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A B S T R A C T

High-intensity and sprint interval training (HIIT and SIT, respectively) enhance insulin sensitivity and glycemic
control in both healthy adults and those with cardiometabolic diseases. The beneficial effects of intense interval
training on glycemic control include both improvements seen in the hours to days following a single session of
HIIT/SIT and those which accrue with chronic training. Skeletal muscle is the largest site of insulin-stimulated
glucose uptake and plays an integral role in the beneficial effects of exercise on glycemic control. Here we
summarize the skeletal muscle responses that contribute to improved glycemic control during and following a
single session of interval exercise and evaluate the relationship between skeletal muscle remodelling and
improved insulin sensitivity following HIIT/SIT training interventions. Recent evidence suggests that targeting
skeletal muscle mechanisms via nutritional interventions around exercise, particularly with carbohydrate
manipulation, can enhance the acute glycemic benefits of HIIT. There is also some evidence of sex-based dif-
ferences in the glycemic benefits of intense interval exercise, with blunted responses observed after training in
females relative to males. Differences in skeletal muscle metabolism between males and females may contribute to
sex differences in insulin sensitivity following HIIT/SIT, but well-controlled studies evaluating purported muscle
mechanisms alongside measurement of insulin sensitivity are needed. Given the greater representation of males in
muscle physiology literature, there is also a need for more research involving female-only cohorts to enhance our
basic understanding of how intense interval training influences muscle insulin sensitivity in females across the
lifespan.
Introduction

Skeletal muscle represents the largest glycogen reserve within the
human body and the primary site for insulin-stimulated glucose disposal
in the post-prandial state.1 Accordingly, skeletal muscle insulin sensi-
tivity is paramount to the maintenance of whole-body glucose homeo-
stasis and muscle insulin resistance represents an early event in the
progression toward type 2 diabetes (T2D).2 Exercise is a cornerstone in
the prevention and treatment of T2D and improvements in muscle insulin
sensitivity are proposed to partly mediate the beneficial effects of exer-
cise on glycemic control.3,4 However, the optimal exercise prescription
for improving muscle insulin sensitivity remains an area of active
research and the associated mechanisms have not been fully resolved.

High-intensity and sprint interval training (HIIT and SIT, respec-
tively) have emerged as efficacious and time-efficient alternatives to
traditional moderate-intensity continuous training (MICT) for improving
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indices of cardiometabolic health. Several recent meta-analyses conclude
that HIIT and/or SIT promote similar (and sometimes superior) im-
provements in cardiorespiratory fitness,5,6 exercise performance,7 body
composition,8 and cardiometabolic disease risk factors9 compared to
MICT. Consistent with large-scale randomized controlled trials10 and
meta-analyses11,12 demonstrating the importance of exercise intensity for
glycemic control, HIIT and SIT improve insulin sensitivity and glycemic
control in both healthy adults and people with T2D13–17 potentially to a
greater extent than MICT.13 Nevertheless, several important questions
surrounding the impact of HIIT and SIT on insulin sensitivity – particu-
larly those related to the acute and chronic effects on skeletal muscle and
how they contribute to whole-body glycemic control – remain
unanswered.

The purpose of this brief review is to summarize findings from studies
examining the impact of HIIT and SIT on whole-body glycemic control
and to provide a critical appraisal of the underlying mechanisms. Spe-
cifically, we highlight acute changes in exercised skeletal muscle that
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Abbreviations

Akt protein kinase B
AMPK adenosine monophosphate activated protein kinase
AUC area under the curve
CaMKII Ca2þ/calmodulin-dependent protein kinase II
CGM continuous glucose monitoring
G6P glucose-6-phosphate
GLUT4 glucose transporter 4
GS glycogen synthase
HbA1c hemoglobin A1c
HIIT high-intensity interval training
HKII hexokinase II

HRmax maximum heart rate
IRS-1 insulin receptor substrate 1
MAPK mitogen-activated protein kinase
MICT moderate-intensity continuous training
OGTT oral glucose tolerance test
PI3K phosphatidylinositol 3-kinase
SIT sprint interval training
T2D type 2 diabetes
TBC1D1 TBC1 domain family member 1
TBC1D4 TBC1 domain family member 4
_VO2peak peak oxygen uptake
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enhance glucose uptake in the hours to days following a single session of
HIIT and SIT and evaluate the relationship between chronic changes in
skeletal muscle phenotype and insulin sensitivity after training. For this
review – and consistent with the terminology used in the literature6,18–20

