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Abstract

Purpose Diabetic neuropathy is a common and disabling disorder, and there are currently no proven effective disease-
modifying treatments. Physical activity and dietary interventions in patients with diabetes and diabetic neuropathy have
multiple beneficial effects and are generally low risk, which makes lifestyle interventions an attractive treatment option. We
reviewed the literature on the effects of physical activity and dietary interventions on length-dependent peripheral neuropathy
and cardiac autonomic neuropathy in diabetes.

Methods The electronic database PubMed was systematically searched for original human and mouse model studies examin-
ing the effect of either dietary or physical activity interventions in subjects with diabetes, prediabetes, or metabolic syndrome.
Results Twenty studies are included in this review. Fourteen studies were human studies and six were in mice. Studies were
generally small with few controlled trials, and there are no widely agreed upon outcome measures.

Conclusions Recent research indicates that dietary interventions are effective in modifying diabetic neuropathy in animal
models, and there are promising data that they may also ameliorate diabetic neuropathy in humans. It has been known for
some time that lifestyle interventions can prevent the development of diabetic neuropathy in type 2 diabetes mellitus sub-
jects. However, there is emerging evidence that lifestyle interventions are effective in individuals with established diabetic
neuropathy. In addition to the observed clinical value of lifestyle interventions, there is emerging evidence of effects on
biochemical pathways that improve muscle function and affect other organ systems, including the peripheral nerve. However,
data from randomized controlled trials are needed.
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Introduction diabetes demonstrate that subclinical neuropathy is already

present [4]. While nerve conduction studies measure large-

An estimated 451 million adults were living with diabetes
mellitus worldwide in 2017. This number is predicted to
rise to 693 million by 2045. In addition, 374 million people
are estimated to have impaired glucose tolerance or predia-
betes [1]. Neuropathy is the most common complication
of diabetes and it affects approximately half of all patients
with type 1 or type 2 diabetes mellitus [2, 3]. In fact, nerve
conduction studies performed at the time of diagnosis of
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diameter nerve fiber function, the neuropathy that is pre-
sent in early diabetes typically involves small nerve fibers.
These small-diameter unmyelinated fibers carry pain and
temperature sensation. Patients with a small fiber neuropathy
can present with neuropathic pain and frequently have auto-
nomic symptoms due to the involvement of postganglionic
autonomic fibers [5]. Typically, length-dependent diabetic
neuropathy progresses over time to eventually involve large-
diameter myelinated nerve fibers. This leads to the loss of
protective sensation, which can in turn lead to foot ulcers
and amputations as well as imbalance. Due to the presence
of neuropathic pain, autonomic symptoms, and sensorimo-
tor deficits, patients with diabetic neuropathy often report a
reduced quality of life, poor sleep, and depression.
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Metabolic syndrome is a collection of abnormalities that
include hypertension, hyperlipidemia, central obesity, and
insulin resistance that increase an individual’s risk for heart
disease, stroke, and diabetes. It has been linked to risk of
neuropathy in patients with diabetes. In patients with type
2 diabetes mellitus, those with metabolic syndrome were
found to be twice as likely as those with type 2 diabetes mel-
litus alone to have neuropathy [6]. In nondiabetic patients,
metabolic syndrome was found to be associated with a small
fiber neuropathy that is similar to the neuropathy seen in
early diabetes [7]. In particular, the associated metabolic,
endocrine, and inflammatory effects of obesity and dyslipi-
demia are thought to play a critical role in the development
and progression of diabetic neuropathy [8]. The relation-
ship between lipotoxicity and small fiber neuropathy is also
supported by data indicating that obesity is associated with
autonomic nervous system dysfunction [9—-11].

Currently there are no disease-modifying treatments for
diabetic neuropathy that have been proven to be effective
in randomized, blinded (masked) clinical trials. Previous
clinical trials that have focused on outcomes such as nerve
conduction studies, which measure length-dependent large
fiber function, have generally been ineffective. As previ-
ously mentioned, in diabetic neuropathy small fiber damage
precedes large fiber dysfunction. This is thought to occur
because small unmyelinated fibers are vulnerable to effects
from metabolic derangements [12]. However, they also have
a greater regenerative capacity and are more responsive to
therapy than large myelinated fibers [13]. Therefore, repro-
ducible, sensitive measurements of small fiber neuropathy
such as skin biopsy with measurement of intraepidermal
nerve fiber density (IENFD) and cardiac autonomic test-
ing may be more suitable for use as clinical trial outcome
measures. Skin biopsy samples must be carefully processed
and measured, but with rigorous standardized techniques,
IENFD has been shown to be highly reproducible [14].
The European Federation of Neurological Societies and the
Peripheral Nerve Society have published a guideline on the
use of skin biopsy in the diagnosis of small fiber neuropa-
thy, and have specified that new laboratories should undergo
adequate training in a well-established laboratory and that
quality control of the procedure is mandatory [15].

