 
Participants next moved directly to the AER component 
of the COMB exercise. Participants cycled for 2.5 min to 
warm-up in accordance with the AER intervention above. 
Following the warm-up, participants increased to 80 rpm 
and to maintain this pace for the remaining 15 min. At min-
ute 37.5 of the COMB intervention, the bike resistance was 
gradually reduced in conjunction with rpm to provide a cool-
down period. The COMB intervention ceased once partici-
pants completed the 40-min total exercise.

Participants were not fasting during the sessions and were 
issued with a food diary to log meals and snacks in the 24 h 
before and following each session. To ensure consistency 
throughout the study, these diaries were then used to repli-
cate meal-type and time each week. Retrospective analysis 

of the food diary revealed that each participant replicated 
their meal composition and there were no statistically sig-
nificant differences in total carbohydrate intake and daily 
insulin doses between sessions (Online resource 1). Partici-
pants were instructed to refrain from exercise, caffeine, and 
alcohol for the 24 h before and following each intervention 
day.

Blood samples

Venous blood samples were taken from an antecubital vein 
in heparin-coated Vacutainer™ tubes using standard aseptic 
techniques. Blood samples collection occurred at the onset 
of the intervention (Pre), immediately after intervention 
(Post), and 24 h post (Post 24 h) (Fig. 1). Participants were 
rested for approximately 15 min prior to the first sample 
collection and 5 min post exercise for the second sample 
collection. On exercise day both samples were collected by 
2 single venepunctures. Samples were immediately centri-
fuged (at 1000×g for 15 min at 4° C), after which serum 
was removed and stored at − 80° C for further analysis. 
Lactate and glycerol were measured using the Randox Day-
tona benchtop analyzer (RX Daytona + , United Kingdom). 
Serum creatine kinase (CK) and lactate dehydrogenase 
(LDH) activity were measured by a standardized commer-
cially available colourimetric enzymatic assay (BioVision, 
Vinci-Biochem, Italy).

Interstitial glucose data collection and evaluation

Each participant received two FreeStyle Libre flash inter-
stitial glucose monitoring (FGM) system (Abbot Diabetes 
Care, Alameda, California, USA) and an FGM reader. Par-
ticipants were instructed to apply the FGM patch to their left 
arm and have an active FGM patch on the day before each 
intervention session. Each participant registered their per-
sonal FGM reader, and instructions were provided on how 
to record the FGM data and to create data reports. IG was 
recorded every 15 min. The IG data was then downloaded 
to provide IG data from pre-intervention (time 0) until 24 h 
post-intervention (Fig. 1). Once applied and activated, FGM 
systems lasted for 14 days before cessation, and for this rea-
son, participants retained the FGM system for its full life-
cycle. IG variability was evaluated using the following four 
indices: mean amplitude of glycaemic excursions (MAGE), 
glucose variance (VAR), glucose coefficient of variance 
(CV), and glucose standard deviation (SD) (Hill et al. 2011; 
Zaccardi et al. 2008). MAGE analysis was performed on the 
IG data collected during the entire 24 h intervention period, 
and its calculation was based on the differences between 
consecutive points, considering those who were higher than 
1 SD than the previous point (Hill et al. 2011). The analysis 
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using VAR, CV, and SD instead was performed for both the 
entire 24 h period and fractioning it into four 6-h periods.

Muscle sampling

Muscle biopsies were collected from the muscle vastus later-
alis Pre and Post each test session (Fig. 1) using a 14-gauge 
semi-automatic spring-loaded biopsy system with a com-
patible coaxial introducer needle (Medax Srl Unipersonale; 
San Possidonio, Italy). Briefly, after local anaesthesia with 
3 mL of 2% lidocaine, the skin, previously cleansed with an 
antiseptic solution, was punctured with the insertion can-
nula. The biopsy needle inserted through the cannula, and 
after the activation of a trigger button, a small muscle piece 
remained inside the needle. The muscle sample was then 
removed from the biopsy needle, immediately frozen in liq-
uid nitrogen, and stored at -80° C until further analyses.

RNA extraction, cDNA synthesis, and qRT‑PCR

Without thawing, all muscle tissues were weighed (≤ 30 mg), 
placed directly into the QIAzol Lysis Buffer (Qiagen, Milan, 
Italy), and ruptured using a Polytron homogenizer (KIN-
EMATICA AG, Switzerland). Total RNA was extracted 
and purified using the miRNeasy® Mini Kit (Qiagen, Milan, 
Italy) according to the manufacturer’s instructions. The 
amount and quality of RNA were assessed with DU-640 UV 
Spectrophotometer (Beckman Coulter, United Kingdom), 
and the complementary DNA was synthesized from 1 μg of 
total RNA using Omniscript RT (Qiagen, Milan, Italy) and 
random hexamers. Subsequently, quantitative RT-PCR was 
performed with 2 μl of cDNA and 300 nM of each primer in 
an Applied Biosystems StepOnePlus™ Real-Time PCR Sys-
tem using SYBR Select Master Mix (Applied Biosystems, 
Monza, Italy). The mRNA expression of the target genes was 
normalized to the geometric mean of GAPDH and B2M ref-
erence genes. The RT-PCR conditions were: 50° C for 2 min, 
95° C for 2 min followed by 40 cycles of three-steps at 95° 
C for 15 s, 60° C for 15 s and 72° C for 30 s. The specificity 
of the amplification products was confirmed by examining 
thermal denaturation plots and by sample separation in a 4% 
DNA agarose gel. The genes of interest and the sequence of 
the specific primer used in real-time RT-PCR quantification 
are listed in Supplementary Data Table 2.

