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Exercise and Type 1 Diabetes (T1DM)
Pietro Galassetti*1 and Michael C. Riddell2

ABSTRACT
Physical exercise is firmly incorporated in the management of type 1 diabetes (T1DM), due to mul-
tiple recognized beneficial health effects (cardiovascular disease prevention being preeminent).
When glycemic values are not excessively low or high at the time of exercise, few absolute con-
traindications exist; practical guidelines regarding amount, type, and duration of age-appropriate
exercise are regularly updated by entities such as the American Diabetes Association and the Inter-
national Society for Pediatric and Adolescent Diabetes. Practical implementation of exercise reg-
imens, however, may at times be problematic. In the poorly controlled patient, specific structural
changes may occur within skeletal muscle fiber, which is considered by some to be a disease-
specific myopathy. Further, even in well-controlled patients, several homeostatic mechanisms
regulating carbohydrate metabolism often become impaired, causing hypo- or hyperglycemia
during and/or after exercise. Some altered responses may be related to inappropriate exoge-
nous insulin administration, but are often also partly caused by the “metabolic memory” of prior
glycemic events. In this context, prior hyperglycemia correlates with increased inflammatory and
oxidative stress responses, possibly modulating key exercise-associated cardio-protective path-
ways. Similarly, prior hypoglycemia correlates with impaired glucose counterregulation, resulting
in greater likelihood of further hypoglycemia to develop. Additional exercise responses that may
be altered in T1DM include growth factor release, which may be especially important in chil-
dren and adolescents. These multiple alterations in the exercise response should not discourage
physical activity in patients with T1DM, but rather should stimulate the quest for the identification
of the exercise formats that maximize beneficial health effects. C© 2013 American Physiological
Society. Compr Physiol 3:1309-1336, 2013.

Introduction
Physical activity (i.e., any type of daily activity requiring
bodily movement), including what is commonly referred
to as “exercise” (i.e., a subset of physical activity that is
characterized by a planned and purposeful training) (47), is
increasingly considered a critical component of a healthy,
balanced lifestyle, helping prevent, delay, or limit a number
of common chronic pathologies (315). The relationship that
many patients with type 1 diabetes (T1DM) have with exer-
cise/physical activity can often be defined as one of love-hate.
On one hand, regular physical activity can enhance a number
of aspects of diabetes management: improve insulin sensitiv-
ity (thereby reducing exogenous insulin requirement); control
body weight and lipid profiles; boost self-confidence; improve
psychological issues associated with the disease; reduce sys-
temic inflammation; and most importantly, optimize long-
term protection against cardiovascular disease. The necessity
for appropriate regimens to be in place for diabetic patients is
therefore now clearly stressed by most health care profession-
als (144, 250, 326). Dealing with exercise on a daily basis,
on the other hand, implies for the T1DM patient a number of
practical issues (adjustment of insulin administration; timing,
type, and quantity of food ingestion before and after exercise;
unexpected hypo- and/or hyperglycemia during and after exer-
cise, etc.) whose impact may become at times very frustrating
and in many cases discourage subjects from being physically

active (41, 259). For the remainder of this article, the terms
“physical activity” and “exercise” are used interchangeably.

Diabetes mellitus refers to a group of metabolic dis-
eases characterized by hyperglycemia due to deficient insulin
secretion, impaired insulin action, or a combination of both
(1). T1DM is associated with deficient insulin secretion due to
the autoimmune destruction of pancreatic β cells and the need
for exogenous insulin for survival. Although several aspects
of macronutrient metabolism are affected by T1DM, the alter-
ations in carbohydrate metabolism (i.e., hyperglycemia) are
the main characteristics of the disease. Indeed, chronic hyper-
glycemia is largely thought to be the mechanism by which
vascular damage leading to diabetes-related complications,
such as coronary artery disease (CAD), stroke, nephropathy,
retinopathy, and neuropathy, occur over decades after disease
onset (40). The rate of β-cell destruction has been shown to
be quite variable between individuals (1). In instances where
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β-cell destruction is rapid (predominantly occurring in chil-
dren and adolescents), the first manifestation of T1DM may
be ketoacidosis (1). Other individuals might develop mod-
est hyperglycemia initially, which later progresses to severe
hyperglycemia and/or ketoacidosis if left untreated (or undi-
agnosed). Symptoms of diabetes may include polyuria, poly-
dipsia, lethargy, and weight loss, sometimes with polyphagia
and blurred vision (1, 82).

Carbohydrate metabolism is a crucial component of the
exercise response. In T1DM, unfortunately, the organism’s
ability to effectively adapt to the increased energy sub-
strate requirements of the exercising muscle is often severely
impaired. The extent and characteristics of this impairment,
therefore, stands at the very heart of the complex interaction
between T1DM patients and physical activity. Phenotypically,
the result is a series of unique features associated with most
aspects of exercise in these patients. Some alterations are per-
manent, such as the reduced or loss of epinephrine response
associated with the development of diabetic autonomic neu-
ropathy (37). Others are transient, such as the widespread
blunting of counterregulatory response to exercise following
prior activation of the hypothalamus-pituitary-adrenal axis,
as is the case with antecedent hypoglycemia (106, 107, 109).
Furthermore, some of these features are not an intrinsic part
of diabetes per se, but rather the effect of the aggressive,
albeit still somewhat inadequate, iatrogenic attempt to treat
the disease. Insulin replacement, although enormously impor-
tant and certainly able to prevent most diabetic microvascular
complications, is still an imperfect art. It is often associated
with undesired glycemic fluctuations, both in the hyper- and
hypoglycemic direction, which impact most aspects of dia-
betic’s everyday life, including performance of therapeutic
and recreational competitive exercise.

These considerations very succinctly outline the impor-
tance that exercise should have in T1DM management, and
some of the problems associated with its practical implemen-
tation. This article will explore in greater depths the most
important aspects of this complex interaction.

Overview of Glucose Homeostasis
During “Moderate” and “Vigorous”
Exercise in Type 1 Diabetes
In the healthy human, plasma glucose concentrations are
judiciously maintained within a narrow range through the
interactions of multiple simultaneous mechanisms. Glucose
concentration is constantly “sensed” at a number of sites,
both centrally (hypothalamus) and peripherally (pancreatic
islets), and corrective actions are undertaken if glucose con-
centration is too high (with insulin release) or too low (with
release of the counterregulatory hormones cortisol, glucagon,
epinephrine, and norepinephrine) (65, 67, 68, 257). During
any type of physical activity, these homeostatic mechanisms
undergo variable degrees of stress. Simultaneous changes

Euglycemia

Hypoglycemia

Hyperglycemia

↓ Insulin

↑ or ↔ Insulin

↓ or ↔ Insulin

↑ Counterregulatory hormones

↑ or ↔ Counterregulatory hormones

↑↑ or ↔ Counterregulatory hormones

Figure 1 Various blood glucose responses to exercise. Euglycemia
occurs when there is a decrease in the insulin/counterregulatory hor-
mone ratio (glucagon, catecholamines, etc.) that permits increased
glucose production that matches the increase in glucose disposal into
working muscle (top panel). Hypoglycemia occurs if insulin levels are
not lowered at the onset of exercise in patients with T1DM (middle
panel). Hyperglycemia occurs when the exercise intensity is very vigor-
ous (>80% VO2max), if insulin administration is withheld, or if com-
petition stress exists (bottom panel).

occur in insulin sensitivity, in energy substrate requirements,
and in the ratio of carbohydrate/lipid oxidation by which these
requirements are met. Not surprisingly, therefore, major dis-
ruptions of this complex equilibrium may occur in T1DM
(169, 243, 252). While a whole range of events are possible,
these may be ascribed to the combination of two main cate-
gories of alterations: (i) the inability to maintain euglycemia,
resulting in hypoglycemic episodes during or after exercise,
more commonly occurring with prolonged exertions of sub-
maximal intensity (50, 70); and (ii) acute hyperglycemia,
more commonly occurring with shorter, very intense exer-
tions (Fig. 1) (51, 151).

In resting conditions and in the postabsorptive state (i.e.,
after all nutrients from the last meal have been absorbed from
the GI tract), a healthy person of average weight has a rate
of disposal (Rd) of glucose of ∼ 2 mg/min per kg of body
weight (Fig. 2). This is all the glucose collectively taken up by
all body cells, with a baseline systemic insulin concentration
that is normally between 5 and 10 μU/mL. Plasma glycemia
would, therefore, gradually drop over time, if endogenous
sources (mostly the liver but also to some extent the kidney and
some sections of the gut) did not simultaneously provide an
exactly identical glucose output, through breakdown of exist-
ing glycogen stores (glycogenolysis) and de novo synthesis of
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Figure 2 Schematic of sequence of homeostatic events affecting carbohydrate metabolism during moderate, constant-
load exercise in healthy and T1DM subjects, showing the possible causes of exercise-associated hypoglycemia in T1DM.

glucose molecules (gluconeogenesis) (249). During a physi-
cal exertion of prolonged, submaximal intensity (i.e., below
the subjects anaerobic threshold, which commonly occurs at
50%-60% of individual maximal aerobic capacity), the glu-
cose Rd can increase twofold to threefold, mostly because of
increased skeletal muscle uptake (324). While glycemia nor-
mally drops by a few mg/dL by 30 to 45 min into exercise, it
is maintained within the physiological range by two mecha-
nisms: a rapid increase in endogenous glucose production (94,
249), and a drop in systemic insulin levels. The drop in insulin,
mediated by increased alpha-adrenergic efferent impulses to
the pancreas, is necessary because during exercise insulin sen-
sitivity is acutely increased and insulin-independent glucose
transport mechanisms become activated in skeletal muscle
cells (146, 147). If baseline insulin concentrations were not
reduced, excessive glucose would be transported into mus-
cle cells, causing a drop in glycemia. In T1DM subjects,
as insulin is no longer endogenously regulated, prevention
of exercise-associated hypoglycemia depends on how accu-
rately the normal insulin profile can be reproduced. Subjects
using an insulin-infusion pump often decrease, or may com-
pletely suspend, their insulin infusion during exercise (330).
Subjects on a multiple insulin injection regimen, on the other
hand, cannot easily lower their basal insulin levels; in some

instances in fact, quite the opposite occurs as subcutaneously
injected insulin may have accelerated absorption rates during
exercise (27, 330). Occasionally, after an insulin injection,
especially if performed on the side of the thigh, part of the
injected fluid may be trapped in a subcutaneous pocket, and
be acutely mobilized into the bloodstream when exercise is
started, practically resulting in a small additional insulin boost
(101). The excess insulin will then have the dual effect of caus-
ing exaggerated glucose uptake in the skeletal muscle, and
to suppress endogenous glucose production. The cumulative
result of these alterations is the possibility of a hypoglycemic
episode (106, 143).