The Diabetes Prevention Program demonstrated that a
physical activity and dietary intervention can reduce the
incidence of type 2 diabetes [16]. Lifestyle changes can also
combat some of the negative effects of diabetes and result
in weight loss, improvements in glycemic control, dyslipi-
demia, and blood pressure, and reduce the rate of cardiovas-
cular events and associated mortality. However, the impact
of diet and exercise on diabetic neuropathy is less clear, and
data from large randomized, blinded (masked) control trials
are lacking.
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Methods

The PubMed database was systematically searched through
December 2018 for original studies in either humans with
or animal models of diabetes, prediabetes, or metabolic
syndrome that examine the effect of a dietary and/or
physical activity intervention on peripheral neuropathy or
autonomic neuropathy. Search terms included: “diabetes,”
“prediabetes,” “impaired glucose tolerance,” “impaired
fasting glucose,” “metabolic syndrome,” “neuropathy,”
“autonomic,” “heart rate variability,” “diet,” “lifestyle,”
“exercise,” “physical activity.” Studies were included if
they were human studies of adults or studies of mouse
models of diabetes, prediabetes, or metabolic syndrome,
were written in English, and they examined the effect of
a diet and or exercise intervention on peripheral or auto-
nomic neuropathy.

EEINT3

Dietary interventions in diabetic neuropathy

As previously mentioned, oxidative stress is thought to be
a major contributor to diabetic neuropathy. Dietary sources
of antioxidants may play a role in the successful treat-
ment of diabetic neuropathy. Alpha-lipoic acid (ALA) is
a dietary supplement that has antioxidant properties. It
has been studied in clinical trials of diabetic neuropathy
and has been associated with a symptomatic benefit. In the
SYDNEY 1 trial, daily intravenous ALA was associated
with reduced neuropathic symptoms [17]. Three oral doses
of ALA were included in the SYDNEY 2 trial, and all
three doses were associated with a statistically significant
reduction in the Total Symptom Score. Due to side effects
seen with higher doses, the optimal dose was 600 mg once
daily [18]. These were short-term studies of only several
weeks duration. Further studies are needed to determine
the effectiveness of ALA in reducing pain and/or prevent-
ing the progression of diabetic neuropathy. Although the
phase 3 study did not report a benefit based on a priori
outcome measures, a meta-analysis of all data did show a
potential benefit of ALA [19, 20].

A dietary supplement that may improve or prevent
diabetic autonomic neuropathy is nicotinamide riboside,
a major generator of nicotinamide adenine dinucleotide
(NAD"). NAD" is a critical metabolite in energy metabo-
lism and improves electron transfer in mitochondria. Lev-
els of NAD™ are reduced in diabetic neurons [21, 22]. High
levels of NAD" can prevent oxidative injury in neurons
[23-25], and increasing tissue levels of NAD™ activates
the expression of molecular pathways that protect against
obesity and dyslipidemia [26]. NAD* cannot be given
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directly due to toxic effects, but NAD* precursors such as
nicotinamide riboside and nicotinamide mononucleotide
may be clinically useful. NAD™ is synthesized from nico-
tinamide riboside, and there is evidence that nicotinamide
riboside or intermediates can improve mitochondrial func-
tion associated with neuropathy in type 2 diabetes melli-
tus, energy transfer within neurons, and activate neuronal
protection and regeneration pathways [21, 27, 28]. Nico-
tinamide mononucleotide, which is the direct precursor of
nicotinamide riboside, has been shown to reverse neuropa-
thy in animal models of diabetes [22, 29]. Nicotinamide
riboside restores NAD™ levels in high fat diet induced type
2 diabetic mice and improves glucose intolerance [30].
Nicotinamide riboside and nicotinamide mononucleotide
likely improve muscle function by increasing mitochon-
drial function and specifically oxidative phosphoryla-
tion and beta-oxidation (Fig. 1). AMP-activated protein
kinase and the protein deacetylase sirtuin 1 (SIRT1) are
fuel-sensing molecules. During energy deprivation, AMP-
activated protein kinase activation restores energy balance
by increasing levels of ATP, for example by increasing
fatty acid oxidation, and by reducing processes that con-
sume ATP. AMP-activated protein kinase is also know
to circulate in the blood once released from muscle [31],
which this could explain why exercise, which improves
muscle function, can also have remote effects on somatic
and autonomic nerve fibers.

