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Abstract Type 1 diabetes is characterised by immune-
mediated destruction of insulin-producing beta cells. Signifi-
cant beta cell function is usually present at the time of diag-
nosis with type 1 diabetes, and preservation of this function
has important clinical benefits. The last 30 years have seen a
number of largely unsuccessful trials for beta cell preserva-
tion, some of which have been of therapies that have potential
for significant harm. There is a need to explore new, more
tolerable approaches to preserving beta cell function that can
be implemented on a large clinical scale. Here we review the
evidence for physical exercise as a therapy for the preservation
of beta cell function in patients with newly diagnosed type 1
diabetes. We highlight possible mechanisms by which

exercise could preserve beta cell function and then present
evidence from other models of diabetes that demonstrate that
exercise preserves beta cell function. We conclude by propos-
ing that there is now a need for studies to explore whether
exercise can preserve beta cell in patients newly diagnosed
with type 1 diabetes.
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Abbreviations
GH Growth hormone
GLP-1 Glucagon-like peptide-1
GSIS Glucose-stimulated insulin secretion
IL-1ra IL-1 receptor agonist
Px Pancreatectomised
STRRIDE Studies of a Targeted Risk Reduction

Intervention through Defined Exercise
STZ Streptozotocin
TLR Toll-like receptor
ZDF Zucker diabetic fatty

Introduction

Type 1 diabetes is a chronic inflammatory autoimmune dis-
ease characterised by destruction of insulin-producing beta
cells and subsequent insulin deficiency [1]. The loss of beta
cells that results in type 1 diabetes is gradual, such that half the
beta cell function can be viable at the time a patient presents
clinically with the symptoms of type 1 diabetes [2].Whilst it is
generally assumed that residual beta cells are completely
destroyed after diagnosis, studies now indicate that these cells
persist over the long term [3].
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The preservation of residual beta cell function has important
clinical benefits. A meal-stimulated C-peptide value of
>200 pmol/l is associated with improved glucose control for
the first 4 years after diagnosis, reduced risk of developing
retinopathy and nephropathy, and a >50% reduction in the rates
of hypoglycaemia [4]. These benefits are clinically significant.
Interventions that have the potential to preserve beta cell func-
tion are well worth striving for because they should lead to
better early control and reduced incidence of complications.

With this in mind, a number of studies over the past
30 years have attempted to preserve beta cell function in
patients with type 1 diabetes [5]. Many of these trialled agents
act through ‘suppressing’ the inflammatory autoimmune pro-
cess that targets the beta cell. Side effects of immune suppres-
sion can include cancer and re-activation of previous infection
[6, 7]. Furthermore, these therapies have yet to demonstrate
long-term and meaningful clinical benefit. The reasons for the
failure of these therapies have been reviewed elsewhere [8]
and are not the subject of this article. Whilst there is a clear
need to continue investigating such novel therapies, there is
also a pressing need to examine new therapies with an accept-
able side-effect profile that could potentially be used as an
adjunct to the novel medicinal products under investigation.

In this ‘For debate’ article, we put forward a case for
physical exercise being such a therapy, and one that should
now be tested in clinical trials.

Search strategy

We searched the Cochrane Library (2009–2014) and
MEDLINE (2009–2014). We used the search terms ‘beta
cell’, and ‘exercise’. In Medline, ‘beta cell’ encompassed
diabetes mellitus, type 2/ or glucose/ or diabetes mellitus, type
1/ or pancreas/ or insulin/ or rats/ or insulin-secreting cells/ or
diabetes mellitus/ or islets of Langerhans/ orMice/ resulting in
459747 results. In Medline. ‘exercise’ [metabolism, physiol-
ogy] resulted in 8199 results. Together, these searches resulted
in 706 articles since 2009. These articles were reviewed by P.
Narendran, and initial selection for inclusion based on title and
abstract. We did not exclude commonly referenced and rele-
vant older publications from outside this time period. We also
searched the reference lists of articles identified by this search
strategy and selected those we judged relevant. Review arti-
cles and book chapters are cited to provide readers with more
details and more references than this review has room for.

What are the mechanisms through which exercise might
preserve beta cell mass?

