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Abstract
The metabolic syndrome and neuropathy are common conditions, especially in the elderly, that are
associated with significant morbidity. Furthermore, the metabolic syndrome is reaching epidemic
proportions across the world. Current evidence supports the association of the metabolic syndrome
and its individual components with neuropathy. Several clinical trials have demonstrated that
treating hyperglycemia, one component of the metabolic syndrome, has a significant effect on
reducing the incidence of neuropathy in those with type 1 diabetes. However, glucose control only
has a marginal effect on preventing neuropathy in those with type 2 diabetes, suggesting that other
factors may be driving nerve injury in these patients. Emerging evidence supports the metabolic
syndrome as these risk factors for neuropathy. Interventions exist for treatment of all of the
metabolic syndrome components, but only glucose control has strong evidence to support its use
and is widely employed. Our understanding of the biology of metabolic nerve injury has rapidly
expanded over the last several years. Mechanisms of injury include fatty deposition in nerves,
extracellular protein glycation, mitochondrial dysfunction, and oxidative stress. Additionally, the
activation of counter-regulatory signaling pathways leads to chronic metabolic inflammation.
Medications that target these signaling pathways are being used for a variety of diseases and are
intriguing therapeutics for future neuropathy clinical trials. As we move forward, we need to
expand our understanding of the association between the metabolic syndrome and neuropathy by
addressing limitations of previous studies. Just as importantly, we must continue to investigate the
pathophysiology of metabolically induced nerve injury.

Global Importance
Obesity is a world-wide epidemic with a 100% increase in all-cause mortality.1 Between
1980 and 2008, the prevalence of obese individuals doubled, reaching greater than half a
billion world-wide.2 Obesity is the central element underlying the metabolic syndrome
(MetS), a clustering of five risk factors including obesity, insulin resistance, hypertension,
hypertriglyceridemia and dyslipidemia. The MetS is principally responsible for the alarming
increase in chronic diseases, chiefly diabetes, cardiovascular disease, neurodegenerative
disease and cancer.3 According to National Nutrition and Health Survey (NHANES) data
from 1988–1994, 22% of the adult United States population met criteria for MetS, with
more than 40% of the elderly affected.4 Using the 1999–2002 NHANES data, the prevalence
of MetS had climbed to a staggering 34.5%5 and the current prevalence is approaching 50%
(www.cdc.org). Like obesity, MetS is not just an American problem. India, Iran, Mexico,
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Ireland, Scotland, and Turkey are just some of the countries with more than 20% of their
population affected by MetS.6 China, with the world’s largest population, has a rapidly
increasing MetS prevalence of approximately 30%.7, 8

Peripheral neuropathy is a chronic and common disease, affecting 2–7% of the population,
according to estimates from population-based studies in India and Italy.9, 10 As with MetS,
the prevalence rises in the elderly, with 15% affected according to a study that focused on a
United States population over the age of 40.11 Not only is neuropathy a widespread
condition, but it is also quite disabling. Neuropathic pain affects approximately half of
patients with diabetic neuropathy.12–14 Moreover, sensory deficits lead to balance
difficulties and frequent falls with resulting musculoskeletal injuries, including fractures.15

Neuropathy is also a risk factor for foot ulcerations and lower extremity amputations,
particularly in those with diabetes.16 All of these manifestations of neuropathy have a
profound effect on an individual’s quality of life.17 Both neuropathy and MetS are
frequently encountered conditions that disproportionately affect the elderly, with significant
morbidity and mortality.18

When considering the discrete components of the MetS, diabetes and pre-diabetes have the
strongest evidence supporting a pathogenic link with neuropathy, but each of the other
components also have evidence supporting their association with neuropathy in diabetic
populations.17, 19–26 Specifically, obesity has been shown by multiple investigators to be
associated with neuropathy in diabetic patients.17, 20, 21 Isomaa and colleagues, Costa and
colleagues, and the Metascreen investigators have independently shown that an individual
with diabetes is more likely to have neuropathy if other components of the MetS are
present.27–29 In a study of 427 diabetic patients with mild to moderate diabetic neuropathy,
elevated triglycerides correlated with loss of sural nerve myelinated fiber density, a direct
anatomical measurement of neuropathy.30 In contrast, there was no association with
glycemic control and neuropathy in this cohort.30 The most telling data are from several
large clinical trials, all of which report that glycemic control alone is not enough to prevent
type 2 diabetic patients from developing neuropathy.22 Furthermore, patients with
normoglycemia and neuropathy have the same prevalence of MetS components as those
with IGT and neuropathy, and an even higher prevalence of MetS components than those
with diabetes and no neuropathy.31 These results indicate that MetS and its components are
likely to be important in non-diabetic populations as well. Given the clustering of MetS
components, hypertension, hypertriglyceridemia, dyslipidemia, and particularly obesity are
prime candidates to be the essential factors underlying the neuropathy present in patients
with type 2 diabetes.