There is considerable interest in the effect of lipid
metabolism on diabetic neuropathy. Translational research
indicates that high-fat diets can result in neuropathy in dia-
betes, and that withdrawing or otherwise manipulating a
high-fat diet can reduce neuropathy [32—-34]. In humans, a
nutritional intervention study that was targeted to improve
essential fatty acid dysmetabolism in type 1 diabetes melli-
tus examined supplementation with seal oil omega-3 poly-
unsaturated fatty acids in individuals with type 1 diabetes
mellitus and neuropathy. After 12 months of supplemen-
tation they found that patients had an increase in corneal
nerve fiber length [35]. Corneal nerve fiber length is being
validated as a sensitive test of small fiber neuropathy [36,
37]. They did not observe progression of clinical disease
symptoms, and there were no declines in small and large
fiber sensory and functional measures. However, there was
no improvement detected in nerve conduction studies or
sensory function.

In summary, dietary supplements may play an impor-
tant role in the treatment of diabetic neuropathy. Dietary
and exercise interventions affect major metabolic pathways
that are likely to have a significant long-term impact on
glucose and lipid metabolism and even axonal regenera-
tion, in much the same way that a medication might be
expected to act.

Nutrient Deprivation/Diet Exercise

NADt «——— Nampt <«—— NAM

\S|RT1“//

Increased Oxidative Phosphorylation
and Fatty Acid Metabolism

|/

PCGC-1a

Fig.1 Effect of diet and exercise on energy-signaling pathways
that regulate mitochondrial metabolism in a skeletal muscle fiber.
Nutrient deprivation leads to an increase in NAD" and a decrease
in nicotinamide (NAM), which in turn leads to the activation of
SIRT1 and 35-kDa peroxisome proliferator-activated receptor-
gamma coactivator-lae (PGC1-a) in the mitochondrion, resulting in
an increase in oxidative phosphorylation and fatty acid metabolism.
NAM and NADH act as inhibitors of SIRT1. NAM phosphoribo-
syltransferase (Nampt) catalyzes the conversion of NAM to NAD™,

Exercise has been shown to increase Nampt activity in human mus-
cle, and also circulates to increase insulin sensitivity. In turn, Nampt
decreases NAM and increases NAD™, resulting in further activation
of the SIRT1- PGCl-a pathway and increasing mitochondrial func-
tion. AMP-activated protein kinase (AMPK) likely regulates SIRT1
by acting as an energy sensor and activates Nampt. Thus, the net
effect of nutritional restriction and exercise is to increase NAD* and
drive the SIRT1-PGCl-a pathway towards improved mitochondrial
function
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Lifestyle interventions in neuropathy
associated with metabolic syndrome

Mice fed with a high-fat diet provide an animal model of
obesity and insulin resistance that can be used to study
metabolic syndrome. In a dietary study of the effects of
the ketogenic diet, mice fed with a ketogenic diet had
increased epidermal axon density compared to mice fed
with a high-fat diet or mice fed with a high-fat diet that
exercised. In addition, the mice fed with a ketogenic diet
did not develop the mechanical allodynia seen with periph-
eral neuropathy. In the same study, the ketogenic diet was
also used as an intervention. Mice fed a high-fat diet for
8 weeks were switched to a ketogenic diet and were found
to have an increased epidermal axon density and signifi-
cantly reversed mechanical allodynia. In comparison,
mice on a high-fat diet that were switched to a control
diet improved their metabolic parameters but not mecha-
nosensation [32]. These results suggest that in an animal
model, a ketogenic diet can prevent certain complications
of metabolic syndrome and provide significant benefits to
peripheral axons and sensory dysfunction. Despite a high
fat content in both the high-fat and ketogenic diets, the
ketogenic diet appears to affect peripheral nerves differ-
ently, and it may alter neuronal metabolism and promote
axon growth, but this requires further study.

A similar phenomenon has been observed in animal
models with an exercise intervention, suggesting that
measures of metabolic syndrome associated neuropathy
may improve with exercise. Mice that were fed a high-fat
diet developed a neuropathy with cutaneous and visceral
hypersensitivity and altered cutaneous innervation. The
mice were either sedentary or given a running wheel (exer-
cise group). The mice fed a high-fat diet in the exercise
group improved in terms of hypersensitivity and the epi-
dermal innervation normalized. These improvements were
not seen in the sedentary group [38]. These findings not
only support the association between metabolic syndrome
and neuropathy, but also suggest that exercise might be
able to improve measures of neuropathy.

The effects of exercise on unmyelinated epidermal
axons in metabolic syndrome have been examined in
humans. This subset of neurons was examined because
these neurons are thought to be more vulnerable to the
toxic effects of metabolic derangements, to have a higher
regenerative capacity, and to be more amenable to poten-
tial therapies. A chemical axotomy technique that uti-
lizes topical capsaicin has been developed and epidermal
reinnervation can be assessed by skin biopsy and serial
measurement of IENFD [13, 39]. Patients with metabolic
syndrome or type 2 diabetes mellitus but no signs or symp-
toms of neuropathy underwent thigh capsaicin axotomy,
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and their baseline distal leg IENFD and 30-day regenera-
tion rate were assessed. A subset of patients then partici-
pated in a 6-month intensive exercise and lifestyle coun-
seling program, and the regeneration rate was reassessed
in month 4. At baseline, distal leg IENFD was significantly
reduced in both the metabolic syndrome and type 2 diabe-
tes mellitus groups, and the 30-day regeneration rate was
comparable in both groups. After the exercise intervention,
participants with metabolic syndrome increased the 30-day
reinnervation rate compared to baseline. Participants with
a greater improvement in metabolic syndrome features had
a greater degree of reinnervation [40].