Substantially different, is the series of responses that may
occur when the physical exertion is very intense, that is, above
the anaerobic threshold and close to the subject’s maximal aer-
obic capacity (Fig. 3) (51, 151). In this setting, that can only
be sustained for a relatively short time (normally no more
than 20-30 min). The body undergoes a massive adrenergic
activation, whose magnitude is driven by the cardiovascular
response to intense exercise. This level of adrenergic acti-
vation also increases endogenous glucose production to an
extent that exceeds peripheral tissue metabolic needs (282);
this induces a state of moderate, transient hyperglycemia (nor-
mally no more than 140 mg/dL), that is promptly corrected
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Figure 3 Schematic of sequence of homeostatic events affecting carbohydrate metabolism during and immediately after
intense exercise (above the anaerobic threshold, AT) in healthy and T1DM subjects, showing the possible causes of postexercise
hyperglycemia in T1DM.

upon exercise cessation in the nondiabetic individual. In the
individual with T1DM, in whom insulin cannot be secreted
in response to this hyperglycemic response, the magnitude
of hyperglycemia often continues increasing after exercise,
sometimes to alarming levels (>400 mg/dL) (196).

As bouts of structured exercise, or other forms of physical
activity in real life are most often a combination of mod-
erate and more intense bouts of varying duration and with
variable temporal distribution, the actual glycemic response
to any individual type of physical activity can be anywhere
across the range. So much so, in fact, that the correct balance
of prolonged, moderate exercise, and brief, intense exercise
could induce opposing hypo- and hyperglycemic stimuli that
would largely cancel each other out, and result in optimal
glycemic control. This is in fact the conceptual basis of a
series of interesting studies performed by an Australian group
of researchers, in which a short, very intense sprint performed
before a standard sports practice was able to eliminate most
of the occurrence of post exercise hypoglycemia in a group
of diabetic youth (42).

Physical Activity Guidelines in Type 1
Diabetes Mellitus
Exercise recommendations
As highlighted in the in the US Department of Health and
Human Services Physical Activity Guidelines Advisory Com-
mittee Report (5) and in the Canadian Diabetes Association
Clinical Practice Guidelines (281), regular exercise improves
insulin action, increases cardiorespiratory fitness, improves
psychosocial status, and reduces the risk of diabetes-related
complications in persons with T1DM. Both aerobic and
resistance training have been shown to be beneficial, likely
acting through differing mechanisms, to improve diabetes
metabolism and function (5, 100).

Currently, there are no specific guidelines on the amount
or intensity of physical activity needed to optimize health
in persons with T1DM. Similar to nondiabetic individu-
als, however, youth with diabetes should be encouraged
to be physically active at a moderate to vigorous inten-
sity for at least 60 min a day, according to the US
Department of Health and Human Services (http://www.
cdc.gov/HealthyYouth/physicalactivity/guidelines.htm). The
Public Health Agency of Canada recommends 60 min of mod-
erate activity plus an additional 30 min of vigorous activity
each day for those ages 10 to 14 years, while the recommen-
dation for adults is at least 60 min a day (http://www.phac-
aspc.gc.ca). These recommendations are likely reasonable for
adolescents and adults with T1DM, who tend to perform
less physical activity than their nondiabetic peers, according
to some limited research findings using standardized physi-
cal activity questionnaires (306). It should be noted that the
amount of performed physical activity is typically quanti-
fied via self-reported questionnaires, of which a variety is
available to investigators, such as the Previous Day Physi-
cal Activity recall, the Three Day Physical activity recall, the
Physical Activity Interview, the Computerized Activity recall,
the Activitygram, and the Multimedia Activity recall for Chil-
dren and Adolescents (98). While each of these presents with
advantages and limitations, these seem to apply similarly to
healthy and diabetic children.

Whether or not regular physical activity helps to opti-
mize glycemic control in young people with T1DM is con-
troversial. Limited longitudinal data suggest that glycemic
control can be improved with aerobic training (190, 335),
although improvements in HbA1c are not always observed
(258, 319). Cross-sectional data suggest that children and
adolescents with T1DM who are very inactive, exercising
less than 60 min per week, have a higher mean HbA1c level
(8.9 ± 0.5%) than those who exercise 120 to 360 min/week
(8.3 ± 0.4%; p = 0.002) or 360 to 480 min/week (8.0 ±
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0.6 %; p < 0.01) (29). In contrast, the relationship between
aerobic fitness and HbA1c in adults with T1DM has also
been reported to be modest and, in fact, positive (r = 0.17)
(320). Importantly, the Finn Diane study of 1030 subjects
with T1DM found that self-reported physical activity corre-
lates negatively with HbA1c in women (r = −0.12), but not
in men (318). It should be noted, however, that the accuracy
of physical activity self-report tools may be limited by a num-
ber of factors, including gender; in most reports, in fact, an
overestimation of energy expenditure has been observed in
women (286).

In addition, Herbst and colleagues (144) studied more
than 23,000 subjects with T1DM and found a small, but
highly significant improvement in HbA1c (by 0.3%) in the
two active groups (exercising one to two times a week and
three or more times a week) compared to the sedentary group.
Thus, the general consensus is that regular exercise should
not be expected to dramatically impact a patient’s HbA1c,
likely because other variables such as increased food intake
or reduced insulin dosages compensate for any increases in
glucose disposal. Nonetheless, epidemiological evidence is
emerging that being physically active, rather than sedentary,
can lower mortality and morbidity for any given level of
HbA1c (247).

Although increased physical activity may not necessar-
ily be expected to dramatically improve glycemic control,
it has been demonstrated to improve insulin sensitivity and
thus lower the amount of insulin required to maintain a given
HbA1c (319), as well as reduce the risk of both microvascu-
lar and macrovascular complications from the disease (259).
There is also good evidence to suggest that being more phys-
ically active with T1DM is associated with lower lipoprotein
levels and diastolic blood pressure (144) and lowers over-
all mortality rates (209). A large cohort study of patients
with T1DM reported that 7-year mortality was 50% lower in
those reporting ≥ 2000 kcal of weekly exercise (equivalent to
≥ 7 h/week of brisk walking) compared to those reporting
< 1000 kcal of PA participation per week (209). As such,
physical activity should remain the cornerstone of care for
persons with T1DM, although managing blood glucose (BG)

levels can be quite challenging in those who are very physi-
cally active (193, 250).

Relative and absolute contraindications
to exercise
The risk for cardiovascular disease and other diabetes-
related complications including neuropathy, retinopathy, and
nephropathy in persons with long-standing disease is high and
care should be taken to properly screen individuals before rec-
ommending a new exercise program. Nonetheless, the inci-
dence of an adverse event associated with exercise is rare in
patients with T1DM, at least according to what has been pub-
lished on the topic. However, caution is warranted for those
with advanced disease complications and medical screening,
possibly with a graded exercise stress test, should be con-
sidered before initiating any new vigorous exercise program
(153).

In persons with T1DM, as with any individual, symptoms
of chest pain or pressure are considered absolute contraindi-
cations to vigorous exercise. Persons with diabetes may have
other atypical symptoms of myocardial insufficiency (see
table 1), including dyspnea on exertion or unexplained gas-
trointestinal complaints that would also constitute contraindi-
cations to exercise at least until further medical screening is
conducted (153). In addition, if individuals report having had
a previous MI or if they have been told they have myocar-
dial ischemia (e.g., resting ST segment abnormalities), then
an exercise stress test is recommended prior to initiating an
exercise program (3).

The most feared risk of initiating a physical activity
regimen is sudden death secondary to an arrhythmia or an
ischemic event. Sudden death may be more likely to occur
when underlying coronary disease is undiagnosed, and undi-
agnosed CAD is particularly common in persons with T1DM
who have been living with the condition for more than 15
years (i.e., 10-fold higher risk than non diabetics in 30-50
year olds) (224). The relative risk of an adverse cardiac
event following vigorous exercise is 3.5-fold higher in per-
sons with diabetes who have just performed vigorous exertion

Table 1 Typical and Atypical or Variant Symptoms of CVD in Persons with Diabetes Mellitus

1 Pain or discomfort in the chest, neck, jaw, arms, or other areas that may be due to myocardial ischemia (lack of adequate circulation)
2 Difficulty completing usual tasks
3 Dizziness with activity
4 Dyspnoea with minimal exertion
5 Orthopnea (breathing discomfort when not in an upright position) or paroxysmal nocturnal dyspnea (interrupted breathing at night
6 Ankle edema (swelling)
7 Palpitations (abnormal rapid beating of the heart) or tachycardia (rapid heartbeat)
8 Intermittent claudication (cramping pain and weakness in legs, especially calves, during walking due to inadequate blood supply to muscles)
9 Easy fatigability

10 Lack of energy
11 Neck or jaw discomfort
12 Shoulder pain with a history similar to bursitis and related to activity

Modified from (ACSM guidelines for exercise testing and prescription; Hughes & White, 2005).
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(>6 Metabolic Equivalents (METS)) compared to when they
have been sedentary or have been performing light activity
(204). However, the overall absolute risk is estimated to be
rather low (risk of a myocardial infarction during 60 min of
physical activity is estimated to be 1 in 10,000) (204). Since
those with T1DM who are regularly more physically active,
though, have much less overall risk for a cardiovascular event
than those with disease who are sedentary, the general con-
sensus is that the risks of exercise are outweighed by the
numerous benefits, as long as appropriate screening is per-
formed (70). A pertinent evidence-based review on screening
procedures was published recently (254).