– we broadly define HIIT and SIT as short, repeated bouts of intense
submaximal and supramaximal exercise, respectively, that are separated
by periods of rest or active recovery. MICT was used to describe protocols
involving prolonged (� 30min) continuous exercise performed at a
submaximal intensity that typically elicit ~65%–75% of maximum heart
rate (HRmax) or ~55%–75% of peak oxygen uptake ( _VO2peak). A
greater understanding of the muscle mechanisms that mediate the
insulin-sensitizing effects of intense interval exercise should help opti-
mize exercise prescription for maximizing the therapeutic potential of
exercise for glycemic control and aid in the prevention and treatment of
chronic diseases like T2D.

Acute effects of HIIT and SIT on glycemic control

An acute bout of HIIT involving ten, 1-min intervals eliciting ~90% of
HRmax improves post-prandial glycemic control measured over 24 h
post-exercise using continuous glucose monitoring (CGM) in people with
T2D compared to a no-exercise control condition.21 When compared to
an acute bout of MICT (30min at ~65% peak heart rate) in adults with
overweight/obesity, the same HIIT protocol is equally effective at
reducing post-prandial hyperglycemia on the day of exercise but boasts
an added benefit of persistent post-prandial glycemic improvements into
the next day.22 These findings have been supported by subsequent
research demonstrating that acute HIIT elicits more pronounced im-
provements in post-prandial glucose on the day of exercise23 as well as
nocturnal and fasting glucose on the day after exercise24 compared to
volume-matched MICT in people with T2D. Because impaired
post-prandial glycemic control is hypothesized to associate more strongly
with muscle as opposed to hepatic insulin resistance,25 improvements in
post-prandial glycemia following HIIT are suggestive of an increase in
muscle insulin sensitivity. Indeed, insulin-sensitizing benefits have been
reported using the gold standard hyperinsulinemic-euglycemic clamp
initiated 1 h post-exercise following a HIIT protocol involving 16min of
hard exercise (4� 4-min cycling intervals at 95% HRmax with 2-min
recovery periods) in males with obesity.26,27 More recently, improve-
ments in insulin sensitivity have also been reported the day following
(~16 h post-exercise) a session of low-volume HIIT (10� 1min at 90%
HRmax) in adults with obesity who recently underwent a 12-week ex-
ercise training program.28 On the other hand, a lower volume HIIT
protocol involving three, 1-min bouts of stair climbing lowered capillary
glucose immediately after exercise but was insufficient to alter 24 h
glycemic control in adults with T2D, highlighting the potential of a
minimum threshold required to elicit changes in glycemic control with
acute HIIT.29 Taken together, an acute bout of HIIT involving 10min or
more of hard exercise improves glycemic control for up to 24 h
21
post-exercise in people with and without T2D. HIIT also appears equi-
potent to MICT for lowering post-prandial hyperglycemia in people with
T2D despite a lower exercise volume, with superior effects of HIIT
observed when exercise volume is matched. The minimum effective dose
of HIIT for improving glycemic control – particularly in people with T2D
– requires further investigation.

The impact of an acute bout of low-volume SIT on insulin sensitivity
appears to be relatively less clear. Ortega and coworkers30 compared the
“classic” repeated Wingate SIT protocol (4� 30 s “all out” cycling
sprints) to two different MICT protocols in healthy young males and
found a greater improvement in insulin sensitivity following SIT when
assessed 30min post-exercise using an intravenous glucose tolerance
test. The superior effects of SIT dissipated over the post-exercise period,
however, with similar improvements in insulin sensitivity relative to
baseline in both HIIT and MICT observed for up to 48 h.30 In contrast,
amongst mixed cohorts of males and females, neither 5� 30 s31 nor
2� 20 s32 “all out” cycling sprints elicited improvements in insulin
sensitivity when measured the next day (~14–16 h post-exercise) using
oral glucose tolerance tests (OGTT). Collectively, the few existing studies
investigating the impact of acute SIT on insulin sensitivity have produced
mixed results and the influence on glycemic control remains unclear.
Discrepancy within the literature may be explained by differences in
participant characteristics, the SIT protocols implemented, the timing of
post-exercise measurements, and/or the method for assessing insulin
sensitivity.