Western blotting

Total protein extracts were obtained from the organic 
phase following the QIAzol protocol. The protein content 
of muscle tissues was determined according to Bradford’s 
method using bovine albumin as the standard (Bradford 
1976). Multi-strip western blotting protocol was performed 
as previously described (Aksamitiene et al. 2007). Briefly, 

proteins from each participant (40 μg per lane) were sepa-
rated on 10% SDS polyacrylamide gel, and the gel cut into 
two strips with the following protein ranges: one between 
34 and 72 kDa and another between 72 and 180 kDa. Four 
strips of polyacrylamide gels containing protein of the 
same molecular weight range from different participants 
were then assembled and electroblotted onto a single nitro-
cellulose membrane sheet (0.2 μm pore size) (Bio-Rad 
Laboratories Inc., Hercules, CA, USA) for 1.5 h at 100 V. 
The blots were probed with the following primary anti-
bodies diluted 1:2000: anti-phospho-Akt (Ser473) (Cell 
Signaling Technology Cat# 9271, RRID:AB_329825), 
anti-phospho-p38MAPK (Thr180/Tyr182) (Cell Signaling 
Technology Cat# 9211, RRID:AB_331641), anti-phospho-
p44/42 (ERK1/2) (Cell Signaling Technology Cat# 9101, 
RRID:AB_331646), anti-phospho eEF2 (T 56) (Cell Sign-
aling Technology Cat# 2331, RRID:AB_10015204) and 
anti-phospho AMPKalpha (T172) (Cell Signaling Tech-
nology Cat# 2535, RRID:AB_331250). Anti-GAPDH 
MAb (Thermo Fisher Scientific Cat# AM4300, RRID: 
AB_2536381) was used to normalize protein expression 
since there was a positive correlation between western blot 
quantification obtained with GAPDH as a loading control or 
total Akt (r = 0.61, p < 0.001), ERK1/2 (r = 0.80, p < 0.001) 
and total p38MAPK (r = 0.88, p < 0.001). Protein bands 
were detected using a horseradish peroxidase-conjugated 
secondary antibody (Bio-Rad, Italy). The blots were then 
treated with enhanced chemiluminescence reagents (Clarity 
ECL Western Blot Substrate kits, Bio-Rad, Italy), and the 
immunoreactive bands were detected and quantified using 
Fluor-S® MAX MultiImaging System (Bio-Rad, Italy) 
equipped with QuantityOne software.

Statistical analyses

The statistical analyses were performed with SPSS (IBM 
SPSS Statistics for Windows, Version 20.0, IBM Corp.) and 
GraphPad Prism (v6.0; IBM Corp.). Descriptive data are 
reported as mean ± SD. Data were checked for normality 
of distribution using the Shapiro–Wilk test. The data that 
were not normally distributed (i.e., phospho p38/GAPDH, 
phospho eEF2/GAPDH and IL-6 and MCP-1 relative mRNA 
levels) were log10 transformed. A one-way ANOVA with 
Tukey’s post hoc test was applied to study the 40 min inter-
vention and the 24 h post-intervention IG responses as 
MAGE, VAR, CV, glucose SD, and blood parameters. A 
two-way (time × intervention) repeated measures analysis of 
variance (ANOVA), with Bonferroni post hoc tests adjusting 
for multiple comparisons, was instead used to detect dif-
ferences between all the remaining variables. For pairwise 
comparison of variables mean difference (MD), 95% con-
fidence interval (CI), p value, and Cohen’s effect size (ES) 
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were determined. For all analyses, statistical significance 
was accepted at p < 0.05.

Results

Interstitial glucose levels

The analysis of IG data showed a trend of more events 
of post-exercise late-onset hypoglycaemia (glycaemic 
level < 3.9 mmol L−1) after AER exercise (CONT = 2/12; 
AER = 7/12; RES = 0/12; COMB = 2/12). Moreover, AER 
exercise slightly increased the average duration of hypogly-
caemic events (CONT = 44 ± 8 min; AER = 62 ± 29 min; 
RES = 0  min; COMB = 33 ± 18  min; p = 0.098) while 
the mean overnight IG values did not changed (CONT 
9.8 ± 1.2  mmol L−1, AER 8.2 ± 1.3  mmol L−1, RES 
9.2 ± 0.8  mmol L−1 and COMB 8.9 ± 0.8  mmol L−1; 
p = 0.747). All hypoglycaemic events occurred during noc-
turnal hours. Mean 24 h post-exercise IG profiles for the four 
experimental sessions are shown in Fig. 2.

Interstitial glucose variability indices

Both RES and COMB exercises, but not AER, reduced the 
24 h MAGE compared to CONT (Fig. 3a). Concerning the 
other IG indexes, glucose SD (Fig. 3b) and CV (Fig. 3c) 
were reduced only after the COMB session respect to 
CONT. No differences were recorded in glucose variance 
over the 24 h period among all exercise sessions (Fig. 3d). 
The 6 h post-exercise period analysis showed a reduction of 
glucose CV 6 h to 12 h after all exercise sessions (Fig. 4a) 

and a decreased glucose SD 6 h to 12 h after COMB session 
compared to CONT (Fig. 4b). The glucose variance over 6 h 
periods did not vary among all different sessions (Fig. 4c).

Blood parameters

Serum levels of blood lactate, glycerol, CK, and LDH 
are reported in Table 1. Lactate and glycerol levels were 
elevated immediately post-exercise compared to baseline. 
Exercise sessions did not influence both CK and LDH levels.