A few other relative contraindications to exercise exist in
those with T1DM. In particular, those with advanced auto-
nomic dysfunction or polyneuropathy should be evaluated
medically and cleared before participation in any activity
more vigorous than walking (41). Those with severe nonpro-
liferative or proliferative retinopathy should also have clin-
ical evaluation, which may include a graded exercise test
with ECG and blood pressure monitoring, before starting a
program of exercise more vigorous than brisk walking. After
appropriate screening, persons with severe diabetic nonprolif-
erative retinopathy or proliferative diabetic retinopathy should
avoid strenuous exercise (aerobic or resistance) that raises
blood pressure > 170 mmHg systolic, particularly when vit-
reous hemorrhage and/or fibrous retinal traction is present
(41). The suspension of exercise should occur pending fur-
ther screening by an ophthalmologist if there is a sign of wors-
ening preproliferative or proliferative retinopathy because of
the elevated risk for traction retinal detachment or vitreous
hemorrhage. Individuals with end-stage renal failure should
undergo medical screening prior to initiating an exercise pro-
gram and following clinical evaluation and vigorous exer-
cise should be avoided. In those with advanced nephropathy,
undergoing dialysis, exercise testing should be performed
before the initiation of an exercise program more vigor-
ous than walking, but both mild aerobic and low-intensity
exercise is still not contraindicated when under appropriate
supervision (41).

At the current time, some debate exists as to whether exer-
cise can be performed if individuals are hyperglycemic (i.e.,
BG > 180 mg/dL) at the time of initiating the activity, since
exercise itself may worsen the metabolic state (281, 325).
Indeed, vigorous exercise can increase BG levels into the
hyperglycemic range in many individuals who are otherwise
well controlled (196, 251). However, since hyperglycemia is
transient in these situations and can easily be managed with
additional insulin treatment (196, 284), hyperglycemia alone
should not be considered an absolute contraindication to exer-
cise. If, however, there are elevations in ketone levels in the
blood or urine at the start of exercise, then vigorous physi-
cal activity can worsen hyperglycemia and cause ketoacidosis
(26). As such, physical activity should be postponed if there
are elevations in urine (> 30 mg/dL). The clinical manage-
ment of hypo and hyperglycemia in the patient with T1DM is
discussed elsewhere in this article.

Motor Unit Contractile Characteristics
in Type 1 Diabetes
General considerations
In addition to a reduction in muscle fiber size that occurs
with poorly controlled diabetes, there may also be changes
to the distribution of muscle fiber types. One investigation
of muscle biopsy samples from adults with T1DM reported
an increase in the percentage of glycolytic/fast-twitch muscle
fibers and an impairment in oxidative capacities (102). The
increased percentage of type II fibers in this study should be
interpreted with caution; however, as the reduced fiber area
of the type II fibers usually increases the number of fibers
counted in a given cross-sectional area. In rodent models of
disease, slow-twitch, or type I fibers appear to exhibit minimal
loss in cross sectional area and may even gain fiber area in
response to overload stimuli (21). In contrast, in rodents with
T1DM, fast-twitch glycolytic (type IIB) fibers exhibit severe
relative atrophy (20, 54, 176, 183). As pointed out by Krause
et al., given that the glycolytic fibers produce the most force by
way of high myosin ATPase activity and shortening velocity,
it follows that atrophy of those fibers should lead to a loss of
maximal force production capacities at the level of the whole
muscle (184).

Muscle atrophy and weakness

Scientists and clinicians realized that T1DM causes rela-
tive muscle atrophy, impaired muscle mass development, and
reductions in muscular strength well before the discovery of
insulin. If exercise can help restore this potential deficiency
in muscle mass has also been a recurrent question. Even the
Roman physician and philosopher Celsus (30 BC to 50 AD)
noted that his patients with polyuria were often extremely
weak and had a much smaller muscle mass than nonpolyuric
individuals. Regular activity was prescribed to these patients
as it was observed that exercise increased strength, stamina
and survival in these early years (256). The Greek physician
Aretaeus of Cappadokia noted, in the second century AD,
that regular exercise improved the disease condition that he
wrote as “an awkward affection melting down the flesh and
limbs into urine” and at the time of the discovery of insulin in
Toronto, the clinical observations of some of the first patients
to be given exogenous insulin confirmed that the hormone
had transformative effects on body growth and development
(32). Thus, it had long been speculated that insulin played a
key role in skeletal muscle protein synthesis and growth.

Soon after the discovery of insulin, considerable research
was initiated to determine the mechanistic role that insulin
had on muscular growth and development. In the late 1960s,
A. L. Goldberg had shown that the growth of skeletal mus-
cle in young diabetic rats required an adequate supply of
both insulin and contractile activity (117–119). Moreover,
untreated T1DM patients, who had very low levels of circu-
lating insulin, and who would be expected to be less physically

1314 Volume 3, July 2013



JWBT335-c110040 JWBT335-CompPhys-3G Printer: Yet to Come May 22, 2013 9:22 8in×10.75in

Comprehensive Physiology Exercise and Type 1 Diabetes (T1DM)

active because of their sheer exhaustion from the disease, were
shown to be suffering from mass muscle wasting, likely as a
function of low rates of protein synthesis (43).

Several investigators have questioned the physiological
role that insulin (or lack of insulin) has on protein turnover,
speculating that insulin only lowers protein degradation rather
than stimulating protein synthesis. One human study of five
T1DM subjects in poor glycemic control showed, using stable
isotope methodology, that a lack of insulin actually increases
rates of whole body protein synthesis (213), although this
effect may not necessarily be attributable to muscle pro-
tein turnover (211). This human study conflicts with what
has repeatedly been observed in rodent models (125, 198,
225, 226), however, in which insulin deficiency has been
shown to lower rates of skeletal muscle protein synthesis.
Moreover, in cell culture studies (132, 279, 289,290), insulin
clearly facilitates skeletal muscle protein synthesis via upreg-
ulation of the AKT/mammalian target of rapamycin (mTOR)
signaling pathway. The role of insulin in the regulation of
protein synthesis remains controversial, however, with the
finding that insulin does not stimulate muscle protein synthe-
sis in the postabsorptive state in healthy humans, but rather
achieves protein anabolism by inhibition of muscle protein
breakdown (49). Indeed, it may be that rodent models of
disease do not recapitulate what appears to be occurring in
humans in response to disuse, hypoinsulinemia, and exercise
(125). As a consequence of this lack of consensus, evidence-
based nutritional strategies specifically targeting the interac-
tion between insulin action and protein metabolism in T1DM
are not currently available.

In addition to potential for a low rate of protein synthe-
sis in poorly controlled T1DM, an accelerated rate of protein
degradation occurs in humans with the disease (142). Indeed,
in adults with T1DM, who are in a state of insulin depri-
vation, whole body rates of protein degradation are elevated
(194, 212, 305) and it may be that this higher rate of muscle
protein degradation explains the lower muscle mass in poorly
controlled patients with T1DM, rather than any deficiency in
protein synthesis, per se.

Glucagon is the hormone determined to be largely respon-
sible for the increased energy expenditure during insulin
deprivation in T1DM. Increased glucagon levels increase
leucine and phenylalanine oxidation and facilitate an increase
in protein breakdown in T1DM (1), thereby providing addi-
tional mechanisms, in addition to a lack of physiologic insulin
replacement, by which protein loss from skeletal muscle
occurs in T1DM (212, 214). Indeed, following an amino
acid load in fasted individuals, hyperglucagonemia reduces
glucogenic plasma amino acids by more than 50%, thereby
reducing the available substrate for protein synthesis (1).

Diabetic “myopathy”

Adult patients with long-standing T1DM have been reported
to have dramatic losses in skeletal muscle mass, perhaps as
a result of diabetic neuropathy rather than any deficiency in

insulin action (12–14, 17, 19, 278). It is clear, however, that
disruption to muscle turnover and function can occur well
before any development of neuropathy. For example, in a
group of recently diagnosed young patients (age range 16-43
years, with disease duration from 1 to 28 weeks), muscle biop-
sies demonstrate marked fiber atrophy, disruption of Z-lines,
and morphological abnormalities in the mitochondria without
any morphological indicators of neuropathy (248). Reduced
muscle fiber size, a correlate of muscle mass, has also been
observed in newly diagnosed young males with T1DM (160).
In a recent review, Krause and colleagues have proposed that
the muscles of newly diagnosed or poorly controlled youth
with T1DM can be considered “myopathic” with respect to
their capacity for growth and development for a number of
possible hormonal and nonhormonal reasons (184).

Several strategies to facilitate increases in skeletal mus-
cle mass in T1DM have been proposed including exercise
(87, 88, 173), intensive insulin therapy (173), and exogenous
leptin administration (321, 332). Indeed, insulin administra-
tion appears to normalize protein balance, at least in part, in
humans with T1DM (211, 214), and insulin treatment plus
resistance exercise in diabetic rats has been shown to dra-
matically improve the decrement in muscle mass (87–89).
Importantly, insulin therapy has been shown to increase mito-
chondrial, but not myosin heavy chain fractional synthesis
rates in the muscles of nondiabetic swine (34, 56). In untreated
diabetic rats, rates of protein synthesis are reduced in the gas-
trocnemius muscle via reduced mTOR signaling and lowered
activity of eukaryotic initiation factor 2B (eIF2B) (56). Inter-
estingly, chronic resistance exercise does not increase rates
of protein synthesis in situations of severe diabetes in rats
(92), perhaps because some permissive amount of insulin is
needed to activate the pathways of protein synthesis. Recently,
aerobic-type exercise has been shown to help normalize rates
of muscle protein synthesis and growth in partially pancreate-
ctomized diabetic rats, independent of insulin signaling (277).
Taken together, these animal and human studies suggest that
a combination of aggressive insulin therapy and regular exer-
cise (resistance and aerobic) may be needed to normalize
muscle mass in diabetic individuals.