Acute skeletal muscle responses

Mechanisms by which exercise enhances skeletal muscle glucose
uptake during and immediately post-exercise include enhanced delivery,
uptake, and intracellular utilization of glucose within the muscle (sum-
marized in Fig. 1A).33 Given the intensity-dependent nature of muscle
hyperemia during exercise34 and superior flow mediated dilation
following an acute bout of HIIT compared to MICT,35 delivery of insulin
and glucose to muscle would presumably be greater during HIIT and SIT
compared to lower intensity protocols. To our knowledge, the impact of
acute HIIT or SIT on the translocation of the glucose transporter 4
(GLUT4) to the muscle sarcolemma – as demonstrated with MICT36,37 –
has not been directly assessed; however, an upregulation of key intra-
cellular signaling pathways implicated in contraction- and
insulin-mediated GLUT4 translocation has been reported. For example,
phosphorylation of AMP activated protein kinase (AMPK), p38 mitogen
activated protein kinase (MAPK), Ca2⁺/calmodulin-dependent protein
kinase (CaMK)II, TBC1 domain family member 1 and 4 (TBC1D1/4), has
been demonstrated in response to an acute bout of intense interval
exercise26,27,38–43 and likely contribute to the immediate glucose
lowering effects of HIIT and SIT. The phosphorylation of AMPK and
downstream targets TBC1D1 and TBC1D4 have been demonstrated to be
higher in type II compared to type I muscle fibers immediately following



Fig. 1. Proposed mechanisms mediating increases in
skeletal muscle glucose uptake and insulin sensitivity
following HIIT and SIT. A) During an acute bout of
HIIT/SIT, increases in skeletal muscle blood flow
promote glucose delivery to active muscle. Increases
in glucose delivery coupled with increased intracel-
lular glucose utilization via contraction-mediated
mechanisms promotes an increased glucose diffusion
gradient across the muscle sarcolemma. Glucose up-
take is facilitated by the activation of contraction-
mediated signaling proteins that promote GLUT4
translocation to the muscle membrane though direct
evidence demonstrating an increase in GLUT4 trans-
location with HIIT/SIT is currently lacking (as indi-
cated by the dashed arrow). In the hours to days
following exercise when contraction-mediated mech-
anisms have subsided, insulin-mediated glucose up-
take is enhanced for up to ~24–48 h. Increased insulin
sensitivity post-exercise has been attributed to
increased activity of distal (but not proximal; in grey)
proteins in the insulin signaling cascade (TBC1D4)
and glycogen synthase activity to facilitate glycogen
resynthesis. B) HIIT/SIT training interventions (weeks
to months) promote numerous metabolic adaptations
in skeletal muscle that are implicated in improved
insulin sensitivity following training. This includes
increased mitochondrial content and function, capil-
lary density, and the expression of proteins involved
in glucose uptake, utilization, and storage within
muscle, as well as reductions in lipid intermediates.
Glycogen utilization and re-synthesis with acute ex-
ercise bouts, including the final training session, may
also contribute to improved insulin sensitivity
observed in the days following HIIT/SIT training.
Note: HIIT: high-intensity interval training; SIT: sprint
interval training; Akt: Protein kinase B; AMP: adeno-
sine monophosphate; AMPK: AMP-activated protein
kinase; Ca2þ: calcium; CaMKII: calcium calmodulin-
dependent protein kinase II; G6P: glucose-6-
phosphate; GLUT4: glucose transporter 4; GS:
glycogen synthase; HK: hexokinase; IRS-1: insulin re-
ceptor substrate-1; PI3K: phosphatidylinositol 3 ki-
nase; TBC1D1/4: TBC1 domain family member 1/4.
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a single session of 6� 1.5min cycling bouts at 95% _VO2peak,39 sug-
gesting that greater muscle activation44 and/or type II fibre recruit-
ment45,46 during intense interval exercise may contribute to the
immediate glucose lowering benefits.