Modern Understanding of Biology
Up until this last decade, it was generally believed that the underlying cause of neuropathy
was hyperglycemia, irrespective of the type of diabetes (1 or 2). The more plausible and
current hypothesis is that the MetS underlies the onset and progression of neuropathy and
that obesity and its consequences are the driving factors leading to nerve injury.

The fundamental property of obesity is energy imbalance, with low energy expenditure
compared to high caloric consumption. Excess nutrients are initially stored in “professional”
metabolic tissues, such as fat, skeletal muscle and liver. When the storage capacity of these
tissues is exceeded, bystander tissues such as the nervous system are subjected to excess
nutrients with little ability to handle super-physiologic substrates, resulting in extrinsic and
intrinsic cellular dysfunction.32 Extrinsic forces include fatty deposition in the nerve and
extracellular protein glycation and oxidation.33–36 The hallmark of intrinsic dysfunction is
metabolic imbalance with lipid and glucose dysregulation leading to mitochondrial
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dysfunction and subsequent oxidative and endoplasmic reticulum stress.18, 33, 34, 37, 38

Neurons also express receptors for low density lipoproteins (LDLs), and elevated levels of
oxidized LDLs, a hallmark of obesity and the MetS, activate receptors for oxidized LDLs,
such as lectin-like oxidized LDL receptor-1 (LOX-1), to promote additional mitochondrial
injury.

With ongoing energy imbalance, there is a vicious feed-forward cycle, activating counter-
regulatory signaling pathways which converge to inhibit insulin signaling and promote
chronic metabolic inflammation.39–41 These counter-regulatory pathways include
extracellular regulated kinases (ERKs), Jun N-terminal kinases (JNK), inhibitor of nuclear
factor κB (IκB) kinase β (IKK β), mammalian target of rapamycin (mTOR) and
endoplasmic reticulum-to-nucleus signaling 1 (IRE-1), each a potential target for
mechanism-based intervention.32, 39 Continued inflammation fosters neuronal insulin
resistance and loss of insulin neurotropism while engorged neural adipocytes secrete
inflammatory chemokines capable of recruiting pro-inflammatory M1 macrophages to the
already stressed nerve, intensifying neural injury.42–45 Systemic inflammation promotes
hypertension resulting in nerve ischemia further promoting oxidative and nitrosative stress,
aberrant neuronal and axonal mitochondrial function, energy deprivation and nerve injury.
Figure 1 depicts the intersection of MetS components with neuronal injury and the central
role of inflammation.

Currently Available Therapies
The only component of MetS with an established treatment for the prevention of neuropathy
is diabetes. Enhanced glucose control has been shown to decrease the incidence of
neuropathy in patients with type 1 diabetes, with little effect in those with type 2 diabetes
(Table 1).46–49 In type 1 diabetes, enhanced glucose control can be achieved through diet
and exercise and insulin. Similar diet and exercise regimens with the addition of metformin,
sulfonylureas, and other less common drugs, provides improved glycemic control but little
protection against neuropathy in type 2 diabetes. Diet and exercise in those with pre-diabetes
and neuropathy has been shown to increase nerve fiber density, but no controlled clinical
trial has been performed to confirm this finding.26 Furthermore, diet, exercise, and
metformin reduce the incidence of diabetes in those with pre-diabetes, but the effect on the
prevention of neuropathy is unclear.50 While effective pharmaceutical treatments exist for
hypertension, hypertriglyceridemia, and dyslipidemia, no studies have investigated the effect
of these interventions on the prevention or improvement of neuropathy. Similarly, while diet
and exercise programs and medications can be effective in the treatment of obesity, no
current data exist on the effect of these interventions on peripheral neuropathy in this
population. Importantly, diet and exercise regimens have the potential to treat MetS as a
whole; however, compliance and long term maintenance on these regimens are notoriously
difficult. The good news is that there are many currently available treatments of MetS
components. The bad news is that our only currently established therapy is glucose control
in patients with diabetes and this has little effect on neuropathy in patients with type 2
diabetes and MetS neuropathy.

Therapeutic Pipeline in 2013
The central role of inflammation in the MetS and associated chronic clinical disorders has
led to the recent development of mechanism-based therapies which include small molecule
kinase, chemokine and cytokine inhibitors and genetically engineered recombinant proteins
that target specific inflammatory receptors or ligands, as well as the use of older, more
broadly based anti-inflammatory drugs such as nonsteroidal anti-inflammatory drugs
(NSAIDs) like salsalate. Although these therapies have not yet been used to abrogate the

Callaghan and Feldman Page 3

Ann Neurol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



acquired inflammatory microenvironment in the peripheral nervous system, these
approaches are in current experimental use in other chronic MetS diseases, including central
nervous system neurodegenerative disorders.