Exercise Performance in Type 1
Diabetes
Level of performance
Normally, insulin therapy is rapidly initiated at the time of
diagnosis in patients with T1DM and dramatic metabolic
improvements are achievable within a fairly short timeframe
(days to weeks after the initiation of treatment) (48). How-
ever, clinical diagnosis may be delayed and the overall man-
agement in youth with the disease is usually suboptimal for
a variety of physiological and psychosocial reasons (135). It
should also be noted that normal restoration in glucose home-
ostasis is nearly impossible in T1DM since the sophisticated
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control system is no longer in place that maintains a critical,
but small amount, of BG constant (323). As such, a num-
ber of physiological challenges exist in substrate metabolism
that places the individual at risk for suboptimal exercise
performance. For example, in a large study of healthy and
diabetic adolescents/young adults, matched similarly in age,
weight, height, and body composition, and aerobic capacity
was shown to be about 20% lower in those with T1DM (179).
Several cardiovascular, muscular, and metabolic impairments
in T1DM might help to explain their potential decrement
in aerobic performance. A number of studies report reduced
physical work capacity or maximal aerobic power (VO2max,
i.e., the workload at which the maximal individual rate of
whole-body oxygen uptake is achieved) in young patients
with T1DM, despite insulin therapy, when compared to their
nondiabetic peers (25, 130, 155, 179, 186, 187, 235). More-
over, both end diastolic volume and left ventricular ejection
fraction fail to increase normally during exercise in young
adults with T1DM compared with controls (185). In contrast,
however, Nugent and colleagues (223) report no difference in
VO2 peak (i.e., the highest measure of oxygen uptake during
an exercise test in which VO2max cannot be reliable deter-
mined, but often used interchangeably with VO2max) dur-
ing a progressive incremental exercise test in adult subjects
with long-standing diabetes, while Veves et al. (311) found
that only adults with demonstrated neuropathic complications
or sedentary lifestyles demonstrated reduced VO2max. This
later study is particularly relevant as it suggests that if one
is physically active with T1DM, then aerobic capacity can
be normal, at least if neuropathy has not developed. In sup-
port of this finding, a study of athletes and nonathletes with
T1DM, and nondiabetic controls, found that VO2 peak is sim-
ilar between athletes with and without T1DM, although the
anaerobic threshold was lower in subjects with T1DM than in
control subjects (178).

Impairments in the ability to perform exercise in those
with T1DM may be related to the level of glycemic con-
trol (Fig. 4). For example, Poortmans et al. (235) and Hut-
tunen et al. (155) both report that physical capacities are
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Figure 4 Theoretical effects of blood glucose control on exercise
performance in T1DM. A number of possible mechanisms exist that
may explain deteriorated exercise performance during both hypo-
glycemia and hyperglycemia in individuals with T1DM.

inversely related to the level of metabolic control, as mea-
sured by HbA1c. In contrast, however, a more recent cross-
sectional study has reported that patients with T1DM who
have good aerobic capacity have poorer glycemic control
(77) and athletes with T1DM tend to have higher levels of
HbA1c compared to sedentary patients (73). It is unclear,
however, if a reduced work capacity in youth with T1DM
compared with healthy youth is a result of poorer oxygena-
tion of muscle (73), a lower amount of muscle capillar-
ization (175), or if poorer metabolic control is a function
of lower amounts of habitual physical activity (259). In an
experimentally induced murine model of diabetes, there is
altered expression of several genes involved in angiogenesis
and reduced muscle capillarization, which could not be nor-
malized by high volume endurance exercise training (175).
For example, levels of proangiogenic VEGF-A, VEGF-B,
neuropilin-1, VEGFR-1, and VEGFR-2 were reduced and the
levels of antiangiogenic thrombospondin-1 and retinoblas-
toma like-2 were increased in diabetic rodents compared
to controls. Although exercise training alleviated some of
these molecular changes, it could not fully restore muscle
capillarization (175).

Studies investigating muscular strength and endurance
in individuals with T1DM have shown mixed results with
some researchers reporting decrements in strength (11, 12,
15, 16, 18), while others have shown no obvious strength
deficit (10). Although fatigue is a common complaint of
patients with diabetes (293, 307), the effect of T1DM on
exercise endurance (i.e., the ability to sustain a given work-
load over time) is not well documented. Compared to con-
trols, patients with T1DM have been reported to have both
impaired (10) and enhanced (11) endurance capacity dur-
ing relatively brief bouts of intense exercise. Ratings of per-
ceived exertion during prolonged exercise have been reported
to be higher in boys with T1DM compared to age, weight
and aerobic fitness matched controls (253). Also, during pro-
longed exercise those with T1DM who are under reason-
able glycemic control have a higher glycolytic flux (55) and
tend to rely considerably more on muscle glycogen utiliza-
tion (260), which might reduce endurance capacity, although
this hypothesis has yet to be tested. Moreover, exercising
while hyperglycemic has been shown to increase reliance on
muscle glycogen compared to exercising while euglycemic
(161) and the individual who is exercising while hypoinsu-
linemic/hyperglycemic would be expected to be prone to
early dehydration and acidosis (195), all factors that might
promote early fatigue. Surprisingly, a diet rich in carbohy-
drate (∼60% of total energy) for 3 weeks has been shown
to increase glycemia and insulin requirements, reduce mus-
cle glycogen levels, and lower exercise capacity compared
to a normal diet (50% energy from carbohydrate) in diabetic
athletes (200).

The presence of hyperglycemia may also affect strength in
the setting of at least certain types of resistance exercise, caus-
ing early fatigue. Increasing BG levels to 16 mmol/L, in fact,
has been shown to reduce isometric muscle strength, but not
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maximal isokinetic muscle strength, compared with strength
measured at glycemia clamped at 5 mmol/L in patients with
T1DM (15).

Acute changes in glycemia can also influence exercise
performance (see Section “Blood glucose levels and perfor-
mance”). A summary schema of the possible relationship
between glucose control and exercise performance is shown
in Figure 1.

If individuals with T1DM are actively engaged in regular
exercise, they can achieve a near normal performance (see
below section on the “elite athlete”). In one German study of
10 middle aged long-distance triathletes with T1DM studied
over 3 years, overall endurance performance was said to be
“normal,” despite documented hyperglycemia during the early
part of a race, then hypoglycemia during the marathon leg
(33). Thus, overall, evidence suggests that optimal glycemic
control and regular exercise may be needed to maximize mus-
cle strength and endurance performance.

Acute blood glucose fluctuations and
performance
The degree to which acute changes in BG levels influence
sports performance is unclear. Circumstantial evidence sug-
gests that an increase in plasma glucose availability might
improve aerobic exercise capacity, perhaps because more
fuel is readily available for muscle contraction. However,
this hypothesis has not been supported by one study that
“clamped” nondiabetic cyclists at hyperglycemia and eug-
lycemia and found no difference in endurance performance
(36). Unfortunately, very few studies have been conducted
in which aerobic exercise performance is examined during
differing levels of BG concentrations in those with T1DM
(145, 171, 252, 291). In one study of prepubertal boys with
T1DM (n = 16), lowering the insulin dose prior to exercise to
reduce the likelihood of hypoglycemia did not influence aer-
obic capacity during cycling compared to their usual insulin
dose (145). In eight endurance-trained adults with T1DM,
elevating BG levels from 5.3 ± 0.6 to 12.4 ± 2.1 mmol/L, via
hyperinsulinemic glucose clamp technique, failed to change
peak power output or other physiological endpoints such as
lactate, heart rate or respiratory exchange ratio during aero-
bic exercise (291). In another study, compared with hyper-
glycemia or euglycemia, exercise capacity was reduced and
ratings of perceived exertion increased with hypoglycemia in
a group of youth with T1DM (252), although the exercise was
always stopped by the research investigators, rather than the
subjects, for safety reasons.

Profound or sustained hyperglycemia, associated with
sustained insufficient insulin delivery, may impair endurance
performance in those with T1DM, although the evidence
for this statement is limited. Prolonged hypoinsuline-
mia/hyperglycemia would be expected to lower muscle glyco-
gen levels (as the exercising muscle can rely less on circu-
lating glucose), reduce muscle strength (due to the effect of
hyperglycemia described in Section “Diabetic myopathy”)

and predispose the individual to dehydration and electrolyte
imbalance because of polyuria (163). As mentioned above,
exercising while hyperglycemic has been shown to increase
the reliance on muscle glycogen as a fuel source and lim-
its the capacity to switch from carbohydrate to lipid as an
energy source (161). Importantly, substrate oxidation dur-
ing prolonged endurance exercise can be similar to what is
observed in nondiabetics if diabetic subjects are clamped eug-
lycemic (161).

Although aerobic exercise capacity per se may not be
impacted significantly by short-term alterations in glycemia,
sports performance may be impacted by impairments in cog-
nitive processing when glucose levels drop below a certain
threshold. In a recent sports camp field study of 28 youth
with T1DM, Kelly et al., (171) showed that the ability to
carry out fundamental sports skills markedly reduced by
mild hypoglycemia (whole BG levels <3.6 mmol/L) com-
pared to when whole BG was in an acceptable glucose range
(3.6-13.9 mmol/L). Short-term hyperglycemia (BG >13.9)
was shown not to significantly impact sport performance in
that study. Importantly, this finding of significantly impaired
sports performance with mild hypoglycemia appeared uni-
versally across nearly all subjects and is similar to the well-
documented detrimental effects of hypoglycemia on cogni-
tive processing (123, 171). It is, therefore, likely that there
is an inverted-U shape relationship between glycemia and
exercise/sport performance, with the best performance in the
euglycemic range (Fig. 1).

The impact of glycemia on resistance exercise has yet to
be firmly established, although a higher muscle lactate accu-
mulation in T1DM, compared to controls, may limit max-
imal anaerobic capacity (137). Importantly, high-intensity
interval training in young patients with T1DM is well tol-
erated and improves muscle oxidative capacity to that of
nondiabetic trained individuals (137). In addition, both ado-
lescents (60) and adults (76, 241) with T1DM appear to
respond with the expected strength gains with resistance
training.