Beta cell mass could potentially be preserved through two
broad mechanisms: beta cell proliferation and reduced beta

cell death. Evidence from in vitro and rodent studies suggests
that exercise has the potential to affect both of these mecha-
nisms (Fig. 1).

Exercise and beta cell proliferation Physical exercise elicits
marked elevations in circulating levels of growth hormone
(GH), IGF-1, glucagon-like peptide 1 (GLP-1), IL-6 and IL-1
receptor agonist (IL-1ra), all of which are thought to have a
positive effect on beta cell mass. For example, GH increases
beta cell proliferation in vitro [9] and protects beta cell lines
against IL-1β-, IFN-γ- and TNF-α-induced apoptotic cell
death [10]. Increased IGF-1 signalling is thought to play a
role in the increase in beta cell mass seen with exercise in 90%
pancreatectomised (Px) rats [11, 12]. IL-6, which is increased
during exercise and elicits the increased circulating levels of
GLP-1 during exercise, has an indirect effects on beta cell
proliferation via GLP-1 [13]. In addition, in 90% Px rats,
exendin-4 (a GLP-1 receptor agonist) increases beta cell mass
by enhancing islet IRS-1 expression via activation of cAMP
response element-binding protein (CREB), and increased ex-
pression of pancreatic and duodenal homeobox 1 (PDX-1),
the transcription factor involved in beta cell proliferation [11].
Finally, IL-1ra, which is increased in the circulation following
exercise [14], likely as a secondary consequence of increased
IL-6 [15], antagonises the effects of IL-1β, which is one of the
central initiators of proinflammatory mechanisms because it
initiates apoptotic beta cell death in both type 1 and type 2
diabetes. Accordingly, randomised controlled trials using
either recombinant human IL-1ra drugs (anakinra) or spe-
cific IL-1β antibody drugs (gevokizumab) have shown
promise for the treatment of both type 1 and type 2
diabetes [16, 17].

Exercise and reduction in beta cell death A number of mech-
anisms have been proposed. First, exercise reduces visceral fat
mass, a source of fat derived cytokines (adipokines).
Adipokines such as leptin and TNF-α have a proinflammatory
effect, and others such as adiponectin have an anti-
inflammatory effect [18]. Exercise decreases circulating con-
centrations of leptin and TNF-α, and increases circulating
adiponectin [19]. Switching the cytokine environment to an
anti-inflammatory profile could potentially modulate the im-
mune response that leads to beta cell destruction in type 1
diabetes. Work in our laboratory has also demonstrated that
the expression of adiponectin receptors by peripheral blood
immune cells is reduced in patients with type 1 diabetes [20].
This reduction in receptor expression releases effector T cells
from the anti-inflammatory effects of adiponectin, resulting in
a proinflammatory response to beta cell antigen. We have
further demonstrated that exercise increases the expression
of adiponectin receptors, providing a potential mechanism
whereby exercise can directly reduce T cell responses to the
pancreatic islet in an antigen-specific manner.
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Second, exercise modulates innate immunity by reducing
the expression of Toll-like receptors (TLR, particularly TLR4)
on monocyte/macrophage immune cells [21]. This results in a
reduction in expression of MHC class II and co-stimulatory
molecules required for antigen presentation [22], and provides
a mechanism whereby destructive immune responses to the
beta cell can be modulated.

Finally, exercise helps to normalise plasma glucose [23] and
serum lipids [24] in individuals with, or at risk of, diabetes.
These factors when chronically elevated are known to cause
beta cell death. This is important because chronic exposure of
human islets to hyperglycaemia induces inflammation (in-
creased IL-1β expression), impairs glucose-stimulated insulin
secretion, and augments beta cell apoptosis [25]. Normalising
plasma glucose in diabetic patients using intensive insulin
treatment increases both glucose-stimulated insulin secretion
(GSIS) [26] and GLP-1-induced potentiation of GSIS [27].
Similarly, prolonged lipid infusion has been associated with a
reduction in insulin secretion in both animal models and
healthy humans [28, 29]. Chronic exposure of beta cells to
NEFA impairs insulin secretion and induces beta cell apoptosis
[30]. Clinically, trials of lipid-lowering therapy for the preser-
vation of beta cell function have shown some benefit in pa-
tients with markers of residual systemic inflammation [31].

