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Abstract
Painful diabetic neuropathy (PDN) is an important complication of diabetes. The Zucker diabetic fatty (ZDF) rat is an established
model for Type 2 diabetes (T2D). To investigate the potential role of inflammation in the pathogenesis of painful neuropathy in
this model, we used a microarray to study cytokine/chemokine expression in the spinal cord dorsal horn and correlated changes in expression of TRPV1 channel which is related to thermal pain. After 6 weeks of hyperglycemia, significant changes were
observed in thermal latency and in mechanical pain threshold in ZDF animals compared to their lean controls. Cytokine array
revealed elevation in a number of inflammatory mediators that are associated with the emergence of pain-related behaviors.
ZDF animals with PDN also exhibited increase in transient receptor potential cation channel subfamily V member 1 (TRPV1)
in the DRG and the spinal cord. The increase in inflammatory markers in the spinal cord dorsal horn of Type 2 diabetic animals
coincident with the onset of pain in PDN suggests that inflammation in the spinal cord may be important in the development of
pain in this model.

Abbreviations
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IL-1
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: Painful Diabetic Neuropathy;
: Type 2 Diabetes;
: Zucker Diabetic Fatty;
: Dorsal Root Ganglia;
: Transient Receptor Potential Cation Channel Subfamily V member 1;
: Interleukin-1;
: Tumor Necrosis Factor;
: soluble Intercellular Adhesion Molecule;
: Chemokine (C-C motif) Ligand
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Introduction

Statistical analysis

Neuropathy is among one of the most common debilitating
complications of diabetes. Over the course of the disease, up to
50% of the diabetic patients develop neuropathy, despite controlled blood sugar. Usually it affects the extremities, starting
with feet. It begins with sensory changes such as numbness or
tingling in the toes; which ultimately leads to loss of sensation.
Diabetic neuropathy is the primary cause of ulcerations and
infections in the feet, and in advanced cases, amputation. Up
to 25% of diabetic patients with neuropathy describe abnormal peripheral sensations, including spontaneous pain, exaggerated perception of pain to mildly noxious (hyperalgesia) or
innocuous (allodynia) stimuli. In some patients, impaired nociception develops into unrelenting neuropathic pain, greatly
affecting quality of life [1-3].

The statistical significance of the difference between groups
was determined by ANOVA (Systat 13) using Bonferroni’s
correction for the multiple post hoc analyses. All results are
expressed as mean ± SEM. The animal behavior experiments,
with 8-10 animals per group, were repeated twice.

Treatments with antidepressants, anticonvulsants and opioids
are effective for pain, but are of limited efficacy, and complicated by addiction and dependency [4-6]. The available prescription medications have significant number of side effects.
So, there remains a clear unmet medical need for therapies
that could provide greater efficacy. The cellular mechanism(s)
by which neuropathic pain develops in the diabetic patients
remains poorly understood. Aberrant activation of the polyol
pathway, accumulation of advanced glycation end products,
microvascular insufficiency, neurotrophic factor deficiency,
and dysregulation of ion channel function are strongly suggestive of a multifactorial temporal process with episodic hyperglycemia as a common initiating event [7-9].
Furthermore, neuropathic pain induces overexpression of
local inflammatory cytokines released from activated macrophages, glial and Schwann cells. It has been established that
proinflammatory cytokines (i.e., tumor necrosis factor [TNF]-α, interleukins [IL]-1, IL-6) cause pain [10-13]. Treatments
with inhibitors of proinflammatory cytokines or anti-inflammatory cytokines may reduce pain; however, these treatments
come with a number of side effects. The purpose of this study
is to find a better understanding of the mechanism of pain by
examining the effect of proinflammatory cytokines in the spinal cord of Type 2 diabetic animals.

Results and Methods
Study design

The Zucker diabetic fatty (ZDF, Charles River, USA) rat, a substrain of the obese Zucker rat, is an established model for Type
2 diabetes in which hyperglycemia initially manifests at about
8-9 weeks of age. The ZDF rats were used in this study in compliance with approved institutional animal care and use protocols (IACUC, VAAAHS). Rats with greater than 300 mg/dl blood
glucose level were included in the study.