The diabetic athlete
Although impairments in physiological functioning will occur
in poorly managed individuals with T1DM, a number of
exceptional sporting accomplishments have been documented
for persons who have excelled in spite of their disease (see
www.diabetes-exercise.org/). A vast number of elite athletes
have competed and excelled with T1DM. A partial list of
highly accomplished athletes include British Olympic rower
Sir Steven Redgrave; US Olympic multigold medal swim-
mer Gary Hall Jr.; NBA basketball player Adam Morrison;
Major League baseball player Jason Johnson; NFL players Jay
Cutler, Mike Echolas, and Jay Leewenburg; Ironman triath-
lete Bill Carlson; and female golf pro Mimmi Hjorth. Elite
road cycling team, “Team Type 1,” have won numerous races
including the 2009 and 2010 8-person Race Across America.
Even at extreme altitude, a number of papers have cited the
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accomplishments and physiological performances of T1DM
athletes (207, 227, 228).

The care of athletes with T1DM is particularly chal-
lenging for health care professionals (193). For top per-
formance, glycemic control needs to be optimized and
there are a number of considerations related to the man-
agement of injury and therapeutic modalities on BG con-
trol. Consensus recommendations exist to optimize the
care of athletes with T1DM and considerable prepared-
ness is required to maintain glucose control and maximize
performance (163).

For most elite athletes with T1DM, intensive insulin ther-
apy, usually in the form of continuous insulin infusion therapy,
is required to maintain glycemia as normal as possible. Inten-
sive insulin therapy uses basal and bolus insulin doses to reg-
ulate BG levels during fasting, feeding, and hyperglycemic
periods. Basal insulin is used to maintain glycemic stabil-
ity during fasting periods and delivers a steady, low dose of
insulin 24 h a day. Bolus insulin is used to control elevations in
BG levels that occur after eating or to lower BG levels during
hyperglycemia. Bolus insulin doses are determined by several
factors, including the prevailing BG level, carbohydrate con-
tent of a meal, and anticipated exercise. Even with intensive
therapy, glycemic control has been shown to be suboptimal in
athletes with T1DM (77, 157), although the recent advent of
continuous glucose monitoring may help improve glycemic
control in athletes with T1DM (251). Interestingly, one cross-
sectional study has reported positive associations between
aerobic capacity and handgrip strength versus HbA1c level,
thus suggesting that those in the best physical condition may
have compromised metabolic control (320). The inability
to maintain glucose homeostasis in the athlete with T1DM
(158) is likely related to the sheer complexity of glucose con-
trol during exercise (323) and the fear of exercise associated
hypoglycemia (39).

Effects Of T1DM on Glycemic
Fluctuations During Exercise
Hyperglycemia during exercise: Causes
and prevention
As stated above, moderate exercise typically causes a decrease
in BG levels in individuals with T1DM, while a rise in glu-
cose concentration may occur with very intense exercise,
and, in some individuals, in particular circumstances (196).
For example, in individuals in poor metabolic control, exer-
cise can cause an additional increase in BG concentration
and ketoacidosis (26). The rise in BG is caused by exag-
gerated hepatic glucose production, facilitated primarily via
increased catecholamines and impairment in exercise-induced
glucose utilization (283, 284) (Fig. B). Hyperglycemia and
excessive ketosis during exercise are particularly undesirable
as they can cause dehydration and may decrease blood pH,
both of which impair exercise performance. Intense exercise

(i.e., >60-70% VO2max or >75-85% of maximal heart rate)
may particularly aggravate this condition, since increases in
catecholamines and glucocorticoids will further exaggerate
the elevations in BG concentrations and ketone production.
High-intensity exercise may be defined as activities above the
“lactate threshold,” which is approximately > 60% to 70%
VO2max or 85% to 90% maximal heart rate. This threshold
coincides with dramatic elevations in catecholamines, free
fatty acids, and ketone bodies, all of which impair muscle
glucose utilization (31). Even those individuals on intensive
insulin therapy may have increases in BG levels during and
after high-intensity exercise (203), likely due to a failure in
insulin release to offset the increases in counterregulatory
hormones (196). This rise in glycemia is usually transient
and tends to last only as long as there are elevations in
counterregulary hormones (i.e., 30-60 min). Although some
individuals can easily correct the elevations with an insulin
bolus at the end of vigorous exercise, particularly if they take
rapid-acting insulin analogues, others may be resistant to tak-
ing additional insulin following exercise, since there will be
greater risk of late-onset postexercise hypoglycemia in the
next several hours (particularly if the prior exercise bout was
>30 min) (156).

The psychological stress of competition via adrenergic
stimulation and increased catecholamines may also cause an
increase in BG concentration during sport. Those pursuing
vigorous aerobic exercise may find that on regular training or
practice days they become hypoglycemic, but on the day of
competition they develop hyperglycemia. Although empirical
data do not exist for patients with T1DM, excessive increases
in counterregulatory hormones likely occur just prior to exer-
cise, when anticipatory stress is high. As mentioned above,
the elevated levels of stress hormones (catecholamines and
cortisol) are known to increase hepatic glucose production
and decrease peripheral glucose uptake (196). In people with
diabetes, the body’s failure to compensate for the “stress”
associated with exercise by increasing insulin secretion make
them particularly susceptible to elevations in glycemia during
anaerobic activities (42, 129). Some patients may find this
hyperglycemic response to stressful competition frustrating,
particularly when they are participating in team sports that
necessitate breaks in play (e.g., baseball, basketball, and
hockey). In these instances, periods of physical inactivity
coupled with elevations in stress hormones may cause very
large increases in BG levels, particularly if the individual has
reduced their insulin dosage in anticipation of exercise. In
these individuals, the use of real time continuous glucose mon-
itors may be helpful (251). In these situations, small boluses
of rapid-acting insulin may be required to recover from hyper-
glycemia. Individuals may find that training or competing in
warm and humid environments also elevates BG levels, likely
because of excessive increases in circulating plasma cate-
cholamines, glucagon, cortisol, and growth hormone (GH)
(136) (while this is indeed a fairly common situation, sur-
prisingly very little has been published in this area in diabetic
subjects).
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Prior hyperglycemia: Increase inflammatory
status during subsequent exercise
A situation of special relevance for T1DM is the prolonged
effect of hyperglycemia on inflammatory status. It is now
well established, in fact, that hyperglycemia, whether acute
or chronic, in both healthy and diabetic individuals, is associ-
ated with increased inflammation, as reflected by activation of
immune cells and increased systemic concentrations of proin-
flammatory cytokines/chemokines (124, 215, 220). Impor-
tantly, this increase in inflammatory status appears not to be
confined to the duration of the hyperglycemic episodes, but
also to extend into the first several hours or days after hyper-
glycemia has been resolved (78, 262) . Therefore, if phys-
ical exercise, which already physiologically induces some
degree of proinflammatory activation, were to occur during
this phase of posthyperglycemic proinflammatory state, an
exaggerated inflammatory response to exercise may occur,
potentially reducing the beneficial effects of that exercise ses-
sion. While this concept seems reasonable, it is difficult to
exactly quantify the extent of this exaggerated inflammatory
effect with respect to the magnitude and duration of the prior
hyperglycemic episode(s). In a group of 28 T1DM children,
early morning hyperglycemia of up to 425 mg/dL has been
reported to cause roughly a doubling of the interleukin-6 (IL-
6) response to a standard exercise challenge performed later
on the same morning and at least 2 h after euglycemia had
been restored (111). Further, the IL-6 response to exercise
was also observed to become progressively greater (again
during euglycemic exercise performed at least 2 h after glu-
cose normalization) in a larger groups of T1DM youths,
proportionally to their average glycemia during the previ-
ous 3 days, as measured through a continuous glucose mon-
itor (261) (Fig. 5). Interestingly, in the latter study, it was
also observed that a “hierarchical” effect of prior hyper-
glycemia may be in place: while a higher mean glycemia
over the prior few days predicted a greater inflammatory
response during subsequent euglycemic exercise among sub-
jects with similar 3-day glycemia, a greater inflammatory
response to exercise occurred in those with greater hyper-
glycemia just a few hours before exercise. These findings may
have practical implication for everyday management of dia-
betes. Preventing hyperglycemia of any magnitude and dura-
tion remains the main target of T1DM treatment, and may
eliminate the excess inflammation during exercise as well.
Once the prior episode(s) of hyperglycemia have occurred,
however, (and this is unfortunately a daily occurrence even
in well-controlled patients), the subjects is left with three
options: (i) postpone or cancel the planned exercise activ-
ity until the proinflammatory effects have faded; (ii) perform
exercise in a proinflammatory status; (iii) reduce exercise-
associated inflammation via pharmacological means. As prior
hyperglycemia is not currently included in the contraindica-
tions to exercise, the second option is the norm. The addi-
tional possibility to administer anti-inflammatory medication
before exercise, when severely increased inflammation can

be expected, is not really part of current diabetes manage-
ment. In fact, anti-inflammatory therapy in diabetes in general,
(especially including the use of novel salicylate preparations)
(121), and not only in association with exercise, is the object
of both considerable interest and controversy, and varying
degrees of consensus exists on its efficacy and indications
(97, 122).