This clinical trial not only reinforced the link between
metabolic syndrome and neuropathy but it suggested that
at least some of the benefits of a lifestyle intervention pro-
gram on neuropathy are through an improvement in the axon
regeneration rate. Furthermore, based on the animal studies,
dietary interventions and specifically ketogenic diets may
be effective.

Lifestyle interventions in diabetic peripheral
neuropathy

The pathophysiology of diabetic neuropathy involves persis-
tent hyperglycemia as well as multiple biochemical pathways
that ultimately result in oxidative stress and inflammation.
As previously mentioned, intensive glucose control has been
shown to reduce the risk of neuropathy in type 1 diabetes
mellitus. While lifestyle changes have been shown to prevent
or delay the diagnosis of type 2 diabetes mellitus and its
complications, glucose control alone has not been shown
to reduce the risk of neuropathy in type 2 diabetes mellitus.
Similarly, clinical trials targeted at various pathologic path-
ways (glucose entry into the polyol pathway, oxidative stress,
advanced glycation end-product formation, microvascular
ischemia, or adipocyte-derived toxicity) have been unsuc-
cessful in human studies of diabetic neuropathy. In contrast
to targeted therapies, aerobic exercise results in beneficial
effects on many of the pathways that are adversely affected
by diabetes. Exercise has a number of beneficial effects on
the body. Importantly it can improve three of the biggest
risk factors for diabetic neuropathy: insulin sensitivity and
glucose control, obesity, and dyslipidemia. In addition,
exercise improves hypertension, increases end organ perfu-
sion, reduces lipid and protein oxidation, inhibits adipocyte
production of free fatty acids and adipokines, and reduces
humoral inflammation [40, 41]. Details of exercise studies
in diabetic neuropathy are described in Table 1.

The Diabetes Prevention Program showed that exercise
and diet counseling can normalize features of metabolic syn-
drome and reduce the incidence of type 2 diabetes mellitus
[16, 42]. There is also evidence that exercise can prevent and
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treat neuropathy due to prediabetes and diabetes. A 4-year-
long Italian supervised treadmill study randomized patients
with diabetes but without neuropathy to either an intense
aerobic exercise program group or a control group with no
intervention. The exercise group did not significantly change
their BMI, waist circumference, or lipid profile. However,
they did significantly improve their exercise capacity, and
there was improvement in the nerve conduction velocity.
Assessments of small fiber neuropathy were not included
in this study, but the exercise group was significantly less
likely than the control group to develop signs or symptoms
of neuropathy over the 4-year duration of the study [43].

The effect of exercise on small fiber injury, as measured
by the change in IENFD, in type 2 diabetes mellitus was
examined by a University of Utah study that randomized
patients with type 2 diabetes mellitus and no signs or symp-
toms of neuropathy to a weekly resistance and aerobic exer-
cise program or general health counseling. After the 1-year
intervention, participants in the exercise group had a signifi-
cantly increased IENFD at the distal leg compared to control
subjects (who received general health counseling), despite
no significant changes in their metabolic parameters other
than an improvement in HDL [44]. The results from these
two trials suggest that exercise exerts a direct benefit on
peripheral nerves that is independent of changes in standard
measures of metabolism. They also support the potential
role of a lifestyle intervention in the prevention of diabetic
neuropathy.

Studies of patients with existing diabetic neuropathy have
also shown that diet and exercise interventions can improve
measures of neuropathy. The Impaired Glucose Tolerance
Neuropathy Trial study was a 12-month natural history trial
to examine the effects of a lifestyle modification on measures
of diabetic neuropathy [45]. Subjects with impaired glucose
tolerance and existing neuropathy received diet and exer-
cise counseling that was similar to that used in the Diabetes
Prevention Program. After 1 year, there were significant
improvements in proximal IENFD and foot sweat volume
measured by the quantitative sudomotor axon reflex test as
well as patient-reported scores on the Visual Analog Pain
Scale. These improvements were associated with significant
improvements in weight, glucose tolerance, and lipid profile
[45]. However, while there was an improvement in the Vis-
ual Analog Scale and the Gracely Pain Scale, these changes
in pain scales were not statistically significant.