Contraction-mediated glucose uptake generally subsides within hours
following exercise, but insulin-stimulated glucose uptake remains upre-
gulated into the late post-exercise period and coincides with improve-
ments in whole-body insulin sensitivity.27 The enhanced capacity for
insulin-stimulated glucose uptake in the post-exercise period following
HIIT is not well characterized, particularly with respect to low-volume
exercise protocols. While proximal components of the insulin signaling
cascade (IRS-1, PI3K, and Akt) are generally unaltered by prior exer-
cise,47 activation of the Akt target TBC1D4 during a
hyperinsulinemic-euglycemic clamp has been demonstrated to be greater
when performed following a single session of HIIT involving 4� 4min
cycling bouts at 95% HRmax in males with obesity.27 This finding, which
is consistent with others,48 suggests that increased phosphorylation of
distal proteins in the insulin signaling cascade may contribute to the
insulin-sensitizing and glucose-lowering effects of high-volume interval
training protocols. However, to our knowledge, it remains to be deter-
mined if changes to insulin signaling contribute to the robust improve-
ments in insulin sensitivity observed for hours to days following
time-efficient and low-volume HIIT and SIT. In addition to changes in
molecular signaling, increases in muscle glucose delivery via enhanced
insulin-stimulated microvascular perfusion are required for post-exercise
22
improvements in insulin sensitivity.49 It is anticipated that increased
delivery of glucose and insulin to skeletal muscle contributes to the
protracted effects of HIIT on insulin sensitivity, but studies evaluating
muscle blood flow and microvascular perfusion in recovery are needed.
Possibly related, a single session of HIIT (4� 4min intervals at 95%
HRmax) has been demonstrated to enhance endothelial function assessed
by flowmediated dilation alongside reductions in fasting glucose for 72 h
in adults with metabolic syndrome, an effect that was larger and longer
than with volume-matched moderate-intensity continuous exercise.35

These improvements in endothelial function with HIIT may contribute to
the enhanced delivery of glucose and insulin during the post-exercise
period.

The depletion and subsequent restoration of muscle glycogen appear
linked, at least in part, to enhanced glucose uptake and insulin sensitivity
following exercise.50–52 Given the increased reliance on muscle glycogen
with increasing exercise intensity,53 rapid glycogen depletion and sub-
sequent resynthesis may partly explain the insulin-sensitizing effects of
acute HIIT and SIT. Indeed, despite only involving 1–2min of intense
intermittent exercise, 3� 20 s54 and 4� 30 s55 ‘all-out’ SIT have been
demonstrated to lower muscle glycogen content by ~20%–25% in
healthy adults. Similarly, a single session of low-volume HIIT involving
10� 1min cycling bouts at > 80% HRmax lowered muscle glycogen by
30% in adults with and without T2D.56 There is also evidence of
increased hexokinase II (HKII) mRNA in the hours following low-volume
SIT54 and HIIT,57 which may contribute to sustained skeletal muscle
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glucose uptake by phosphorylating intramyocellular glucose and
increasing the concentration gradient for glucose transport across the
muscle sarcolemma. While these mechanisms are plausible, the afore-
mentioned studies did not assess insulin sensitivity in recovery from
acute low-volume interval training and thus a relationship between the
two is yet to be demonstrated. Given the limited available literature,
more research that simultaneously measures insulin sensitivity and/or
glycemic control following acute HIIT and SIT alongside measurement of
indices regulating skeletal muscle glucose uptake, storage, and intracel-
lular metabolism is needed. This includes studies that directly compare
HIIT and/or SIT to MICT to understand how exercise intensity vs. volume
influences the skeletal muscle insulin sensitizing effects of acute exercise.