Hypoglycemia before, during, and after
exercise: Causes, prevention, and impaired
counterregulatory responses
Hypoglycemia, defined here as a drop of plasma glucose con-
centration below the physiological range, can occur for sev-
eral reasons, including the presence of a relative excess of
insulin, or an abrupt increase in peripheral uptake, such as
may occur when energy production suddenly increases in
the skeletal muscle performing intense exercise. In these cir-
cumstances, compensatory (counterregulatory) mechanisms
are triggered, so that frank hypoglycemia (under 60 mg/dL)
is prevented or reversed (57, 59). During physical exercise,
obtaining a given net amount of glucose transport across
the cell membrane of myocytes requires 30% to 50% less
insulin than in resting conditions, because a considerable frac-
tion of exercise-stimulated transmembrane glucose transport
occurs via noninsulin-dependent mechanisms (141). Pancre-
atic insulin secretion is, therefore, physiologically reduced
during exercise by a proportional amount, preventing glucose
lowering in the bloodstream below preexercise values (44).
The reduction in pancreatic insulin output is mediated via acti-
vation of α-adrenergic autonomic afferent pancreatic fibers
(196). Exercise also simultaneously triggers the release of
the major counterregulatory hormones glucagon, epinephrine,
norepinephrine, GH, and cortisol. Through various paral-
lel biochemical pathways (increased hepatic glycogenoly-
sis and gluconeogenesis, lipolysis from adipose tissue) these
molecules accelerate the mobilization of energy substrates
(66–68). Recently, in addition to the “classic” counterregula-
tory hormones cited above, evidence has also been accumu-
lating toward the potential counterregulatory effect of addi-
tional molecules, among which is notable IL-6, a cytokine
abundantly released by the exercising skeletal muscle in a
dose-dependent relation with the intensity of exercise (111,
280). Initially, this cytokine’s functions were mainly consid-
ered a proinflammatory mediator, but they are now believed
to include more complex immunomodulatory, even anti-
inflammatory, effects (231).

Alterations in both insulin regulation and counterregula-
tory responses during exercise may be present in patients with
T1DM. Reproducing the physiological drop in insulin levels,
for instance, may be problematic. Patients who inject insulin
via an insulin infusion pump can reduce the infusion rate
before or during exercise; this is not easy to do correctly, as
seemingly identical exercise conditions in different days may
result in different metabolic responses. If the insulin reduc-
tion is excessive, hyper-, rather than hypoglycemia, may in
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IL-6 levels at end exercise in 47 T1DM, subdivided in quartiles based on average glycemia

during prior 3 days; higher prior glycemia resulted in progressively greater IL-6 levels.  
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Figure 5 Increased inflammatory response to exercise in subjects with T1DM with worse glycemic control
over the previous 3 days (261). In 47 young adults with T1DM, the exercise-induced increase in interleukin-
6 (IL-6), a proinflammatory cytokine was progressively greater in subjects who had experienced higher
mean average glycemic values over the prior 3 days (A). When the same IL-6 responses were analyzed
based only on morning hyperglycemia on the day of the exercise challenge, the half of the subject with
higher morning glycemia had a greater IL-6 response that the lower half (B), but within each half a close
dose response was not observed. When the half with the highest morning hyperglycemia, however, was
resubdivided in two quarters based on prior 3-day glycemia, again a dose response with magnitude of
prior hyperglycemia became evident (C). Our data indicate that a hierarchical proinflammatory effect is
induced by prior hyperglycemia occurred at different times in the past: recent hyperglycemia seems to have
the strongest effect, but among subject with similar recent hyperglycemia, hyperglycemia occurred at an
earlier time seems to exert an additional proinflammatory reinforcement.
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fact occur, but many subjects prefer this risk (hyperglycemia
being asymptomatic unless really extreme) and actually
completely shut off their pump. Patients on multiple insulin
injections, including a long-acting component, on the other
hand cannot reduce their baseline insulin concentrations, and
are, therefore, likely to find themselves exposed to relative
hyperinsulinemia. Excessive glucose uptake from insulin-
sensitive tissues would then ensue, lowering glycemia too
rapidly; simultaneous, desuppression of endogenous glucose
production and free fatty acid mobilization, which are also
effects of lower insulin levels, would not occur, further
facilitating onset of hypoglycemia (44, 232). Occasionally,
the situation can be exacerbated by the fact that when
insulin is injected in areas close to the exercising muscle,
it is more rapidly absorbed (28). The result is a de facto
small insulin bolus, transiently increasing insulin levels
at exercise onset; hypoglycemia, sometimes severe, may
then occur.

Simultaneously with increased insulin absorption during
exercise (rather than the expected decrease), the activation of
counterregulatory hormones may also be impaired in T1DM
(37). In general, the release of major counterregulatory hor-
mones in response to exercise appears reduced in T1DM,
although the magnitude of attenuation and class of hormones
involved vary across studies (110, 296, 322) . This phe-
nomenon is completely parallel to the reduced counterreg-
ulatory response to hypoglycemia that occurs in T1DM, now
very well characterized (hypoglycemia-associate autonomic
failure, or HAAF) (58). HAAF also causes blunting of a num-
ber of symptom of neurogenic origin (anxiety, sensation of
hunger, sweating, palpitations, etc.), mediated by the sympa-
thoadrenal effects of epinephrine (148). Exercise and hypo-
glycemia, therefore, share a number of adaptive hormonal
and autonomic pathways that can become similarly altered
in T1DM, with important related implications in every-day
management.

In this context, glucagon behaves differently than other
counterregulatory hormones. The ability to increase secretion
of this hormone in response to hypoglycemia is in fact per-
manently and completely abolished in T1DM 2 to 4 years
after disease onset (114, 266). In the nondiabetic, glucagon
secretion during hypoglycemia can only be triggered if the
low BG level is accompanied by concomitant low insulin
(23) (when glucose drop, insulin secretion is reduced to pre-
vent further progression of hypoglycemia). In T1DM, how-
ever, hypoglycemia is caused by excessive exogenous insulin
administration, meaning that the pancreatic α-cell is pre-
sented with low glycemia but high insulinemia, which blocks
glucagon release. In animal models of T1DM, in fact, the
loss of glucagon response to hypoglycemia is restored with
hypoglycemia induced with AICAR and phlorizin, instead of
exogenous insulin (24, 199). Unlike islet β-cells, however,
which in T1DM are irreversibly lost, pancreatic α-cells are
preserved, and in fact maintain the ability to secrete glucagon,
and even to increase the rate of glucagon secretion in response
to stimuli other than hypoglycemia. Importantly, the ability

to increase glucagon secretion is maintained in response to
physical exercise (30).

At this point, it may be helpful to clarify that alterations
in counterregulatory responses to exercise in T1DM are fun-
damentally of two types: transient (reversible) and perma-
nent (irreversible). The two “first-line” hormones, account-
ing for most of counterregulatory effects during the first 60
to 90 min after hypoglycemia or exercise have started, are
epinephrine and glucagon. A common complication of long-
standing, poorly controlled diabetes is autonomic neuropathy,
which is often associated with a progressive attenuation, or
even a complete suppression, of the catecholamine response
to stress (59). While this, like other diabetic complications,
can be avoided with consistently optimal glycemic control
(299), once established it is irreversible, practically eliminat-
ing early counterregulation to hypoglycemia, and leaving the
burden of early counterregulation to exercise onto glucagon
alone.

Independent of the presence of autonomic dysfunction,
counterregulatory responses can become transiently attenu-
ated, or even abolished, following certain blunting stimuli.
A study on young T1DM subjects of both genders, (106),
for instance, reported that after several days of very tight
glycemic control, prolonged, submaximal exercise resulted in
glucagon, epinephrine, and other counterregulatory responses
indistinguishable from those at of age-matched, healthy
subjects. If the very same subjects, however, performed an
identical exercise challenge after having been exposed to 4 h
of hypoglycemia of ∼ 50 mg/dL, their glucagon response to
exercise was completely suppressed, while the epinephrine
response was cut in half. Exercise-induced changes of other
counterregulatory hormones, as well as tracer-determined
endogenous glucose production and lipolysis, were also
significantly blunted. Prior hypoglycemia has also been
demonstrated to exert a similar blunting effect even in non-
diabetic subjects (61). Further, the magnitude of the blunting
follows a clear dose-dependent pattern with the depth of
antecedent hypoglycemia. A separate study, again in T1DM
patients, reported how antecedent prolonged hypoglycemia
of 70, 60, or 50 mg/dL, suppressed the glucagon response
to subsequent exercise by 40%, 60%, and 95%, respectively
(109) (Fig. 6). It should be noted that in these experiments the
blunting stimulus (prior hypoglycemia) occurred between 10
am and 4 pm of 1 day, while the actual blunting of exercise
responses occurred in the morning of the following day,
that is, ∼ 16 h after prior hypoglycemia had been resolved.
While complete data about the duration of this effect are not
available, it is believed that the counterregulatory responses
would become progressively less blunted, and eventually
fully recovered, within a few days, if no additional blunting
event occurs. Unfortunately, the reality of T1DM glycemic
management is that recurrent, often profound episodes of
hypoglycemia are common, and paradoxically even more so
among those patients who maintain close-to normal values
of HbA1c (an index of long-term glucose control) through
aggressive insulin regimens (299). To add another layer of
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Figure 6 Blunted counterregulatory responses to exercise in a group of 16 patients with T1DM during
a 2-day controlled study (109). On day 1, subjects were exposed to 4 h (two 2-h blocks) of hypoglycemia
of varying depth, and on day 2 they exercise in euglycemic conditions. While in all experiments, when
exercise started, prior hypoglycemia had been corrected for at least 16 h, a dose-response blunting
of major counterregulatory response to exercise occurred, proportional to the depth of hypoglycemia
experienced the day before.
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IL-6 levels at end exercise in 47 T1DM, subdivided in quartiles based on average glycemia

during prior 3 days; higher prior glycemia resulted in progressively greater IL-6 levels.  
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Figure 6 (Continued)

complexity, exercise itself may act as an antecedent blunting
stimulus. Studies measuring counterregulatory response to
repeated exercise challenges have reported that during later
exercise bouts, counterregulation was impaired, even if hypo-
glycemia was not allowed to occur by supplementing glucose
(105). In real-life terms, this means that any hypoglycemic
episode in T1DM generates a time window of susceptibility
during which more hypoglycemia may occur more easily,
either through a slight excess in insulin or with exercise,

practically establishing a vicious cycle leading to more and
more hypoglycemia (303).