While the Impaired Glucose Tolerance Neuropathy
Trial examined patients with impaired glucose tolerance
and neuropathy, a study at the University of Kansas exam-
ined the effect of an exercise program on patients with type
2 diabetes mellitus and neuropathy. This was a pilot study
of a small group of patients with type 2 diabetes mellitus
and neuropathy who participated in a 10-week aerobic and
resistance exercise program. At the end of the program,

@ Springer

the participants significantly improved their HbAlc as
well as neuropathic symptoms, including the Michigan
Neuropathy Symptom Inventory and pain levels on the
Visual Analog Scale. Significant reductions in pain on a
100-mm scale were seen (P=0.05). A significant improve-
ment in the epidermal nerve fiber branching was also seen
on proximal skin biopsy [46]. There was a nonsignificant
improvement in IENFD, but given that the study was only
10 weeks long, this was consistent with greater improve-
ments seen over 1 year in the Impaired Glucose Tolerance
Neuropathy Trial [45].

As previously mentioned, intensive glucose control
has not been convincingly shown to reduce the incidence
or progression of neuropathy in type 2 diabetes mellitus.
However, a small prospective cohort study of patients with
type 2 diabetes mellitus who underwent gastric bypass
surgery found that the patients with neuropathy had an
improvement in their Neuropathy Symptom Score and
Neuropathy Deficit Score 6 months postoperatively. Inter-
estingly, this improvement was independent of improved
glucose control [47]. A number of other small studies
have also found that exercise interventions have a posi-
tive effect on quality of life, balance, walking speed, and
reaction time [48-51]. Importantly, even with current
standard of care recommendations that are widely used in
clinical practice, there is a significant improvement in the
6-min walk test, which is an excellent measure of change
in mobility [52, 53] (Fig. 2). Standard of care recommen-
dations were provided prospectively to participants over a
1-year period, and the 6-min walk test was performed by
a physiologist masked to the patient intervention. These
general recommendations are that the patient loses 7% of
their body weight, sustains this loss, and undertakes aero-
bic exercise for 150 min/week, up to 30 min per session.
Participants were encouraged to follow the intervention
but had to lose weight and exercise by themselves with-
out the assistance of an interventionist. There was a sig-
nificant improvement in the mean 6-min walk test for the
intervention group at 6 months compared to baseline, with
61% improving (> 5% improvement in the 6-min walk
test), 19% remaining unchanged (< 5% improvement in the
6-min walk test), and 19% with a worse 6-min walk test.
These improvements were sustained for 1 year (Fig. 2).
Furthermore, over 78% of the participants improved or did
not show a decline in the 6-min walk test over 12 months.

Overall, dietary and exercise interventions have been
shown to slow progression to diabetes and to be of benefit
in diabetic neuropathy. These were uncontrolled studies
and there is a need for controlled, randomized trials. The
data show improvement in the IENFD as well as symptom
scores and mobility. While there is some improvement in
pain, evidence of impact may be limited by the size of the
studies.
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Fig.2 Improvement in the 6-min walk in subjects with diabetic neu-
ropathy receiving “standard of care” dietary and exercise counseling
over a 12-month period. Participants had mild, recently diagnosed
type 2 diabetes mellitus or impaired glucose tolerance. a Change in
the 6 MW between baseline and 6 months (n=74) and baseline and
12 months (n=64). The 6 MW was performed prospectively, was
masked, and completed in accordance with a standardized proto-
col. Standard of care advice included recommendations for 150 min

Diabetic autonomic neuropathy

Cardiac autonomic neuropathy is a serious complication of
diabetes that is strongly associated with an increased risk of
morbidity and mortality. It is associated with a high risk of
cardiac arrhythmias and sudden death, possibly due silent
myocardial ischemia and infarction [54]. Although currently
underrecognized, cardiac autonomic neuropathy is a com-
mon complication of type 1 diabetes mellitus and type 2
diabetes mellitus. However, the reported prevalence varies
widely (<5-90%) depending on the criteria used to define
cardiac autonomic neuropathy and the population studied.
The Cardiac Autonomic Neuropathy Subcommittee of the
Toronto Consensus Panel on Diabetic Neuropathy estab-
lished the following criteria for cardiac autonomic neuropa-
thy diagnosis and staging: (1) one abnormal cardiovagal test
result identifies possible or early cardiac autonomic neuropa-
thy; (2) at least two abnormal cardiovagal test results are
required for definite or confirmed cardiac autonomic neu-
ropathy; and (3) the presence of orthostatic hypotension in
addition to abnormal heart rate test results identifies severe
or advanced cardiac autonomic neuropathy [55]. Using the
above definition of confirmed cardiac autonomic neuropa-
thy, the prevalence in diabetes mellitus is estimated to be
approximately 20%, but the prevalence increases with age
and duration of diabetes mellitus.