Exercise‑induced skeletal muscle signalling 
pathways

The AER session did not modify the phosphorylation 
level of Akt, p38MAPK and eEF2, while both RES and 
COMB exercise increased Akt (RES: MD = 0.35, 95% 
CI 0.39–0.67, p = 0.031, ES = 0.71; COMB: MD = 0.62, 
95% CI 0.19–1.05, p = 0.009, ES = 0.91) (Fig.  5a) and 
p38MAPK (RES: MD = 1.37, 95% CI 0.69–2.05, p = 0.015, 
ES = 0.83; COMB: MD = 1.06, 95% CI 0.30–1.83, p = 0.049, 
ES = 0.64) (Fig.  5b) phosphorylation. Moreover, phos-
phorylation of eEF2 decreased only after COMB exercise 
(COMB: MD = − 0.36, 95% − 0.60 CI to − 0.122, p = 0.002, 
ES = -1.14) (Fig. 5d). ERK1/2 (Fig. 5c) and AMPK (Fig. 5e) 
phosphorylation did not change after the testing sessions.

Exercise‐induced changes in muscle mRNA 
expression

The expression of PGC-1α increased after AER and COMB 
sessions (AER: MD = 899.59, 95% CI 517.42–1281.77, 

Fig. 2   Mean glucose as measured by a flash interstitial glucose monitoring (FGM) system from pre-intervention (time 0) until 24 h post-inter-
vention
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p = 0.001, ES = 1.50; COMB: MD = 586.29, 95% CI 
133.27–1039.31, p = 0.016, ES = 0.82) (Fig. 6A), while 
the mRNA quantity of myogenin (RES: MD = 0.39, 95% 
CI 0.15–0.63, p = 0.005, ES = 1.02) (Fig. 6d) and MRF4 
(RES: MD = 2785.58, 95% CI 1101.68–4469.48, p = 0.004, 
ES = 1.05) (Fig. 6e) increased only after the RES exercise 
session. The expression of GLUT4 (Fig. 6b), MyoD (Fig. 6c) 
and Myf5 (Fig. 6f) mRNAs did not change after the test-
ing sessions. The absolute IGF-1 isoforms mRNA quantity 
between the different sessions was also analysed, as previ-
ously described (Annibalini et al. 2016). As expected, mus-
cle IGF-1Ea was much more expressed compared to both 
IGF-1Eb and IGF-1Ec isoforms, while the IGF-1Ec iso-
form mRNA was barely detectable (Fig. 7a–d). We did not 
observe significant modulations in any of the IGF-1 isoforms 
after the different exercise sessions. However, it should be 
noted that the expression of IGF-1Ea mRNA showed a trend 
toward an increase after AER and COMB exercises while 
the IGF-1Eb mRNA level showed an opposite trend. Thus, 
the AER and COMB exercise altered the steady-state of 
IGF-1 splice isoform, increasing the IGF-1Ea/IGF-1Eb ratio 
(AER: MD = 1.40, 95% CI 0.74–2.05, p = 0.001, ES = 1.36; 

COMB: MD = 1.86, 95% CI 0.13–3.60, p = 0.037, ES = 0.68) 
(Fig. 7d). Finally, the analysis of inflammation-related genes 
showed an increase of post-exercise IL-6 (AER: MD = 2.25, 
95% CI 1.29–3.21, p = 0.001, ES = 2.16; RES: MD = 3.01, 
95% CI 0.52–5.49, p = 0.002, ES = 1.18; COMB: MD = 1.78, 
95% CI 0.59–2.97, p = 0.005, ES = 1.02) (Fig. 8A), TNF-α 
(AER: MD = 8.55, 95% CI 4.63–12.47, p = 0.001, ES = 1.39; 
RES: MD = 8.81, 95% CI 3.43–14.21, p = 0.004, ES = 1.04; 
COMB: MD = 8.15, 95% CI 2.14–14.16, p = 0.012, 
ES = 0.86) (Fig. 8b) and MCP-1 (AER: MD = 25.96, 95% 
CI − 2.36–54.27, p = 0.063, ES = 0.60; RES: MD = 25.78, 
95% CI − 9.10 to 60.67, p = 0.022, ES = 0.77; COMB: 
MD = 39.54, 95% CI − 10.76 to 89.84, p = 0.065, ES = 0.59) 
(Fig. 8c) mRNA levels after all exercise sessions.  

Discussion

This study compared the effect of AER, RES, and COMB 
exercise modalities on 24 h glucose variability and skeletal 
muscle signalling pathways regulation in individuals with 
T1D. It was found that both RES and COMB exercises, but 

Fig. 3   The 24 h interstitial glucose profile was used to calculate the 
mean amplitude of glycaemic excursions (MAGE) (a), glucose stand-
ard deviation (SD) (b), glucose coefficient of variance (CV) (c), and 

glucose variance (VAR) (d). Statistical differences were determined 
by one-way ANOVA.*p < 0.05, **p < 0.01, ***p < 0.001
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not AER, reduced the 24 h MAGE. Additionally, COMB 
exercise decreased the 24 h post-exercise SD and CV. In the 
6–12 h post-exercise, all exercise sessions reduced the CV 
of IG while SD decreased only after COMB session. We did 
not observe severe events of hypoglycaemia requiring hos-
pitalization during and after the exercise sessions; however, 
AER slightly, but not significantly, increased the number and 
duration of nocturnal hypoglycaemic events compared to the 
other two sessions. The relatively low rate of hypoglycaemia 
found in the present study was likely because the exercise 
sessions took place in the morning instead of the afternoon 
(Gomez et al. 2015). Furthermore, the real-time availability 
of IG data, provided by the FGM, may have contributed 
to the low incidence of hypoglycaemic events reported in 
the present study (Mancini et al. 2018). Accordingly, almost 
all hypoglycaemic events of the CONT and AER sessions 
occurred at night. In contrast, the self-initiated adjustments 
in insulin administration or carbohydrate intake during the 
day appeared to be sufficient to prevent most of the hypogly-
caemic events (see Supplementary Data Table 1).