So far, we have only addressed prior hyperglycemia
and hypoglycemia occurring during exercise; the increased
susceptibility to hypoglycemia, however, extends well
after exercise cessation. In fact, exercise has been clearly
shown to blunt counterregulatory responses to hypoglycemia
induced via insulin infusion the next day (270), in a reversal
of the sequence of events described above. In the hours
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following exercise, especially if it was prolonged and
intense, insulin sensitivity is increased and the need to
replenish exhausted muscle glycogen reserves shift the
greater part of whole body glucose uptake toward the skeletal
muscle (35), increasing the likelihood of an hypoglycemic
episode. Importantly, counterregulatory responses are also
physiologically attenuated during sleep (53); therefore,
a “second peak” of incidence of hypoglycemia has been
regularly observed during the night following exercise
activities (2, 170, 303), particularly between midnight and
4 am (201).

Due to the variety and instability of factors influencing the
characteristics of exercise-associated hypoglycemia, its clini-
cal management is often difficult (128). The main approaches
include empirical adjustment of insulin administration (103,
271, 304), and supplementations of carbohydrate-rich drinks
and snacks at critical times before, during, and after exercise
(252, 255, 271). Recently, a novel concept has also been
proposed to offset the prohypoglycemic effects of some
exercise formats (prolonged, moderate intensity exercise)
by incorporating some brief, very intense bouts which, if
isolated, would have a prohyperglycemic effect. By adding
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intense exercise bouts as short as 10 s to a standard sport
training session, in fact, an Australian group has recently
demonstrated that postexercise hypoglycemic hypoglycemia
could be dramatically reduced (42, 129, 129). Taken together,
these several lines of evidence underscore the complexity of
the decision process relative to the prevention of exercise-
associated hypoglycemia, which should take into account,
in addition to subject’s metabolic conditions at the time of
exercise, also careful consideration of stressful events during
the preceding 24 to 48 h, as these may significantly affect
the characteristics and efficacy of the response to subsequent
exercise challenges. Greater details on specific management
issues relating to exercise-associated hypoglycemia are
available in specialty publications, such as the Clinical

Practice Consensus Guidelines of the International Society
for Pediatric and Adolescents Diabetes (259).

Specific Issues Associated with
Exercise and Diabetes
Growth factor responses to exercise in the type
1 diabetic child
Among the multiple synchronous hormonal responses to exer-
cise is an acute increase in growth factors, especially GH. The
notion that physical exercise is a potent stimulus for the secre-
tion of GH has been established since the 1963 classic paper
by Roth et al. (267), and later characterized in detail by a
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considerable number of experiments. It is now clear that GH
levels begin increasing as early as 10 min after exercise onset,
and keep increasing until or shortly after exercise is termi-
nated (188, 246, 316). While virtually all types of exercise
result in some degree of activation of GH secretion, the actual
magnitude of this response has been shown to be directly pro-
portional to the intensity and duration of exercise (90, 95, 139,
192, 216,217, 236, 288, 294, 328), as well as being influenced
by the type of physical activity (126, 133, 134, 167, 180–182,
245, 308). Further, the magnitude of the GH response appears
enhanced by greater fitness (131, 150, 192, 295), and reduced
by age (131, 150, 333), greater BMI (165, 309, 310) and
colder temperature (115), while exercising at different times
during the day seems to exert little or no effect (166).

The metabolic implications of the growth factor response
to exercise are substantially different between adults, in whom
this is mostly considered one of several responses regulating
carbohydrate availability, and in children, in whom it also
plays an essential role in the modulation of physiological
growth and development.

In fact, in children, physical activity occurs spontaneously,
continuously and repeatedly, and is often of relatively high
intensity, the constant exercise-induced stimulation of the
GH->IGF-1 axis during childhood is increasingly seen as
a necessary component of balanced and effective growth pro-
cesses (52). In animal models, early-life rate of growth is
significantly enhanced by physical activity, in parallel with
greater GH pulse frequency and amplitude (164). In humans,
lack of physical activity early in life has been associated with
inadequate bone mineralization (208) and sarcopenia later in
life (268). Insufficient activation of the GH->IGF-1 axis dur-
ing critical periods of growth and development, on the other
hand, has been associated with impaired bone elongation and
muscle growth (64, 219). Additional evidence tying the effects
of exercise and the GH->IGF-1 axis on the modulation of
growth and development is provided by the close correlation
existing between levels of these hormones, muscle mass and
fitness in children, adolescents, and adults (79, 234, 302).

In children with T1DM, the GH responses to exercise are
particularly important, as in this group of patients not only
widespread alterations in exercise responses are systemati-
cally present, but also, independent of exercise, the action of
the GH->IGF-1 axis is altered as an intrinsic feature of the
disease (149, 191, 297).

In T1DM, when hypoglycemia occurs in the hours
preceding exercise (even if it is corrected by the time exercise
starts), a number of responses are markedly blunted, decreas-
ing the body’s ability to match the increased need for energy
substrates (glucose, free fatty acids) (58, 274). This effect
has been demonstrated to be clearly dose dependent, and
therefore, more pronounced when the depth of hypoglycemia
reaches 40 to 50 mg/dL (108). The GH response to exercise is
one of the most clearly blunted by prior hypoglycemia. Four
hours of prior hypoglycemia of ∼ 50 mg/dL, for instance
(divided in two 2-h blocks separated by 2 h of rest) have been
shown to markedly suppress the GH response to subsequent,

submaximal exercise (90 min of constant load cycling at
about 60% of maximal aerobic capacity) in healthy young
adults of average fitness (61). It should be noted that in these
healthy subjects, hypoglycemia of this depth (which during
the experiments was induced via supraphysiological infusion
of exogenous insulin) is unlikely to ever occur in real-life
situations. This level of hypoglycemia, however, (and
unfortunately often even deeper), is a frequent, unwelcome
accompanying event of insulin therapy in diabetic patients
(especially T1DM), and when studies similar to the one
reported above were performed in populations of type 1
diabetic patients, a widespread blunting of adaptive responses
to exercise, including the GH response, was confirmed fol-
lowing prior hypoglycemia (106), again in a dose dependent
fashion (108). Considering that hypoglycemia in many dia-
betic patients occurs almost daily, and that they still engage
in repeated, often competitive physical and sports activities,
these data indicate that the exercise-induced GH peaks are
most likely systematically reduced in T1DM children.

An additional level of complication is induced by the
fact that subjects with T1DM, in the attempt to avoid car-
bohydrates in their meals, often end up significantly increas-
ing consumption of fat-rich nutrients. This, however, may in
fact exert the effect of transiently worsening glycemic con-
trol, as hyperlipidemia, even brief, acutely induces insulin
resistance, allowing even small amounts of ingested carbo-
hydrates to cause hyperglycemia. Further, if the fat-rich meal
is ingested before exercising, it may independently suppress
the GH response to exercise. This was first demonstrated in a
paper published in 1994 (45), showing that the GH response
to exercise in a group of healthy male subjects is influenced
by dietary composition of a meal. In that study, the format of
exercise was 10 min of strenuous exertion on a cycle ergome-
ter, and the meal was ingested 45 min before exercise. Follow-
ing both a noncaloric placebo meal and a carbohydrate rich
meal, a similar, robust GH response was observed; following
exercise, GH concentrations remained elevated well above
baseline for at least 1 h. After ingestion of the high-fat meal,
however, the GH response to exercise was reduced by over
50%. The physiological implications of this finding, in adults,
may be restricted to the modulation of the glucoregulatory
function of GH in response to exercise and other stresses. In
children, however, its implications may be considerably more
complex, extending to the regulation of growth and develop-
ment. The above phenomenon, therefore, may have particular
relevance for pediatric subjects. It was not until 2006, how-
ever, that this observation was confirmed in children (104).
In this report, 12 children (6 males/6 females) performed
30 min of intermittent, intense cycling exercise (10 repeats of
2-min cycling bouts at 80% of their predetermined maximal
aerobic capacity, separated by 1 min intervals), 45 min after
ingestion of either a noncaloric placebo or a semiliquid meal
containing 0.8 g of fat per kg of body weight. Similar to the
observations in adults, after lipid ingestion the GH response
to exercise was blunted by ∼ 40%. We believe the real-life
implications of these findings to be self-evident. The design
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of the latter study, in fact, was created to simulate ingestion
of a “fast food” meal on the way to a sports practice—an all-
too-common scenario in western societies—and the results
underscore the profound impact that acquired habits (i.e.,
excessive fat consumption) may have on otherwise healthy
activities (as physical exercise is expected to induce, propor-
tional to its intensity, up to a ∼20-fold increase in resting GH
concentrations) (236). In a separate set of experiments, based
on the rationale that despite lower IGF-1 concentrations GH
levels have been reported to be elevated in T1DM (149, 191,
297), the GH response to a similar exercise challenge in a
group of 12 children with this condition was studied. Indeed,
while in our experimental conditions pre- and end-exercise
GH concentrations were similar in healthy and T1DM chil-
dren, in the postexercise state GH concentrations in diabetic
children remained significantly elevated above baseline for at
least 30 min (+ 9±2 μg/L) while returning to close to baseline
levels in controls (+ 3±1 μg/L) (110). Importantly, it should
be noted that inflammatory and oxidative mediator response
(which may be exaggerated in T1DM) are closely networked
to growth factor responses. Several cytokines, for instance,
can inhibit the anabolic activities of the GH→IGF-I axis by
decreasing hepatic GH sensitivity (7, 86), possibly reducing
hepatic IGF-I production and altering its downstream effects
on physiological growth (63). Despite these numerous obser-
vations, the collective effect of altered growth factor signaling
during exercise in T1DM is still incompletely defined, further
underscoring the importance to fully understand all exercise-
associated molecular and biochemical adaptive mechanism.

Exercise-Associated Mechanisms
Regulating the Pathogenesis of
Cardiovascular Disease
Inflammation and oxidative stress in type 1
diabetics
Numerous studies in T1DM patients report elevated circulat-
ing inflammatory and oxidative stress markers (69, 82, 110,
116, 206, 220, 298). While part of this proinflammatory sta-
tus is considered by some an intrinsic component of diabetes,
that is, regardless of glycemic control at any given time, broad
consensus now exists on the concept that hyperglycemia has
a major role in perpetuating and exacerbating inflammatory
and oxidative processes.