Chronic effects of HIIT and SIT on glycemic control

As little as six sessions of HIIT involving ten, 1-min vigorous cycling
bouts per session is sufficient to lower 24-h average glucose concentra-
tions and post-prandial hyperglycemic excursions assessed using CGM in
adults with T2D.58 Subsequent work has confirmed the glucose-lowering
benefits of the same HIIT protocol performed over 8–12 weeks in people
with T2D using CGM, fasting glucose, OGTT, and/or HbA1c.59,60 When
compared to MICT protocols involving larger exercise volumes, HIIT
promotes similar28,61 and sometimes greater62 improvements in insulin
sensitivity in people with obesity. When total exercise volume is
matched, HIIT is either equipotent63 or superior to MICT for improving
markers of insulin sensitivity and glycemic control in healthy older
adults,64 patients with metabolic syndrome,65 and people with
T2D.13,66–68 The glycemic benefits of HIIT in people who are inactive or
obese appear to extend beyond controlled laboratory settings, as studies
show that virtually supervised HIIT performed at home69 or in a gym--
setting70 promotes similar improvements in insulin sensitivity to MICT,
albeit with greater adherence to HIIT in the real world.70 Collectively,
training interventions involving low-volume HIIT appear to be effective
for improving glycemic control in both healthy and clinical cohorts, with
the observed benefits of HIIT being superior to MICT when exercise
volume is matched.

Babraj and colleagues71 were the first to report improved insulin
sensitivity calculated using the Cederholm index from an OGTT following
two weeks of classic Wingate-based SIT (4–6, 30 s “all out” cycling bouts)
in healthy active young males – findings that were later corroborated
using the hyperinsulinemic-euglycemic clamp.72 The efficacy of
Wingate-based SIT for improving glycemic control following a two-week
period was also reported in sedentary men with obesity,73 but two weeks
was seemingly insufficient to improve glycemic control in the same
population when a lower volume SIT protocol involving 8-12� 10 s “all
out” sprints was implemented.74 Given the very low volume of exercise
involved in the aforementioned study, a longer intervention may be
required. Indeed when performed thrice weekly over 6 weeks, 2–3,
� 20 s “all out” sprints improved insulin sensitivity during an OGTT in
sedentary males75 and 24-h average glucose concentration assessed with
CGM in males with overweight/obesity.76 Most direct comparisons be-
tween SIT and MICT appear to suggest similar improvements in markers
of insulin sensitivity over 6–12-week intervention periods in sedentary
young males77–79 and males with obesity,80 despite up to a 5-fold less
training volume and time commitment associated with SIT.79 Unlike
HIIT, relatively few studies examining the glycemic benefits of SIT in T2D
exist, and the literature available is conflicting. Whereas Ruffino and
coworkers81 found no benefit of 8 weeks of low-volume SIT (2� 20 s “all
out” sprints) or MICT on markers of insulin sensitivity assessed with an
OGTT in males with T2D, Sjoros et al.82 reported robust improvements in
insulin-stimulated glucose uptake during the
hyperinsulinemic-euglycemic clamp following two weeks of
Wingate-based SIT in adults with prediabetes or T2D. Again, the inter-
play between exercise volume, intervention duration, and measurement
techniques may explain the discrepant findings. Taken together, while
most evidence suggests that low-volume SIT promotes similar
23
improvements in indices of glycemic control as higher volumes of MICT,
future work is needed to clarify the effects of SIT on glycemic control in
people with T2D.

An important caveat to many existing training studies demonstrating
improved insulin sensitivity and glycemic control following HIIT and SIT
is that post-training assessment is most often performed within 72 h of
the last exercise bout, with some as early as 2461,73 or 48 h56,58,59,66

following training cessation. While improvements in insulin sensitivity in
these studies are often interpreted to reflect basal improvements asso-
ciated with chronic training, measurement at these time points may also
reflect acute (and transient) effects stemming from the last exercise bout.

Chronic skeletal muscle adaptations

Skeletal muscle mechanisms proposed to mediate training-induced
improvements in glycemic control include enhanced capillarization,
GLUT4 protein content, glycogen synthesis, and oxidative enzymes
coupled with reduced levels of intramuscular lipids (Fig. 1B).83,84

Collectively, these adaptations enhance the delivery, uptake and oxida-
tion of glucose, and improve insulin signaling in skeletal muscle.33

Accordingly, several HIIT/SIT training interventions that enhance insulin
sensitivity also demonstrate accompanying improvements in skeletal
muscle capillary density,69,77,80 GLUT4,58,76,79 glycogen synthase,56,85

and hexokinase85 protein expression, markers of mitochondrial content
and/or function,28,58,62,76,79,86–88 phosphorylation of insulin signaling
proteins,65,67,89 and reduced intramuscular lipids88 and ceramides.85,87