Symptoms of cardiac autonomic neuropathy include sinus
tachycardia, exercise intolerance, orthostatic hypotension
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per week of aerobic exercise, up to 30 min per session, and a goal
of reducing baseline weight by 7%. The change in the 6 MW was
statistically significant at 6 months (P=0.023) and 12 months
(P=0.011). b Percent subjects showing an improvement in the 6 MW
at 12 months (> 5% improvement in the 6 MW), no change (<5%
improvement), or worse 6 MW with standard of care dietary and
exercise counseling

with dizziness, presyncope or syncope, abnormal blood
pressure regulation, asymptomatic or “silent” myocardial
ischemia and infarction, and sudden death. Cardiac auto-
nomic neuropathy may be present at the time of diagnosis
of diabetes mellitus, and it is important to diagnose this
early because early treatment may affect long-term out-
comes. Although cardiovascular autonomic reflex tests are
not widely available, the presence of autonomic symptoms
in early diabetic neuropathy can be assessed by the Survey
of Autonomic Symptoms, which is a validated and easily
administered tool to measure autonomic symptoms that is
sensitive enough to detect mild autonomic neuropathy [5].
The Survey of Autonomic Symptoms consists of two com-
ponents, the reported Autonomic Symptom Score and the
Total Impact Score, which determines the patient-reported
severity of each symptom and the overall impact of symp-
toms of dysautonomia [5].

Type 2 diabetes mellitus and obesity are associated with
an impairment of parasympathetic function. This results
in an imbalance of sympathetic vs. parasympathetic tone
and sympathetic overactivity. The underlying mechanism
of this change is still unknown. Part of this reason may be
that animal models of diabetic autonomic neuropathy have
significant differences in terms of the changes in cardiovas-
cular parameters, which likely reflect different underlying
mechanisms. In humans, increases in heart rate and blood
pressure are commonly seen in early autonomic neuropa-
thy, but in the mouse model of type 1 diabetes mellitus,
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decreased blood pressure and heart rate are reported [56]. In
humans, the earliest sign of cardiac autonomic neuropathy is
frequently a reduction in heart rate variability, which is asso-
ciated with an increased risk of death. Exercise is a potential
treatment for diabetic cardiac autonomic neuropathy because
aerobic training is known to result in increased parasympa-
thetic predominance, and good aerobic fitness is associated
with increased vagal modulation [57]. In overweight patients
without diabetes, exercise has been shown to improve heart
rate variability [58-60].

Lifestyle interventions in diabetic autonomic
neuropathy

The Diabetes Control and Complications Trial showed that
intensive glucose control reduced the prevalence of cardiac
autonomic neuropathy in patients with type 1 diabetes mel-
litus by 53% compared to conventional therapy [61]. The
long-term outcomes of the participants were followed, and
the former participants in the intensive glucose control
cohort continued to have a significantly lower prevalence
and risk of cardiac autonomic neuropathy [62]. These results
indicate that intensive treatment of type 1 diabetes mellitus
should be started as early as possible to prevent or delay the
development of cardiac autonomic neuropathy. Similar to
diabetic somatic peripheral neuropathy, strict glucose con-
trol has been shown to reduce the risk of developing cardiac
autonomic neuropathy in type 1 diabetes mellitus. However,
the benefits are not as clear for patients with type 2 diabetes
mellitus, and a beneficial effect of intensive glycemic control
on cardiac autonomic neuropathy in type 2 diabetes mellitus
has not been proven [63, 64].

In patients with type 2 diabetes mellitus, the Steno 2
study utilized an intensive multifactorial treatment with
lifestyle modification and pharmacologic therapy to treat
hyperglycemia, hypertension, dyslipidemia, and microalbu-
minuria, as well as aspirin. The study found that this multi-
factorial intervention reduced the risk of cardiac autonomic
neuropathy by 60% in type 2 diabetes mellitus compared
to conventional therapy [65, 66]. Looking at the effects of
an exercise intervention, the previously discussed Italian
supervised treadmill study of patients with type 2 diabe-
tes mellitus but without neuropathy found that the 4-year
intense aerobic exercise program resulted in an improved
resting heart rate compared to control subjects [43]. Rest-
ing tachycardia is a frequent finding in cardiac autonomic
neuropathy with vagal impairment, and this finding suggests
an improvement in autonomic function. Even though these
results are intriguing and suggest that lifestyle interventions
may improve autonomic function, the results need to be
interpreted with caution. In general, most studies support
the use of exercise interventions in the treatment of cardiac
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autonomic neuropathy in type 2 diabetes mellitus. However,
this area requires further research, since studies are small,
there are a variety of interventions, and there is a lack of
conformity of outcome measures. High-quality studies with
tests of cardiac autonomic function as a primary outcome
measure as well as long-term follow-up to determine the
impact on morbidity and mortality are needed.