For example, small molecule kinase inhibitors targeting JNK, mTOR, and IRE-1 can
attenuate inflammation and macrophage activation to provide neuroprotection in
neurodegenerative conditions, including traumatic brain and spinal cord injury, Parkinson’s
disease, multiple sclerosis, and Alzheimer’s disease.51, 52 JNK inhibitors are currently in
Phase 2 clinical trials for inflammatory endometriosis and idiopathic pulmonary fibrosis,
demonstrating the translational potential of this therapeutic strategy for metabolic
neuropathy.52 Inhibitors of IRE1 are effective in the treatment of endoplasmic reticulum
stress-associated diseases, including multiple myeloma.53, 54 mTOR inhibitors are another
popular therapeutic strategy, and the role of mTOR in cellular metabolism, autophagy, and
survival has supported applications of mTOR inhibitors in breast cancer and spinal cord
injury and as an anti-aging treatment.55–57 Interestingly, the type 2 diabetes drug metformin
functions by activating AMPK which in turn negatively regulates mTOR signaling, and
indirect mTOR regulatory mechanisms of metformin have also been recently
uncovered.56, 58, 59

Attention to chemokines as a therapeutic target is also increasing, with evidence of critical
implications of CC ligand 2 (Ccl2) and its receptor CCR2 in neuronal injury and multiple
sclerosis.60, 61 Small molecule inhibitors of Ccl2 and Ccl5 are currently in Phase 2 trials for
the treatment of diabetic nephropathy (www.clinicaltrials.gov; NCT01712061). Salsalate is
reported to have significant glucose-lowering effects by blocking low grade inflammation
via inhibiting nuclear factor-kappaB (NFκB) and consequently improving insulin sensitivity
in multiple small trials and case reports.62 Goldfine and colleagues recently completed a
large multicenter randomized trial, the Targeting Inflammation with Salsalate in Type 2
Diabetes (TINSAL-T2D) trial, evaluating the effects of salsalate on serum inflammatory
markers, insulin levels and glucose control. They report that salsalate lowers hemoglobin
A1C levels and improves glycemic control in patients with type 2 diabetes.63 Together,
these approaches provide optimism that a novel and as yet untested therapeutic pipeline
exists for neuropathy.

Unmet Needs
While multiple studies have demonstrated associations between MetS and neuropathy,
studies to date have largely focused on patients with diabetes, have utilized cross-sectional
study designs, and have used inconsistent definitions of neuropathy. Furthermore, the
proportion of patients with neuropathy that are attributed to MetS is also unclear. The high
prevalence of MetS makes this syndrome a potentially large contributor to the development
and progression of neuropathy in those with and without diabetes, but the degree of impact
of MetS on neuropathy remains to be defined. Past studies investigating the association
between specific MetS components and neuropathy have also yielded inconsistent results.
For example, De Block et al did not find an association between obesity and neuropathy,
whereas three other investigators found a significant association.17, 19, 21 Identifying the
particular components that drive neuropathy is essential in informing future clinical trials.
We also have no information on the interactions between the different MetS components and
neuropathy. It is possible that a specific combination of MetS components is needed to cause
neuropathy or that the effects of the individual components are not additive but synergistic.
Much also remains to be learned about the underlying causes and potential treatments of
metabolic neuropathy and we contend that targeting inflammation offers a novel and likely
effective treatment strategy.
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Possible New Directions for Research
An evolving literature indicates that type 1 and type 2 diabetes are substantially different
diseases with disparate mechanisms.64, 65 The MetS and its individual components are
potential explanations for this observation, with a much greater prevalence in those with
type 2 diabetes. Future, investigations are needed to define the underlying pathophysiologic
differences between the two different types of diabetes, with a focus on MetS components
and inflammation. This information would have significant implications for the development
of new therapeutics in this area. There is also a need for epidemiologic studies that address
some of the shortcomings of existing trials, such as studying patients with MetS with and
without diabetes, utilizing longitudinal study designs, and employing rigorous definitions of
neuropathy. This information has the potential to give further evidence that there is a causal
relationship between MetS and neuropathy. We also must define the impact of MetS on
neuropathy, the role of its individual components, and the interactions between them.
Enhancing our knowledge of the underlying scientific mechanisms and epidemiology of
metabolic neuropathy has the potential to rapidly lead to clinical trials, since all MetS
components have currently available treatments. Hopefully, this new knowledge will also
help us develop novel therapeutics with the potential to prevent, halt, or reverse this
common, disabling disease.
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Figure 1.
Signaling pathways underlying nutrient excess and metabolic neuropathy. Hyperglycemia
and hyperlipidemia incite a feed-forward cycle of cellular damage with production of
reactive oxygen species leading to cellular oxidative stress, mitochondrial dysfunction and
parallel endoplasmic reticulum (ER) stress. These changes not only lead to direct neuronal
injury but also promote nutrient excess-mediated insulin resistance, initiating tissue
inflammation, which in turn exacerbates insulin resistance and mediates injury cascades.
There is leukocyte recruitment with the production of tissue damaging inflammatory
chemokines and activation of Jun N-terminal kinases (JNK) and inhibitor of nuclear factor
Kb (IKb) kinase B (IKKb) triggering further insulin resistance, inflammatory responses and
tissue damage. JNK and IKKb also mediate NFκB activation leading to production of
inflammatory and tissue damaging signals. Collectively these diverse but interlinked
pathways reinforce a destructive cycle of cellular impairment and damage linking nutrient
excess to metabolic neuropathy.
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