However, causal relationships between skeletal muscle remodelling and
training-induced improvements in insulin sensitivity has not been
established and the importance of some of these adaptations for glycemic
control have been questioned. For example, despite the existence of
correlational relationships betweenmuscle mitochondrial phenotype and
whole-body insulin sensitivity,90 the contribution of mitochondrial
“deficiency” to the development of insulin resistance and T2D is still
debated.91,92 It also remains unclear whether training-induced im-
provements in mitochondrial content or function – amongst the most
frequently reported muscle adaptations following HIIT/SIT18 –

contribute to the observed improvements in insulin sensitivity. In support
of this supposition, a lack of glycemic benefit despite enhanced markers
of skeletal muscle mitochondrial remodelling93,94 (or vice versa;67) have
been reported following HIIT. The well-known “athletes’ paradox”
further exemplifies the lack of causal link between intramuscular lipids
and insulin sensitivity,95 pointing to the influence of contributing factors
beyond training-induced adaptations in skeletal muscle.

Uncertainty surrounding the relationship between training-induced
changes in skeletal muscle phenotype and insulin sensitivity is exem-
plified in an elegant study by Ryan and colleagues28 that compared
metabolic responses to 12 weeks of training involving either 4 sessions
per week of low-volume HIIT (10� 1min at ~90% HRmax) or MICT
(45min at 70%HRmax) in adults with obesity. The authors measured the
time course of metabolic responses following training by obtaining
skeletal muscle biopsies and assessing insulin sensitivity with the
hyperinsulinemic-euglycemic clamp at both 1 day and 4 days following
training cessation (~16 and ~90 h following the last training bout,
respectively). When measured the day following either HIIT or MICT,
improvements in insulin sensitivity were observed alongside increases in
skeletal muscle oxidative capacity and increased abundance of many
proteins involved in carbohydrate and lipid metabolism. However,
despite persistent elevations in these skeletal muscle metabolic markers
after participants abstained from exercise for 4 days, training-induced
improvements in insulin sensitivity at this time point had returned to
pre-training levels. Thus, while the observed increase in mitochondrial
capacity is clearly beneficial for skeletal muscle health and exercise
tolerance,96 it does not appear to directly explain exercise
training-induced changes to insulin sensitivity. Intriguingly, muscle
glycogen content was 40% lower when assessed 1 day vs. 4 days
following training, presumably owing to incomplete glycogen
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resynthesis the day following exercise. These findings indicate that
glycogen resynthesis tracks with the reversal of post-exercise improve-
ments in insulin sensitivity, corroborating the notion that oscillations in
muscle glycogen content with acute HIIT contribute to improvements in
insulin sensitivity and glycemic control.

The findings of Ryan et al.28 highlight the transient nature of exercise
training-induced improvements in insulin sensitivity and corroborate
early reports of unchanged insulin sensitivity measured 4–10 days
following cessation of exercise training.97,98 These observations are also
in line with the rapidly diminished insulin sensitivity in athletes to levels
of sedentary individuals within 60 h of detraining.99 An important caveat
to interpreting the findings of Ryan et al.28 is that body mass was strictly
controlled throughout the training period in an effort to isolate the in-
dependent effects of exercise per se on insulin sensitivity without the
confounding and independent influence of weight (fat) loss. It is possible
that the chronic effect of exercise training on insulin sensitivity is
different if fat loss is not prevented. Nonetheless, in the absence of
measurable weight/fat loss, a continued exercise stimulus may be
required to maintain the glycemic benefits of exercise training. In this
regard, the glycogen depleting nature of HIIT/SIT protocols may
contribute to a longer-lasting improvement in glycemic control compared
to MICT,22 allowing for greater rest in between training sessions without
a diminishment in insulin sensitivity. Determining the minimum weekly
frequency of HIIT/SIT required to maintain a consistent glycemic benefit
between exercise sessions is an important area for future research.

Can targeting skeletal muscle mechanisms with nutrition
enhance glycemic benefits?