What is the evidence for physical exercise preserving beta
cell mass and function in non-humans?

Rodent models of type 1 diabetes can be generated in a
number of ways. One is to ablate beta cells using a beta cell
toxic agent such as streptozotocin (STZ). When initiated
4 weeks prior to STZ treatment in rats, exercise training
preserved beta cell number and increased beta cell insulin
content [32]. Furthermore in a study by Huang et al, while
exercise did not improve islet diameter or beta cell mass, islet
insulin content and insulin secretion was greater in exercised
vs sedentary STZ-induced diabetic mice [33]. Px models of
type 1 diabetes have also been examined. Shima et al showed
that although exercise training failed to improve beta cell
proliferation in 70% Px rats, the mass of insulin per beta cell
increased [34]. Choi and colleagues reported that training
enhanced beta cell proliferation and mass in 90% Px rats
[11]. This finding was supported by Park et al, who demon-
strated that training prevented the decline in first-phase insulin
secretion in perfused islets and increased beta cell mass (via
increased proliferation and reduced apoptosis) from high-fat-
fed 90% Px rats [12]. The increase in insulin-positive cells
measured by immunohistochemistry reported across these
studies varied from 20 to 50%.

Exercise

GH

IL-6
IGF-1

GLP-1
IL-1ra

Increased hormone/cytokine levels

TNF-α

Changes in inflammatory markers

Leptin
Adiponectin
+ receptors

Decreased glucose
Decreased lipids

TLR4

Adipose tissue
macrophage

switching

Change in immunity

Stimulated growth Reduced cell death

Increased insulin
secretion 

?

Fig. 1 Potential mechanisms through which exercise could improve beta
cell mass and/or function. Several metabolites and endocrine signals are
increased in the circulation during or following exercise. We have iden-
tified a short list of these compounds that have documented beneficial

effects on beta cell mass and/or function.We have included the speculated
beneficial effects of exercise on reducing glucolipotoxicity on beta cell
mass and/or function
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The Zucker diabetic fatty (ZDF) rat model of type 2 diabe-
tes has also provided evidence for a beneficial effect of train-
ing on beta cell mass. Pold et al showed that chronic 5' AMP-
activated protein kinase (AMPK) activation through exercise
in 5-week-old ZDF rats led to near normalised beta cell
morphology with increased beta cell mass and normal staining
for insulin [35]. The same effects of exercise were demon-
strated by Király et al [36], who conducted a study showing
that exercise training in 6-week-old ZDF rats led to an in-
crease in insulin secretory function as well as increased beta
cell proliferation [37]. In addition to these effects on beta cell
mass, a more recent study has demonstrated that voluntary
running prevents diabetes in ZDF rats by sustaining beta cell
compensation for insulin resistance with preserved islet insu-
lin mRNA and protein levels [38]. Further evidence comes
from the finding that treadmill exercise from weeks 5 to 9 of
age in growth-retarded litter offspring led to a ~60% restora-
tion of islet surface area and beta cell mass [39].

What is the most appropriate way to estimate beta cell
function in the context of exercise in patients
with diabetes?

Prior to examining the evidence for exercise preserving beta
cell mass in humans, we first need to establish outcomes. Beta
cell mass cannot be directly measured in humans. However, in
most situations beta cell function can be accurately estimated
through measurement of either insulin or, more appropriately,
C-peptide, a component of the pre-insulin molecule [40]. At
present, the most accurate approach for estimating beta cell
function is through glucose clamping techniques. However,
clamps are logistically and methodologically complex and are
therefore impractical for large clinical trials. Instead, C-
peptide response to standard hyperglycaemic stimuli, calcu-
lated as ‘area under the curve’, is the recommended approach
for monitoring therapy in clinical trials of beta cell preserva-
tion in type 1 diabetes [41].