The mechanisms behind the reduction of glucose excur-
sions after all the exercise modalities and mainly after RES 
and COMB are largely unknown. In the present study, 

blood lactate was elevated following all exercise interven-
tions when compared to baseline. This response is consist-
ent with other studies in T1D where elevated lactate after 
exercise was proposed as a stimulus of gluconeogenesis that 
could potentially attenuate declines in blood glucose (Turner 
et al. 2016; Yardley et al. 2013) or as a glucose-competing 
agent, reducing the glucose uptake by the muscle during 
exercise (Farinha et al. 2017). Moreover, we documented a 
strong increase of glycerol immediately after each exercise 
session, suggesting that the high availability of fat for fuel 
during exercise might have also contributed to the stabi-
lization of exercise-associated glycaemia during the early 
phase (4–12 h) of post-exercise period (Chatzinikolaou et al. 
2008). However, since lactate and glycerol level was com-
parable across exercise interventions they were unlikely to 
be responsible for the better 24 h glucose control found after 
RES and COMB than AER session. Thus, further research 
on exercise-related hormones potentially able to stabilize 
blood glucose such as cortisol, growth hormone (GH) and 
catecholamines in individuals with T1D is warranted. The 
analysis of GH/IGF-1 axis response after different exercise 
modalities will be particularly relevant for patients with T1D 
since GH resistance with low IGF-1 is frequently seen in 

Fig. 4   Glucose coefficient of variance (CV) (a), glucose standard 
deviation (SD) (b), and Glucose variance (VAR) (c) were calcu-
lated in the 6-h time frame of interstitial glucose values to obtain the 

measures according to the specific period of the day. Statistical dif-
ferences were determined by one-way ANOVA. *p < 0.05, **p < 0.01, 
***p < 0.001
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these patients (Nambam and Schatz 2018). Noteworthy, we 
also found distinct skeletal muscle molecular responses to 
the different exercise modalities, which might also explain 
part of the IG variation observed after diverse exercise 
modes. In particular, AER exercise, but not RES exercise, 
increased the expression of PGC-1α, a key regulator of mito-
chondrial biogenesis and the oxidative capacity of skeletal 
muscle (Jäger et al. 2007). Recent evidence also supports a 
role for PGC-1α in the synthesis of genes involved in the reg-
ulation of glycogen storage and lactate metabolism, contrib-
uting to the maintenance of whole-body glucose homeostasis 
(Summermatter et al. 2013). AER exercise also increased the 
IGF-1Ea/IGF-1Eb ratio and hence promoted splicing of the 
IGF-1Ea variant. Although the functional roles of the differ-
ent IGF-1 splice variants are still unclear (Annibalini et al. 
2016), overexpression of muscle-specific IGF-1Ea sustains 
muscle hypertrophy but also metabolic homeostasis, increas-
ing carbohydrate use and insulin sensitivity both at rest and 
during exercise (O’Neill et al. 2015; Vassilakos et al. 2019). 
Intriguingly, we found an increase of PGC-1α mRNA and 
IGF-1Ea/IGF-1Eb ratio not only after AER but also after 
the COMB sessions, which is notable since this occurred 
despite the completion of 50% less AER exercise volume 
than in the single-mode AER trial. These data add support to 
the notion that COMB exercise appears not to interfere with 
AER and RES signalling compared with single-mode exer-
cise, at least within the early post-exercise recovery period 
(Coffey and Hawley 2007). However, future studies which 
include additional muscle tissue samplings beyond imme-
diately post-exercise, and which consider the order of AER 
and RES in the COMB session (Fyfe et al.2014) are needed 
to clarify this point. No other signalling pathways involved 
in the exercise-induced metabolic adaptation (i.e. AMPK, 
p38MAPK, ERK1/2 and Akt phosphorylation and GLUT4 
mRNA level) were modified by AER exercise. On the other 
hand, both RES and COMB exercise stimulated the Akt and 
p38MAPK phosphorylation. Additionally, COMB enhanced 
eEF2 dephosphorylation (i.e. activation) and RES increased 
the myogenin, and MRF4 mRNA expression. The activation 
of these signalling pathways after RES and COMB exer-
cises are consistent with other works conducted on healthy 
people and were likely related to increased transcriptional 
and protein synthesis activation (Egerman and Glass 2014; 
Rose et  al. 2005). Moreover, both Akt and p38MAPK 
signalling pathways play a crucial role in acute substrate 
metabolism during recovery from acute exercise, including 
insulin-independent muscle glucose transport and glycogen 
synthesis (Coffey and Hawley 2007; Röhling et al. 2016). 
Although still correlative, the Akt and p38MAPK activation 
found after RES and COMB might have also contributed 
to the exercise-induced improvement of glucose homeosta-
sis. Notably, although AER and RES exercise stimulated 
almost distinct activation of specific molecular signalling Ta
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pathways, we observed few differences in post-exercise sig-
nalling responses between COMB exercise and single-mode 
AER or RES exercise. This finding is particularly relevant 
for individuals living with T1D since emerging evidence 
shows that diabetes might impact various aspects of muscle 
quality, including structural and functional derangements of 
mitochondria, a down-regulation of myogenic factors and 
a higher susceptibility to exercise-induced muscle damage 

(Krause et al. 2011; Monaco et al. 2017). In this regard, 
the present study highlights that COMB exercise not only 
improved glycaemic control but concurrently activates 
molecular response directly involved in substrate metabo-
lism and anabolic adaptations, which may have implications 
to maintain/improve muscle health in T1D.