The importance of muscle glycogen depletion/resynthesis for stimu-
lating insulin sensitivity50–52 and the enhanced glucose-lowering effects
of endurance training performed in the fasted state100,101 suggest that
coupling HIIT/SIT with carbohydrate and/or energy restriction may
maximize their glycemic benefits.102 Mechanistically, exercise per-
formed under fasted or low-carbohydrate conditions can potentiate
skeletal muscle glycogenolysis103 and AMPK activation,104,105 which are
known stimulants of improved insulin sensitivity in exercise recovery.
Accordingly, Terada and colleagues24 reported greater reductions in
postprandial glycemic excursions over 24 h when a single session of HIIT
was performed in the fasted versus fed state in adults with T2D. More
recently, Estafanos and colleagues106 reported that ingestion of a
post-exercise carbohydrate beverage following a single session of
low-volume HIIT blunted next-day glycemic control relative to when a
non-caloric post-exercise drink was consumed, possibly owing to faster
repletion of muscle glycogen stores with post-exercise carbohydrate
intake. These two studies demonstrate that targeting muscle mechanisms
that are linked to HIIT-induced improvements in insulin sensitivity with
nutritional manipulation around exercise can augment acute improve-
ments in glycemic control. However, when HIIT performed in the fasted
vs. fed state was evaluated over a 6-week training program in females
with overweight and obesity, no differences in training-induced changes
in OGTT-derived insulin sensitivity or skeletal muscle remodelling were
observed.92 Similarly, no difference in fasting insulin sensitivity
(HOMA-IR) was reported following 6 weeks of low-volume SIT per-
formed in the fed or fasted state among recreationally active males and
females.107

Combining intense interval exercise with protein ingestion has also
been explored as a strategy to enhance the cardiometabolic benefits of
HIIT and SIT. Based on the temporal association between enhanced
muscle protein synthesis and improvements in insulin sensitivity
following HIIT in older adults86 Francois and colleagues59 compared the
effect of 12 weeks of HIIT combined with post-exercise protein ingestion
on glycemic control in people with T2D. However, improvements in
glycemic control (24 h mean CGM glucose and HbA1c) following HIIT
were not potentiated with the addition of post-exercise milk or protein
ingestion. The combination of pre-exercise protein ingestion with SIT has
24
also been recently explored to mitigate the potential catabolic effects of
exercise performed in the fasted on skeletal muscle,108 but how glycemic
control is impacted with this approach remains unknown. Considering
the limited body of evidence investigating the combined effects of acute
and chronic nutritional interventions with HIIT/SIT, future work is
needed to clarify if low carbohydrate/calorie and/or high protein diets
can optimize glycemic benefits of intense interval exercise.

Does sex influence skeletal muscle mechanisms contributing to
enhanced glycemic control?

A limited number of studies have demonstrated sex-based differences
in the insulin-sensitizing effects of low-volume HIIT and SIT. In response to
6 weeks of SIT involving thrice weekly 2-3� 20 s ‘all-out’ sprints, OGTT-
derived insulin sensitivity72 and 24 h glycemic control73 were improved
in males but not females. More recently, Sogaard et al.85 reported similar
improvements in insulin sensitivity (hyperinsulinemic-euglycemic clamp)
among older males and females following 18 sessions of 5� 1min cycling
intervals at ~125% _VO2peak over 6 weeks; however, there was an 11%
improvement in males and a 1% improvement in females, a difference
which did not achieve statistical significance. These sex differences are
corroborated by studies in full cohorts of females with overweight and
obesity that have failed to demonstrate an improvement in insulin sensi-
tivity following 6–14 weeks of low-volume HIIT assessed with OGTTs92 or
the hyperinsulinemic-euglycemic clamp.109While there is an apparent lack
of sex comparisons in response to acute HIIT or SIT, a number of studies in
mixed cohorts of males and females have failed to demonstrate an
improvement in OGTT-derived insulin sensitivity following a single session
of SIT.31,32,72