Whilst stimulated C-peptide can accurately reflect beta cell
function on a background of stable insulin sensitivity, it may
underestimate beta cell function in the context of exercise. The
increased insulin sensitivity that accompanies exercise will
result in greater insulin action, to which the beta cell responds
by reducing fasting as well as stimulated insulin production.
The accuracy of beta cell function estimation in the context of
exercise should therefore evaluate compensatory changes in
insulin secretion in relation to the changes in insulin sensitiv-
ity. Models such as the disposition index, or techniques based
on glucose and C-peptide measurements undertaken through a
standard meal stimulated test have been demonstrated to re-
flect beta cell function in the context of insulin sensitivity
[42, 43]. A full validation of such models in type 1 diabetic
patients or in exercise settings is yet to be undertaken, but they

represent useful tools to explore the effects of exercise on beta
cell function outside type 1 diabetes.

What is the evidence for physical exercise preserving beta
cell function in humans?

Studies have now demonstrated that physical exercise pre-
serves beta cell function in humans in health and at different
stages of the natural history of type 2 diabetes (Table 1).

Beta cell preservation in healthy individuals In non-diabetic
individuals, studies of meal-stimulated measures of insulin
secretion have largely shown an adaptive reduction in GSIS
following exercise (Table 1). However, studies that have used
the disposition index have detected a preservation of beta cell
function in relation to the training-induced increase in insulin
sensitivity. The Studies of a Targeted Risk Reduction Inter-
vention through Defined Exercise (STRRIDE) demonstrated
that an 8 month walking exercise programme of 60 min on
3 days per week in 179 middle-aged overweight people re-
duced fasting insulin but improved beta cell function by 60%
as measured by disposition index [44]. Interestingly sub-
groups that undertook more intensive exercise appeared to
have a lower improvement in disposition index. The HEalth,
RIsk factors, exercise Training And Genetics (HERITAGE)
study [45], which was a 20 week cycle-based exercise pro-
gramme involving 596 people, showed a 7% increase in
insulin secretion during an intravenous glucose tolerance test
(IVGTT) in the patient quartile with poorest baseline glucose
tolerance. Thus, these large studies provided concordant re-
sults, strongly supporting a role for exercise in preserving beta
cell function in subjects with normal glucose tolerance.
Studies examining the effect of different types of exercise
(i.e. strengthening vs aerobic) are lacking.

Beta cell preservation in patients with impaired glucose
tolerance In subjects with abnormal glucose tolerance, a
1 week programme of exercise has been shown to produce a
27% improvement in the disposition index [46]. In addition, a
study of 35 participants of a similar age with abnormal glucose
tolerance reported an increase in insulin sensitivity and an
improvement in the disposition index following 12 weeks of
exercise [47].

Beta cell preservation in patients with type 2 diabetes Several
groups have now documented beneficial effects of training on
insulin secretory function in type 2 diabetic patients. The
earliest reports date back to 1984 when Reitman and col-
leagues [48] showed in a small number of patients that the
insulin response to an OGTT more than doubled following
2 months of intensive aerobic training. This increase in stim-
ulated insulin response occurred whilst there was a fall in
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fasting insulin levels. This ‘mixed’ picture, again, is likely to
reflect adaptive changes to beta cell function in the context of
reducing insulin sensitivity. In 1985, Krotkiewski and col-
leagues showed that aerobic exercise training increased the
C-peptide response to OGTT in type 2 diabetic patients [49],
whereas other equally small studies reported that exercise
does not significantly affect insulin secretion [50]. However,
none of these studies accommodated for compensatory chang-
es in insulin sensitivity.

There are a number of studies in type 2 diabetes that have
attempted to accommodate for the changes in insulin action
that accompany exercise. The insulinogenic index assesses
insulin secretion in the context of insulin sensitivity and was
used by Michishita et al to demonstrate increased insulin
secretion during OGTT following aerobic training in type 2
diabetic patients [51]. Separately, we have also shown that
oral glucose-induced insulin secretion (stimulated C-peptide)
improves following 3 months of exercise training and diet-
induced weight loss in type 2 diabetes [52]. Our study
corrected the increase in insulin secretion for the improvement
in insulin sensitivity, measured using a hyperinsulinaemic–
euglycaemic clamp, and we observed a significant improve-
ment in beta cell function. Dela et al demonstrated that
C-peptide responses to intravenous glucose were increased
as was arginine-mediated potentiation of glucose-stimulated
insulin secretion following exercise training [53]. Assessment
of insulin-mediated secretion in this study was assessed using
a hyperglycaemic clamp, and differences in insulin secretion
were detected only at glucose levels over 18 mmol/l. There-
fore, the strength of the stimulus to the beta cell can determine
whether the intervention will have any detectable benefit.
These subtleties are not considered with the current standard
approach to testing beta cell function in type 1 diabetes
studies.