In patients with type 2 diabetes mellitus who do not have
established cardiac autonomic neuropathy, exercise has
been shown to improve autonomic function as measured
by heart rate variability and the expiration:inspiration ratio
[67-70]. In subjects with recently diagnosed type 2 diabe-
tes mellitus or with impaired glucose tolerance based on
American Diabetes Association criteria [71], even a mild
“standard of care lifestyle intervention” showed improve-
ment over 1 year in some measures of autonomic function
(Fig. 3). The protocol was performed prospectively, masked,
and standardized. Standard of care advice included rec-
ommendations for 150 min per week of aerobic exercise,
up to 30 min per session, and a goal of reducing baseline
weight by 7%. This standard of care lifestyle intervention
is provided to patients with impaired glucose tolerance and
type 2 diabetes mellitus in clinical practice. Using a simi-
lar protocol, there was improvement in several measures of
autonomic function at 1 year compared to baseline values,
namely (1) the expiration:inspiration ratio, a sensitive test
of cardiac autonomic function, (2) the Total Impact Score, a
validated measure of symptoms of dysautonomia, and (3) the
change in the diastolic blood pressure (Fig. 3). The techni-
cian monitoring the outcome measures was masked to the
patient intervention. Participants were encouraged to fol-
low the intervention but had to lose weight and exercise by
themselves without the assistance of an interventionist. It is
possible that “training bradycardia” could affect the heart
rate variability as determined by the expiration:inspiration
ratio. However, this is unlikely, as the exercise interven-
tion was minimal. Although there are outliers for the
expiration:inspiration ratio at both baseline and 1 year
(Fig. 3), the confidence intervals for both are narrow, with
minimal overlap, and would have a probability of 0.95 of
containing the population mean from subsequent population
samples. Furthermore, even after transforming the sample
distribution, the means for the baseline and 1-year samples
were statistically different.

In diabetic patients with established cardiac autonomic
neuropathy, it also appears that moderately intense aerobic
exercise can improve cardiac autonomic function. How-
ever, a longer and/or more intense intervention seems to be
required to see a benefit with more severe cardiac autonomic
neuropathy. In a study of patients with type 1 diabetes mel-
litus and early cardiac autonomic neuropathy, 3 months of
endurance training improved heart rate variability. How-
ever, in patients with definite-severe cardiac autonomic
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Fig.3 Improvement in measures of autonomic function in subjects
with neuropathy and impaired glucose tolerance or type 2 diabetes
mellitus receiving standard of care dietary and exercise counseling
over a 12-month period. The protocol was performed prospectively,
masked, and standardized. Standard of care advice included recom-
mendations to undertake aerobic exercise for 150 min/week, up to
30 min per session, and a goal of reducing baseline weight by 7%.

neuropathy, there was no effect of exercise training on heart
rate variability [72]. In patients with type 2 diabetes melli-
tus and definite cardiac autonomic neuropathy, 6 months of
high-intensity aerobic exercise at 70-85% heart rate reserve
improved cardiac autonomic activity as well as glycemic
control, lipid profile, and aerobic capacity [73]. These find-
ings highlight the fact that it is important to diagnose car-
diac autonomic neuropathy early, and support the idea that
late cardiac autonomic neuropathy may be less amenable to
change. A recent systemic review of research on the effects
of exercise programs on heart rate variability in type 2 dia-
betes mellitus reviewed 15 human studies and concluded that
more than 3 days per week of aerobic training, along with
strength training, for at least 3 months seems to improve
heart rate variability in type 2 diabetes. The exercise regi-
mens in many of the studies were different, but weekly fre-
quency may be the most important variable [74].

It is difficult to draw conclusions from these multiple
small studies because, in general, the evidence is of a mod-
erate-to-low level and the study populations, interventions,
and endpoint measures are not consistent. However, overall,
there is evidence of a benefit of lifestyle interventions in
cardiac autonomic neuropathy in both type 1 and 2 diabetes
mellitus.

One of the major concerns with impaired autonomic
function is the concern with increasing falls. Risk of falls is
associated with orthostatic hypotension and with an increas-
ingly abnormal Survey of Autonomic Symptoms (Fig. 4). In
a prospective study of impaired glucose tolerance and type
2 diabetes mellitus, subjects who reported frequent falls had

However, none of the recommendations were enforced or monitored.
The technician monitoring the outcome measures was masked to the
patient intervention. a Increased expiration:inspiration ratio (E:I ratio,
n=>50) after 1 year (P=0.042). Base 95% CI 1.14, 1.22. 1 year 95%
CI 1.20, 1.44. b Decreased Total Impact Score (TIS) in the Survey
of Autonomic Symptoms (SAS, n="71). ¢ Decreased resting diastolic
blood pressure (n=72)
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Fig.4 An increase in the number of symptoms or the Total Impact
Score (TIS) in the Survey of Autonomic Symptoms (SAS) is associ-
ated with worse symptoms of dysautonomia and an increase in falls. a
Number of symptoms. b TIS

a median Survey of Autonomic Symptoms symptom score
of 5, compared to a median score of 3.5 in those who did
not report a history of falls (Fig. 4). The median Survey of
Autonomic Symptoms Total Impact Score in fallers com-
pared to non-fallers was 14 and 9, respectively, indicating
that an increase in the symptoms of dysautonomia parallels
an increase in falls.