Notably, none of the exercise modalities used in this study 
increased the serum CK and LDH levels, ruling out severe 

Fig. 5   Representative western blot images and box-plot of the densi-
tometry analyses for phospho Akt (a), p38MAPK (b), ERK1/2 (c), 
eEF2 (d), and AMPK (e). GAPDH was used as loading controls. Sta-

tistical differences were determined by two-way repeated ANOVA. 
*p < 0.05, ** p < 0.01
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exercise-induced muscle damage. Nevertheless, we found 
a marked induction of inflammation-related genes IL-6, 
TNF-α, and MCP-1 in skeletal muscle after all exercise ses-
sions. Particularly interesting is the marked increase of IL-6 
mRNA after all exercise sessions since this myokine acts 
both in a paracrine manner to regulate muscle growth and in 
a hormone-like fashion to support exercise-induced glucose 
disposal (Turner et al. 2014). In this regard, one potential 
limitation to study exercise-induced changes of inflamma-
tion is the variability of gene expression that may have been 
associated with the biopsy procedure itself (Friedmann-Bette 
et al. 2011). In the present study, however, a no-exercise 

session (i.e., CONT) was included, and by randomizing 
the order of each session, we have considered this potential 
bias. Thus, it remains for future studies to determine whether 
the increase of inflammatory gene expression found in our 
study reflects the transient and coordinated physiological 
inflammatory response associated with exercise (Coffey and 
Hawley 2007) or higher susceptibility to exercise-induced 
muscle microtrauma and inflammation in people with T1D 
(Krause et al. 2011).

We acknowledge some limitations to this study, which 
include its small sample size (n = 12) and the single biopsy 
post-exercise analysis, which limits the observation of 

Fig. 6   Box plot for muscle mRNA expression levels of PGC-1α (a), 
GLUT4 (b), MyoD (c), myogenin (d), MRF4 (e), Myf5 (f) measured 
by real-time PCR. The geometric mean of GAPDH and B2M mRNA 

levels used as the internal reference. Statistical differences were 
determined by two-way repeated ANOVA. *p < 0.05; ***p < 0.001
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acute molecular markers that may have peaked before 
or after this time point (e.g. GLUT4 mRNA and AMPK 
phosphorylation). Another noted limitation to the present 
study was our inability to account for reporting bias and 
compliance in their dietary log as well as the temporal 
distance between meals and exercise. Moreover, although 
we controlled for the duration and intensity of exercise, we 
did not control for the differences in energy expenditure 

and muscle mass involvement between the different exer-
cise modalities. One of the main strengths of this study is 
its randomized design; furthermore, the study group has 
a perfect balance of male and female participants, and no 
dropout had occurred. Despite the limitations, this study 
provides novel aspects for this important research field and 
poses new noteworthy aspects to consider when prescrib-
ing exercise to people living with T1D.

Fig. 7   Box plot for muscle mRNA expression levels of IGF-1Ea (a), 
IGF-1Eb (b), IGF-1Ec (c) and IGF-1Ea/IGF-1Eb ratio (d) measured 
by real-time PCR. The geometric mean of GAPDH and B2M mRNA 

levels used as the internal reference. Statistical differences were 
determined by two-way repeated ANOVA. *p < 0.05; ***p < 0.001

Fig. 8   Box plot for muscle mRNA expression levels of IL-6 (a), TNF-
α (b), and MCP-1 (c) genes measured by real-time PCR. The geomet-
ric mean of GAPDH and B2M mRNA levels used as the internal ref-

erence. Statistical differences were determined by two-way repeated 
ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001
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Conclusions

In summary, this study provides new insights into the 
24 h glucose variability and the associated molecular 
events in skeletal muscle of people with T1D in response 
to AER, RES, or COMB exercise. We demonstrated that 
RES and COMB are more effective than AER exercise 
in reducing 6–12 h post-exercise and 24 h IG variability 
indices. AER was also associated with a slight increase of 
nocturnal hypoglycaemic events. All exercise modalities 
increased post-exercise serum lactate and glycerol levels, 
which might be, at least partially, involved in the exer-
cise-induced glucose stabilization. RES and AER exercise 
increased muscle signalling related to muscular growth/
remodelling and oxidative metabolism, respectively, while 
both of them might provide beneficial effects on glucose 
homeostasis. We also found that combining different stim-
uli in the same exercise session (i.e., COMB exercise) and 
halving the volume of the single-mode AER and RES pro-
tocols, did not compromise the skeletal muscle metabolic 
and anabolic responses to exercise. While future studies 
are required to support this proposed line, our results sug-
gested that a training program based on COMB exercise 
might represent an attractive strategy to improve glucose 
homeostasis and muscle health in people with T1D.

Acknowledgements  Mr. Minnock was supported in this research by 
the Irish Research Council, where he is the recipient of the IRC EBS 
fellowship award (EBPPG/2016/278). All sensors and FGM systems 
were generously provided by Innovation Zed Ltd, Dublin, Ireland. We 
also thank Dr. Patricia Martins Bock (Hospital de Clínicas de Porto 
Alegre) for the advice on the glucose variability analysis.

Author contributions  DM and GDV conceived and designed the study. 
DM, GA and GDV analysed the data and drafted the manuscript. DM, 
CWLR, MK and GDV designed, prescribed and supervised the exer-
cise sessions and contributed to the drafting of the manuscript. DM, 
SC, RS, GV and GDV collected, processed and stored the biological 
samples. GA, SC, RS, GV and EB performed the RT-PCR experiments 
and western blotting. CWLR, MK, VS, EB, and GDV provided overall 
direction to the project and revised the manuscript. All authors contrib-
uted to manuscript revision, read and approved the submitted version.

Funding  This research was supported by the Irish Research Council 
where Dean Minnock is the recipient of the IRC EBS fellowship award 
(EBPPG/2016/278).

Data availability  The data that support the findings of this study are 
available from the corresponding author upon reasonable request.