Differences between males and females with respect to the insulin-
sensitizing effects of HIIT and SIT may relate to sex differences in skel-
etal muscle metabolism. Females use less muscle glycogen during high-
intensity exercise,110–112 and AMPK activity is reportedly blunted
following work-matched exercise when compared to males.113 Relatedly,
muscle glycogen use during HIIT can vary across the menstrual cycle,114

with greater glycogen use observed during the early-as opposed to
late-follicular phase. The menstrual cycle phase has not been controlled
for in many studies examining glycemic responses to HIIT/SIT, which
may confound the interpretation of findings. In response to training,
many markers of skeletal muscle remodelling linked to insulin sensitivity
are reportedly similar between males and females, including glycogen
synthase and hexokinase protein expression85 and mitochondrial con-
tent93; although, one study has observed greater increases in GLUT4
protein content with training in males compared to females.93 However,
as has been noted previously,20 studies simultaneously measuring sex
differences in insulin sensitivity and associated muscle mechanisms with
interval training are scarce. Taken together, while the available literature
demonstrates greater improvements in insulin sensitivity following
intense interval exercise in males compared to females (particularly with
low-volume SIT), additional research is needed to elucidate potential
mechanisms. Importantly, future studies should involve larger sample
sizes and control for factors that may confound sex-based comparisons
including proper matching between males and females, menstrual cycle
phase, and oral contraceptive use. Given the greater proportion of
male-only cohorts in muscle physiology research115 including amongst
studies within the HIIT/SIT literature,20,116 more research involving
exclusively females is also warranted to enhance our basic understanding
of how exercise influences muscle insulin sensitivity in females.

Exercise snacks – a more practical variation of HIIT/SIT for
improving glycemic control?

Emerging research points to the efficacy of more practical variations
of HIIT/SIT for improving glycemic control. Early work on “exercise
snacks” by Francois and colleagues117 demonstrated the ability of
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high-intensity interval walking (6� 1-min intervals with 1-min recovery
periods) performed before each meal to improve 3-h post-prandial and
24-h glucose in people with insulin resistance. More recent studies have
defined exercise snacks as brief (� 1min) isolated bouts of hard exercise
performed periodically throughout the day.118–121 Although the direct
effects of this approach on glycemic control remain to be determined,
interrupting prolonged sitting with hourly bouts of vigorous stair
climbing (~15–30 s each) reduced post-prandial insulin AUC in adults
with overweight/obesity.121 Thus, exercise snacks may hold promise as
an additional exercise strategy for improving glycemic control with the
added benefit of interrupting prolonged sedentary time.

Concluding remarks and future directions

The available literature supports the efficacy of HIIT and/or SIT for
improving glycemic control across populations ranging from healthy
inactive adults to individuals diagnosed with cardiometabolic disease.
Although many of the hallmark skeletal muscle adaptations that are
observed following HIIT/SIT interventions may contribute to enhanced
muscle insulin sensitivity, a causal link between muscle remodelling and
altered insulin sensitivity has not been established. Several lines of evi-
dence point to the acute effects of HIIT/SIT – primarily the depletion and
subsequent resynthesis of muscle glycogen – being of importance for
mediating interval training-induced improvements in insulin sensitivity.
Future work is needed to clarify the relative importance of acute re-
sponses versus chronic adaptations for improvements in insulin sensi-
tivity following HIIT/SIT, but establishing causal relationships without
the ability to induce gain- or loss-of-function remains a challenge for
mechanistic human research. The optimal pre- and post-exercise nutri-
tional strategies for maximizing the glycemic benefits of HIIT/SIT also
represent a fruitful area for future work, but it does appear that under-
taking HIIT in the fasted state or limiting post-exercise carbohydrate
intake may potentiate the acute glycemic benefits of HIIT. Based on ob-
servations of potentially blunted glycemic benefits of HIIT/SIT in females
and the overall greater emphasis on males in existing studies, well-
controlled and appropriately powered studies examining the influence
of biological sex on glycemic control – and the associated mechanisms
that underpin a potential sexual dimorphism – are needed. Finally, in
light of studies demonstrating improved markers of insulin sensitivity
following brief repeated117 or isolated bouts of vigorous exercise spread
over the course of the day (i.e., exercise “snacks”),118,121 research into
more practical variations of HIIT for improving glycemic control – and
their associated impact on skeletal muscle – is warranted.
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