Safety of exercise in diabetic neuropathy

In general, regular physical exercise is recommended for
patients with diabetes. However, patients with proliferative
nephropathy should avoid exercise that can cause hyperten-
sion [75], and weight-bearing exercises should be performed
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with caution in patients with more advanced neuropathy and
insensate feet due to the risk of developing a diabetic foot
ulcer. In general, supervised exercise programs in patients
with diabetes are well tolerated. An effective lifestyle inter-
vention that has a multisystemic effect would be preferable
to a pharmaceutical therapy, not only due to cost but also
because of relative lack of potential side effects. In addition
to the side effects themselves, many frequent medication
side effects, for example fatigue, imbalance, or gastrointesti-
nal upset, may result in patients being less able to participate
in physical activity. This is of particular concern in those
with chronic disease and lower levels of physical activity
because the lack of physical activity negatively impacts
health-related quality of life in diabetes [76].

It is important to be aware of treatment-induced diabetic
neuropathy. This is an acute onset, reversible, painful auto-
nomic neuropathy that may present acutely shortly after
starting intensive glucose control in individuals with previ-
ously poorly controlled diabetes. It can occur in either type 1
diabetes mellitus or type 2 diabetes mellitus, and while often
associated with intense control of blood glucose with medi-
cation, it may be observed due to excessively rapid dietary
control. Severe restriction of calories alone may result in
treatment-induced neuropathy [77]. Treatment-induced neu-
ropathy improves with sustained glucose control, although
greater improvement is seen in patients with type 1 diabetes
mellitus [77]. There are other acute severe neuropathic pain
syndromes that are rarely seen in diabetic patients: diabetic
neuropathic cachexia, diabetic anorexia, and idiopathic acute
painful neuropathy. Diabetic neuropathic cachexia presents
in association with severe, unintentional weight loss with
or without a change in glucose control. Pain in association
with intentional weight loss unrelated to changes in glucose
control is referred to as diabetic anorexia.

In particular, patients with autonomic neuropathy can
have an increased risk of exercise-induced injury due to
decreased cardiac responsiveness to exercise, impaired
thermoregulation, orthostatic hypotension, and greater sus-
ceptibility to hypoglycemia. In addition, because cardiac
autonomic neuropathy is an independent risk factor for the
development of silent myocardial infarction and cardiovas-
cular death, patients with cardiac autonomic neuropathy
should be screened and possibly undergo an exercise stress
test before starting an exercise program. Once cleared to
exercise, exercise intensity is best prescribed using the heart
rate reserve method with direct measurement of maximal
heart rate [78, 79]. Percent of heart rate reserve is the per-
centage of the difference between the resting heart rate and
maximum heart rate during exercise, added to the resting
value. It can be used to accurately predict percent of VO,
reserve, which is a percentage of the difference between the
resting VO, and the maximal VO, during exercise, in diabet-
ics with and without clinical diabetic autonomic neuropathy
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[80]. Moderate-intensity aerobic exercise is 40—60% heart
rate reserve. Another method to ensure that patients are exer-
cising at the correct intensity level is to rely on perceived
exertion and not heart rate, since heart rate variability is
likely to be reduced. Patients should also be educated that
hypotension can occur after vigorous activities. Patients with
autonomic dysfunction should also avoid exercising in hot
or cold environments because of the risk of dehydration due
to difficulty with thermoregulation. Finally, in patients with
symptomatic orthostatic hypotension, recumbent exercises
or water aerobics may be safer activities.

Conclusion

There is increasing evidence that dietary and physical
activity interventions are effective in reducing the severity
of both somatic and autonomic neuropathy. However, the
results from these studies should be interpreted with caution
because most studies are small and not randomized, and not
all of the outcome measures are reliable or clinically mean-
ingful. Specifically, further studies are needed to determine
if changes in laboratory measures of autonomic neuropathy
translate to differences in long-term morbidity and mortality
in diabetic individuals. Lifestyle interventions also improve
mobility and may improve patient-reported outcome meas-
ures. Of note, there is a paucity of studies that examine neu-
ropathic pain and other quality-of-life factors as endpoint
measures. Lifestyle interventions have profound effects on
muscle energy balance, and this may translate into lasting
benefits to both muscle and nerve function. However, rand-
omized, masked, controlled trials are needed to confirm the
benefit of diet and physical activity lifestyle interventions,
and more data are needed on challenges and solutions to
implementation, long-term benefits of the intervention, and
analysis of medical costs.
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