Compliance with ethical standards 

Conflict of interest  Innovation Zed Ltd, are a medical technology com-
pany based in Dublin, Ireland developing technologies for self-injec-
tion devices and declares no conflict of interest or self-gain from this 
study. This study has no other potential conflicts of interest relevant to 
this study.

Ethical approval  This study was approved by the Human Research 
Ethics Committee of University College Dublin (Application ID-LS-
16-67-Minnock-DeVito).

Consent to participate  All participants gave their written, informed 
consent to participate in the study prior to its commencement.

Consent for publication  All participants gave their written, informed 
consent for publication.

References

Aksamitiene E, Hoek JB, Kholodenko B, Kiyatkin A (2007) Multi-strip 
Western blotting to increase quantitative data output. Electropho-
resis 28(18):3163–3173. https​://doi.org/10.1002/elps.20070​0002

Annibalini G, Bielli P, De Santi M, Agostini D, Guescini M, Sisti D, 
Contarelli S, Brandi G, Villarini A, Stocchi V, Sette C, Barbieri E 
(2016) MIR retroposon exonization promotes evolutionary vari-
ability and generates species-specific expression of IGF-1 splice 
variants. BBA - Gene Regulatory Mechanisms 1859:757–768

Bohn B, Herbst A, Pfeifer M, Krakow D, Zimny S, Kopp F, Melmer A, 
Steinacker JM, Holl RW, Initiative DPV (2015) Impact of physical 
activity on glycemic control and prevalence of cardiovascular risk 
factors in adults with type 1 diabetes: a cross-sectional multicenter 
study of 18,028 patients. Diabetes Care 38(8):1536–1543. https​://
doi.org/10.2337/dc15-0030

Bradford MM (1976) A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of 
protein-dye binding. Anal Biochem 72(1–2):248–254. https​://doi.
org/10.1006/abio.1976.9999

Brownlee M (2005) The pathobiology of diabetic complications: a 
unifying mechanism. Diabetes 54(6):1615–1625. https​://doi.
org/10.2337/diabe​tes.54.6.1615

Chatzinikolaou A, Fatouros I, Petridou A, Jamurtas A, Avloniti A, 
Douroudos I, Mastorakos G, Lazaropoulou C, Papassotiriou I, 
Tournis S, Mitrakou A, Mougios V (2008) Adipose tissue lipoly-
sis is upregulated in lean and obese men during acute resistance 
exercise. Diabetes Care 31(7):1397–1399. https​://doi.org/10.2337/
dc08-0072

Church TS, Blair SN, Cocreham S, Johannsen N, Johnson W, Kramer 
K, Mikus CR, Myers V, Nauta M, Rodarte RQ, Sparks L, Thomp-
son A, Earnest CP (2010) Effects of aerobic and resistance train-
ing on hemoglobin A1c levels in patients with type 2 diabetes. 
JAMA 20:2253–2262

Coffey VG, Hawley JA (2007) The molecular bases of training adapta-
tion. Sports Med 37(9):737–763. https​://doi.org/10.2165/00007​
256-20073​7090-00001​

Colberg SR, Sigal RJ, Yardley JE, Riddell MC, Dunstan DW, Dempsey 
PC, Horton ES, Castorino K, Tate DF (2016) Physical activity/
exercise and diabetes: a position statement of the American Dia-
betes Association. Diabetes Care 39(11):2065–2079. https​://doi.
org/10.2337/dc16-1728

Coyle EF, González-Alonso J (2001) Cardiovascular drift during pro-
longed exercise: new perspectives. Exerc Sports Sci 29(2):88–92. 
https​://doi.org/10.1097/00003​677-20010​4000-00009​

Egerman MA, Glass DJ (2014) Signaling pathways controlling skeletal 
muscle mass. Crit Rev Biochem Mol Biol 49(1):59–68. https​://
doi.org/10.3109/10409​238.2013.85729​1

Farinha JB, Krause M, Rodrigues-Krause J, Reischak-Oliveira A 
(2017) Exercise for type 1 diabetes mellitus management: general 
considerations and new directions. Med Hypotheses 104:147–153. 
https​://doi.org/10.1016/j.mehy.2017.05.033

https://doi.org/10.1002/elps.200700002
https://doi.org/10.2337/dc15-0030
https://doi.org/10.2337/dc15-0030
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.2337/diabetes.54.6.1615
https://doi.org/10.2337/diabetes.54.6.1615
https://doi.org/10.2337/dc08-0072
https://doi.org/10.2337/dc08-0072
https://doi.org/10.2165/00007256-200737090-00001
https://doi.org/10.2165/00007256-200737090-00001
https://doi.org/10.2337/dc16-1728
https://doi.org/10.2337/dc16-1728
https://doi.org/10.1097/00003677-200104000-00009
https://doi.org/10.3109/10409238.2013.857291
https://doi.org/10.3109/10409238.2013.857291
https://doi.org/10.1016/j.mehy.2017.05.033


European Journal of Applied Physiology	

1 3

Friedmann-Bette B, Schwartz FR, Eckhardt H, Billeter R, Bonaterra G, 
Kinscherf R (2011) Similar changes of gene expression in human 
skeletal muscle after resistance exercise and multiple fine needle 
biopsies. J Appl Physiol 112(2):289–295

Fyfe JJ, Bishop DJ, Stepto NK (2014) Interference between concurrent 
resistance and endurance exercise: molecular bases and the role of 
individual training variables. Sports Med 44(6):743–762. https​://
doi.org/10.1007/s4027​9-014-0162-1

Gomez AM, Gomez C, Aschner P, Veloza A, Muñoz O, Rubio C, 
Vallejo S (2015) Effects of performing morning versus afternoon 
exercise on glycemic control and hypoglycemia frequency in type 
1 diabetes patients on sensor-augmented insulin pump therapy. J 
Diabetes Sci Technol 9(3):619–624. https​://doi.org/10.1177/19322​
96814​56623​3