Interestingly, studies in type 2 diabetes show that beta cell
preservation appears to be greater in patients with significant
pre-existing beta cell function [49, 54]. This may explain why
some studies [55, 56] have not found a beneficial effect of
exercise on insulin secretory function in patients with type 2
diabetes. These findings further support the use of physical
activity as a therapy for beta cell preservation in newly diag-
nosed patients with type 1 diabetes, where residual insulin
secretory function is likely to be present.

Beta cell preservation in patients with type 1 diabetes The
studies described above provide strong evidence that physical
exercise, undertaken at levels that can be accommodated by
the average type 2 diabetic patient, preserves beta cell func-
tion. However, the rate of beta cell loss is more aggressive in
the presence of islet autoimmunity. Type 1 diabetic patients
with detectable islet autoantibodies lose beta cell function
faster than those who do not [57]. Similarly, the number and
titre of islet autoantibodies predicts the rate of progression to

diabetes in individuals at risk of type 1 diabetes [58]. There-
fore exercise may not provide any clinically meaningful pres-
ervation of beta cell function in patients with new-onset type 1
diabetes, particularly those with elevated levels of islet auto-
antibodies. Whilst this can clearly only be tested with a
properly designed randomised clinical trial, some support for
this comes from studies of exercise in other autoimmune
conditions. In Graves’ thyroid disease, a structured exercise
programme accelerated the withdrawal of anti-thyroid medi-
cation, and halved the relapse rate over the first year [59]. Like
type 1 diabetes, psoriasis is a T cell-mediated disease. A small
clinical trial of exercise and diet was recently shown to half
severity of psoriasis disease activity [60]. Whilst not demon-
strated in a clinical intervention trial, studies on multiple
sclerosis have demonstrated that exercise associates with the
preservation of grey and white matter and reduces the rate of
relapse in animal models [61]. The benefits seen in these
autoimmune diseases cannot be explained by improvements
in insulin sensitivity, and suggest a direct effect on the auto-
immune disease process.

Discussion

Preservation of beta cell function has important clinical ben-
efits and is an important goal for people with type 1 diabetes.
We have outlined mechanisms through which exercise could
protect beta cell function, in addition to evidence in rodent
models as well as humans with other types of diabetes, to
support a role for exercise in the preservation of beta cell
function. We have also outlined a disease-modifying effect
in immune-mediated diseases outside type 1 diabetes. What
are required now are clinical studies to test whether physical
exercise can preserve beta cell function and, if so, the inten-
sity, type (i.e. aerobic, resistance) and duration of exercise
required for optimal benefit, and the effect of age, sex and
antibody status on any benefit.

There is little disagreement that physical exercise has
health benefits in type 1 diabetes, and that it should be en-
couraged as part of routine management. Exercise promotes
fitness, reduces insulin requirement and lipids, improves en-
dothelial function and well-being, and reduces insulin resis-
tance, cardiovascular disease and mortality in patients with
type 1 diabetes [62]. However, exercise is associated with an
increased risk of hypoglycaemia and increased fluctuations of
glucose levels that may explain why it does not always im-
prove glycaemic control [63].

Meanwhile, studies have clearly shown that people with
type 1 diabetes do not undertake sufficient exercise [64], and
that exercise is not actively promoted or supported at the time
of diagnosis with type 1 diabetes (unpublished work from our
group, N. Lascar, S. Greenfield). The reasons for this are
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multi-factorial and complex, and include patient anxieties
relating to hypoglycaemia and loss of control over their dia-
betes [65]. However, if exercise is shown to salvage residual
beta cell function, there would be a strong argument to imple-
ment it much earlier in the natural history of this condition,
and to develop strategies to encourage and support patients at
this time. As a therapy, its attraction lies in the many health
benefits it accrues, but also because it could be instituted
alone, or as a combination therapy for beta cell preservation
in type 1 diabetes.
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