Oxidative stress is defined as an imbalance between
production of reactive oxygen species (ROS) and antioxidant
defenses. During mitochondrial respiration, 0.4 to 4% of
consumed O2 is converted to the free radical superoxide
(•O2

−) (38) which generates ROS and reactive nitrogen
species (RNS). With inadequate antioxidant defenses, an
excess of highly reactive hydroxyls, peroxyls, and hydroper-
oxyls is generated, that can damage functional molecules,
cells, and tissues. Oxidative stress damage is mediated via
several mechanisms, the most important of which is probably
the activation of stress-sensitive signaling pathways such as

the NF-κB, regulating expression of genes encoding vascular
growth factors (VEGFs), inflammatory cytokines, adhesion
molecules and receptor for advanced glycation end-products
(84). In this respect, oxidative stress may be seen as one of the
mechanisms activating systemic inflammation, paralleling
other inflammatory stimuli in the common downstream
effects of micro- and macrovascular damage.

Even in nondiabetic subjects, transient hyperglycemia
can acutely increase systemic biomarkers of oxidative
stress (F2-isoprostanes) (269) and inflammation (83). Four
distinct biochemical pathways have been identified linking
hyperglycemia in the diabetic to the development of micro-
and macrovascular complications, through the activation of
inflammatory and oxidative mediators (40): increased polyol
pathway flux (4, 81, 113, 127, 189), increased intracellular
formation of advanced glycation end-products (6, 74, 174,
272, 287, 317), activation of protein kinases (233, 329, 331),
and increased flux through the hexosamine pathway (140,
177, 197).

A unifying underlying cause for alteration of all four of
the above pathways is now believed to be hyperglycemia-
induced overproduction of superoxide by the mitochondrial
electron transport chain (75, 222). Several downstream
effects ensue, including: different degrees of further ROS
and RNS production, with potential direct tissue damage
and indirect inflammatory activation; vasomotor activity,
vascular permeability and contractility, extracellular matrix
composition, cell growth, angiogenesis, cytokine action, and
leukocyte adhesion, all of which are altered in diabetes (172,
244). In particular, several components of atherogenesis are
enhanced in diabetic patients, including activation of tran-
scription factors stimulating expression of proinflammatory
cytokines (9, 242, 265); activation of vascular endothelium
with expression of adhesion molecules (VCAM-1, ICAM-1,
selectins), leukocyte recruitment and activation (292);
secretion of chemoattractant molecules (IL-8, MCP-1) (30);
penetration across the vascular wall of monocytes and their
transformation to macrophages; overexpression of proathero-
genic receptors and ligands (CD40, CD44); overexpression
of heat shock proteins which, via binding to the TLR4/CD14
complex, further activate NF-κB-mediated proinflammatory
cytokine secretion (71). This overview of the complex
pattern of molecular interactions that lead to micro- and
macrovascular damage in diabetes, although somewhat
simplified for the purposes of this review, underscores the
concept that a varying degree of activation of inflammatory
and oxidative mechanisms is almost invariably present
in the diabetic patient, and that a very close relationship
exists between the biochemical alterations listed above and
magnitude, duration, and frequency of hyperglycemia.

Inflammation, oxidative stress, and exercise
in type 1 diabetics
Physical exercise has been long identified as a critical modu-
lator of coordinated inflammatory and oxidative processes. A
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prolonged regimen of exercise appears to reduce, at least in
healthy individuals, basal oxidative and inflammatory status,
by reducing circulating inflammatory cytokines and increas-
ing antioxidant enzymes (85, 99, 152, 205, 276). This pro-
cess, modulated by exercise intensity and individual fitness
level (80, 85, 152, 154, 202, 205, 276, 300), is now believed
to be the main determinant of exercise’s long-term protec-
tion against cardiovascular disease. Prolonged exercise regi-
mens, however, are composed of individual exercise sessions
each inducing, paradoxically, a proinflammatory, oxidative
stimulus.

A key concept that has emerged in recent years is in
fact that acute exercise, even in healthy people, leads to a
robust inflammatory response characterized by mobilization
of leukocytes (even for bouts as short as 6 min) (273) and
increases in circulating potent inflammatory mediators like
TNF-α, IL-1 β, IL-6, IL-8, IL-10, IL-1Ra, GCSF, TNF-
R1 (218, 229, 334). This response is reproducible, dose
dependent, and occurs in all age groups (230). After exer-
cise is stopped, peripheral blood mononuclear cells (PBMCs)
decrease immediately, while neutrophils (PMNs) remain ele-
vated for up to several hours (221). This may be important, as
while for many years PBMCs had been considered the only
blood cells responsible for de novo synthesis of polypeptide
mediators, in PMNs an inducible increase in the secretion of
proinflammatory cytokines (TNF-α, IL-1β), CC, and CXC
chemokines (IL-8, IL-10, MIP-1α) and angiogenic factors
such as VEGF (168) have been demonstrated in response to a
variety of stimuli, with regulatory input by circulating IFN-γ ,
IL-4, IL-10, and IL-13. Further, we now also know that the
exercise-induced leukocytosis is accompanied by changes in
gene expression (93, 138). A 30-min bout of heavy exer-
cise significantly altered the expression of hundreds of genes
both in PBMCs (8) and PMNs (239) in young adults and chil-
dren (240), including proinflammatory and anti-inflammatory
genes, growth factors (EREG, ERG-1, and ECGF1), cytokine
binding molecules and receptors, the HSP family, as well as
genes regulating apoptosis. These critical circulating immune
cells and inflammatory mediators undergo some degree of
activation even with physical exertions of short duration and
low intensity, leading to the belief that this activation is phys-
iologically expected to happen repeatedly and frequently in
everyday life (53). As exercise increases O2 flow through the
mitochondria, ROS production is increased and acute oxida-
tive stress is induced (22, 120, 276, 301), proportionally to the
intensity of exercise, (72, 112, 276, 313, 314). In the physio-
logical state, however, the inflammatory and oxidative path-
ways triggered by exercise are balanced by adequate antiox-
idant mechanisms limiting their potential damage (159, 237,
275), and allowing the long-term beneficial effects of exercise
to manifest.

This apparently paradoxical dichotomy between acute
proinflammatory/oxidative and long-term protective effects
of exercise may be a crucial issue in T1DM, in whom,
as described above, inflammatory and oxidative status may
already be persistently altered (210, 238), as well as undergo

periodic exacerbation related to recurrent hyperglycemia
(96, 262, 312). As a logical consequence, inappropriate
inflammatory/oxidative responses to exercise may result. We
have already discussed how prior hyperglycemic fluctuations
may affect the inflammatory IL-6 response to subsequent
exercise (111, 261). Further characterization of inflamma-
tory/oxidative response to exercise in T1DM, however, has
been attempted in surprisingly few studies. IL-6 is higher in
T1DM children than in healthy controls before, during, and
30 min after exercise (12), and studies in a rodent model of
T1DM, as well as in adult human patients, revealed exagger-
ated oxidative marker responses to various formats of exer-
cise (62, 285). Along with the majority of exercise studies
in general, these reports were limited to pre- and postexer-
cise measurements of pertinent variables, while very little
information exists on serial measurements of inflammatory
mediators during exercise. In fact, to date, only one report has
appeared displaying the kinetic profiles (measurements taken
at 6 min intervals) of a panel of pro- and anti-inflammatory
cytokines in T1DM children, during 30 min of intermit-
tent exercise. Compared to healthy children (263), exercise-
induced changes of several key cytokines were greater and
occurred earlier in T1DM (264). Finally, a single study has
been published (162) comparing cytokine responses during
euglycemic versus hyperglycemic otherwise identical exer-
cise in T1DM; in this study, the IL-6 response was actually
lower with hyperglycemia, confirming similar prior data in
healthy controls (91).

We would like to make it absolutely clear, however, that
physical activity remains a major mechanism in T1DM to
increase overall well being and reduce the likelihood of devel-
oping long-term vascular complications (46, 114, 327). The
exaggerated proinflammatory effects reviewed above, there-
fore, do not render exercise harmful in T1DM, but somewhat
reduce the overall beneficial health effect. Rather than avoid-
ing exercise, particular attention should be placed in under-
standing what exercise types and durations are likely to pre-
serve the greatest degree of cardiovascular protection despite
the apparent increase in proinflammatory mechanisms. To
this end, more extensive studies clarifying the physiological
and molecular basis of exercise adaptive responses, and their
possible alterations in diabetes, are imperative.

Summary and Conclusions
Physical exercise is highly recommended in subjects with
T1DM for its numerous beneficial health effects, among
which the prevention of long-term cardiovascular complica-
tions is paramount. Numerous issues, however, render the
systematic implementations of effective exercise strategies
complicated in these patients; in fact, in subjects with chron-
ically poorly controlled disease, characteristic muscle tis-
sue changes occur, identified by some as specific form of
myopathy. Even in relatively well-controlled subjects the
marked alterations in carbohydrate metabolism associated
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with diabetes may cause the frequent occurrence of both
hypo- or hyperglycemic episodes during and after exercise.
These episodes are often caused by inappropriate dosage
of insulin that patients inject multiple times per day. Fur-
ther, the “metabolic memory” of prior episodes of hypo-
or hyperglycemia can affect exercise response during exer-
cise occurring hours or days after the episode was resolved.
In addition to glycemic regulation, other adaptive response
to exercise that may be altered are the secretion of inflam-
matory/oxidative factors, now considered a key component
of exercise-associated cardio-protection, and the secretion of
growth factors, especially important in still-growing T1DM
youths. Many of these alterations can now be effectively pre-
vented or managed by a combination of optimal glycemic
control, empirical adjustments of insulin administration at the
time of exercise, and ingestion of carbohydrate supplements
tailored to the type, intensity, and duration of the exercise
activity. It is important to stress that collectively, the many
possible alterations in exercise responses that may occur in
T1DM do not render this activity harmful, but at worst reduce
its full beneficial health effects.
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