Gorst C, Kwok CS, Aslam S, Buchan I, Kontopantelis E, Myint PK, 
Heatlie G, Loke Y, Rutter MK, Mamas MA (2015) Long-term 
glycemic variability and risk of adverse outcomes: A systematic 
review and meta-analysis. Diabetes Care 38(12):2354–2369. https​
://doi.org/10.2337/dc15-1188

Goto K, Ishii N, Sugihara S, Yoshioka T, Takamatsu K (2007) Effects 
of resistance exercise on lipolysis during subsequent submaxi-
mal exercise. Med Sci Sports Exerc 39(2):308–315. https​://doi.
org/10.1249/01.mss.00002​46992​.33482​.cb

Hill NR, Oliver NS, Choudhary P, Levy JC, Hindmarsh P, Matthews 
DR (2011) Normal reference range for mean tissue glucose and 
glycemic variability derived from continuous glucose monitor-
ing for participants without diabetes in different ethnic groups. 
Diabetes Technol Ther 13(9):921–928. https​://doi.org/10.1089/
dia.2010.0247

Jäger S, Handschin C, Pierre J, Soiegelman J (2007) AMP-activated 
protein kinase (AMPK) action in skeletal muscle via direct phos-
phorylation of PGC-1α. Proc Natl Acad Sci USA 104(29):12017–
12022. https​://doi.org/10.1073/pnas.07050​70104​

Karvonen MJ, Kentala E, Mustala O (1957) The effects of training 
on heart rate; a longitudinal study. Ann Med Exp Biol Fenn 
35(3):307–315

Krause MP, Riddell MC, Hawke TJ (2011) Effects of type 1 diabetes 
mellitus on skeletal muscle: clinical observations and physiologi-
cal mechanisms. Pediatr Diabetes 12(4):345–364. https​://doi.org/
10.1111/j.1399-5448.2010.00699​.x

Mancini G, Berioli MG, Santi E, Rogari F, Toni G, Tascini G, Crispoldi 
R, Ceccarini G, Esposito S (2018) Flash glucose monitoring: a 
review of the literature with a special focus on type 1 diabetes. 
Nutrients. https​://doi.org/10.3390/nu100​80992​

McCarthy MM, Funk M, Grey M (2016) Cardiovascular health in 
adults with type 1 diabetes. Prev Med 91:138–143. https​://doi.
org/10.1016/j.ypmed​.2016.08.019

Minnock D, Krause M, Le Roux CW, De Vito G (2019) Effects of acute 
exercise on glucose control in type 1 diabetes: a systematic review. 
Transl Sports Med 2(2):49–57. https​://doi.org/10.1002/tsm2.64

Monaco CMF, Perry CGR, Hawke TJ (2017) Diabetic myopathy: cur-
rent molecular understanding of this novel neuromuscular dis-
order. Curr Opin Neurol 30(5):545–552. https​://doi.org/10.1097/
WCO.00000​00000​00047​9

Montain SJ, Coyle EF (1992) Fluid ingestion during exercise increases 
skin blood flow independent of increases in blood volume. J Appl 
Physiol. 73(3):903–910

Nambam B, Schatz D (2018) Growth hormone and insulin-like growth 
factor-I axis in type 1 diabetes. Growth Horm IGF Res 38:49–52. 
https​://doi.org/10.1016/j.ghir.2017.12.005

O’Neill BT, Lauritzen HP, Hirshman MF, Smyth G, Goodyear LJ, 
Kahn CR (2015) Differential role of insulin/IGF-1 receptor 
signaling in muscle growth and glucose homeostasis. Cell Rep 
11(8):1220–1235. https​://doi.org/10.1016/j.celre​p.2015.04.037

Reddy R, Wittenberg A, Castle JR, El Youssef J, Winters-Stone K, 
Gillingham M, Jacobs PG (2019) Effect of aerobic and resistance 

exercise on glycemic control in adults with type 1 diabetes. Can J 
Diabetes. https​://doi.org/10.1016/j.jcjd.2018.08.193

Riddell M, Perkins BA (2009) Exercise and glucose metabolism in 
persons with diabetes mellitus: perspectives on the role for con-
tinuous glucose monitoring. J Diabetes Sci Technol 3(4):914–923. 
https​://doi.org/10.1177/19322​96809​00300​439

Riddell MC, Gallen IW, Smart CE, Taplin CE, Adolfsson P, Lumb AN, 
Kowalski A, Rabasa-Lhoret R, McCrimmon RJ, Hume C, Annan 
F, Fournier PA, Graham C, Bode B, Galassetti P, Jones TW, Mil-
lán IS, Heise T, Peters AL, Petz A, Laffel LM (2017) Exercise 
management in type 1 diabetes: a consensus statement. Lancet 
Diabetes Endocrinol 5(5):377–390. https​://doi.org/10.1016/S2213​
-8587(17)30014​-1

Röhling M, Herder C, Stemper T, Müssig K (2016) Influence of acute 
and chronic exercise on glucose uptake. J Diabetes Res. https​://
doi.org/10.1155/2016/28686​52

Rose AJ, Broholm C, Kiillerich K, Finn SG, Proud CG, Rider MH, 
Richter EA, Kiens B (2005) Exercise rapidly increases eukaryotic 
elongation factor 2 phosphorylation in skeletal muscle of men: 
exercise and skeletal muscle eEF2. J Physiol 569(1):223–228. 
https​://doi.org/10.1113/jphys​iol.2005.09715​4

Sawka MN, Burke LM, Eichner ER, Maughan RJ, Montain SJ, 
Stachenfeld NS (2007) American College of Sports Medicine 
position stand: exercise and fluid replacement. Med Sci Sports 
Exerc 39:377–390. https​://doi.org/10.1249/mss.0b013​e3180​2ca59​
7

Summermatter S, Santos G, Pérez-Schindler J, Handschin C (2013) 
Skeletal muscle PGC-1α controls whole-body lactate homeo-
stasis through estrogen-related receptor α-dependent activation 
of LDH B and repression of LDH A. Proc Natl Acad Sci USA 
110(21):8738–8743. https​://doi.org/10.1073/pnas.12129​76110​

Turner D, Luzio S, Kilduff LP, Gray BJ, Dunseath G, Bain SC, Camp-
bell MD, West DJ, Bracken RM (2014) Reductions in resist-
ance exercise-induced hyperglycaemic episodes are associated 
with circulating interleukin-6 in type 1 diabetes. Diabetes Med 
31(8):1009–1013. https​://doi.org/10.1111/dme.12462​

Turner D, Gray BJ, Luzio S, Dunseath G, Bain SC, Hanley S, Richards 
A, Rhydderch DC, Ayles M, Kilduff LP, Campbell MD, West DJ, 
Bracken RM (2016) Similar magnitude of post-exercise hypergly-
cemia despite manipulating resistance exercise intensity in type 1 
diabetes individuals. Scand J Med Sci Sports 26(4):404–412. https​
://doi.org/10.1111/sms.12472​

Vassilakos G, Lei H, Yang Y, Puglise J, Matheny M, Durzynska J, 
Ozery M, Bennett K, Spradlin R, Bonanno H, Park S, Ahima RS, 
Barton ER (2019) Deletion of muscle IGF-I transiently impairs 
growth and progressively disrupts glucose homeostasis in male 
mice. FASEB J 33(1):181–194. https​://doi.org/10.1096/fj.20180​
0459R​

Yardley JE, Kenny GP, Perkins BA, Riddell MC, Malcolm J, Boulay 
P, Khandwala F, Sigal RJ (2012) Effects of performing resistance 
exercise before versus after aerobic exercise on glycemia in type 
1 diabetes. Diabetes Care 35(4):669–675. https​://doi.org/10.2337/
dc11-1844

Yardley JE, Kenny GP, Perkins BA, Riddell MC, Balaa N, Malcolm J, 
Boulay P, Khandwala F, Sigal RJ (2013) Resistance versus aerobic 
exercise acute effects on glycemia in type 1 diabetes. Diabetes 
Care 36(3):537–542. https​://doi.org/10.2337/dc12-0963

Zaccardi F, Di Stefano P, Busetto E, Federici MO, Manto A, Infusino F, 
Lanza GA, Pitocco D, Ghirlanda G (2008) Group of signs: a new 
method to evaluate glycemic variability. J Diabetes Sci Technol 
2(6):1061–1065. https​://doi.org/10.1177/19322​96808​00200​614

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40279-014-0162-1
https://doi.org/10.1007/s40279-014-0162-1
https://doi.org/10.1177/1932296814566233
https://doi.org/10.1177/1932296814566233
https://doi.org/10.2337/dc15-1188
https://doi.org/10.2337/dc15-1188
https://doi.org/10.1249/01.mss.0000246992.33482.cb
https://doi.org/10.1249/01.mss.0000246992.33482.cb
https://doi.org/10.1089/dia.2010.0247
https://doi.org/10.1089/dia.2010.0247
https://doi.org/10.1073/pnas.0705070104
https://doi.org/10.1111/j.1399-5448.2010.00699.x
https://doi.org/10.1111/j.1399-5448.2010.00699.x
https://doi.org/10.3390/nu10080992
https://doi.org/10.1016/j.ypmed.2016.08.019
https://doi.org/10.1016/j.ypmed.2016.08.019
https://doi.org/10.1002/tsm2.64
https://doi.org/10.1097/WCO.0000000000000479
https://doi.org/10.1097/WCO.0000000000000479
https://doi.org/10.1016/j.ghir.2017.12.005
https://doi.org/10.1016/j.celrep.2015.04.037
https://doi.org/10.1016/j.jcjd.2018.08.193
https://doi.org/10.1177/193229680900300439
https://doi.org/10.1016/S2213-8587(17)30014-1
https://doi.org/10.1016/S2213-8587(17)30014-1
https://doi.org/10.1155/2016/2868652
https://doi.org/10.1155/2016/2868652
https://doi.org/10.1113/jphysiol.2005.097154
https://doi.org/10.1249/mss.0b013e31802ca597
https://doi.org/10.1249/mss.0b013e31802ca597
https://doi.org/10.1073/pnas.1212976110
https://doi.org/10.1111/dme.12462
https://doi.org/10.1111/sms.12472
https://doi.org/10.1111/sms.12472
https://doi.org/10.1096/fj.201800459R
https://doi.org/10.1096/fj.201800459R
https://doi.org/10.2337/dc11-1844
https://doi.org/10.2337/dc11-1844
https://doi.org/10.2337/dc12-0963
https://doi.org/10.1177/193229680800200614

	Effects of acute aerobic, resistance and combined exercises on 24-h glucose variability and skeletal muscle signalling responses in type 1 diabetics
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Participant information and baseline evaluations
	Study design
	Blood samples
	Interstitial glucose data collection and evaluation
	Muscle sampling
	RNA extraction, cDNA synthesis, and qRT-PCR
	Western blotting
	Statistical analyses

	Results
	Interstitial glucose levels
	Interstitial glucose variability indices
	Blood parameters
	Exercise-induced skeletal muscle signalling pathways
	Exercise‐induced changes in muscle mRNA expression

	Discussion
	Conclusions
	Acknowledgements 
	References