ZDF rats with Type 2 model of diabetes showed thermal
hyperalgesia, mechanical hyperalgesia 6 weeks after
diabetes

We assessed pain by measuring the latency to hind paw withdrawal from a thermal stimulus determined by exposing the
plantar surface of the hind paw to radiant heat using a modified Hargreaves thermal testing device, and mechanical nociceptive threshold using an analgesimeter (Ugo Basile, Comerio, VA, Italy) as described previously [14]. Pre-diabetic animals
at 8 weeks of age showed normal responses (data not shown).
After 6 weeks of diabetes, the ZDF animals showed decreased
thermal latency (lean 13.05 ± 1.0 sec; ZDF 9.56 ± 1.4 sec; P <
0.005; n=6; Fig 1a) and decreased paw withdrawal threshold
measured by Randall-Selitto test (lean 95.6 ± 7.8 gm; ZDF 56.5
± 4.9 gm; P < 0.001; n=6; Figure 1b).

Figure1. ZDF animals presented pain-related behaviors 6 weeks
after hyperglycemia.
Six weeks after diabetes, ZDF animals demonstrate thermal hyperalgesia manifested by a decrease in thermal latency compared to
control lean animals (*P < 0.005; a) and developed mechanical hyperalgesia exhibited by decrease in hind-paw withdrawal threshold
compared to compared to age-matched lean animals (**P < 0.001; b).

ZDF rats with PDN demonstrated activation of microglial
cells with increases in TNFα, IL1-β and phospho-p38MAPK
in spinal cord

By Western blot and immunohistochemistry of the spinal cord
dorsal horn, we found that ZDF animals at 6 weeks of diabetes
exhibited activation of microglial cells (as shown by CD11b immunohistochemistry) with significant increases in a number
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of inflammatory markers including tumor necrosis factor α
(TNFα), interleukin(IL)-1β along with up-regulation of phospho-p38 MAPK compared to lean control animals (Figure 2ad). Samples of dorsal horn were prepared as described previously [16].

Figure 3. ZDF rats with PDN demonstrated increased TRPV1 in
DRG and spinal cord.
Figure 2. ZDF rats with PDN revealed increased neuroinflammation in the dorsal horn.
ZDF rats 6 weeks after diabetes show a significant increase in pp38
(a) and TNFα (b), in dorsal horn measured by Western blot. (c) Immunohistochemistry of the spinal dorsal horn demonstrated activation
of microglial cells (CD11b antibody) and increased IL1β expression in
ZDF animals at 6 weeks of diabetes (d).

Animals with pain-related behavior exhibited increased
TRPV1 in DRG and spinal cord

In previous studies, our group and others have found that
there was an increase in the amount of voltage-gated sodium
channel 1.7 (NaV1.7) in the DRG of the STZ-diabetic (a model
of T1D) animals with PDN [14]. In this study, dorsal horn was
analyzed for expression of transient receptor potential cation
channel subfamily V member 1 (TRPV1) to correlate the altered TRPV1 expression with the changes in the pain-related
behaviors. Western blot and immunohistochemical analyses
demonstrate that TRPV1 expression is increased in the spinal cord dorsal horn of ZDF animals with pain (Figure 3a-b).
ZDF rats with pain also showed a significant increase in transient receptor potential cation channel subfamily V member 1
(TRPV1) in DRG, 6 weeks after diabetes (Figure 3c).

(a) Immunohistochemical analysis exhibited an increase in TRPV1
levels in spinal cord dorsal horn of ZDF animals with PDN, 6 weeks
after diabetes. Western blot analysis showed a significant increase in
TRPV1 in spinal cord (b) and DRG (c) of ZDF rats with PDN 6 weeks
after diabetes compared to lean control.

ZDF rats with PDN revealed increases in a number of inflammatory mediators in spinal cord dorsal horn

To detect the relative expression of 29 cytokines, chemokines
and cell adhesion molecules in the spinal dorsal horn, Rat Cytokine Array (ARY008; R&D Systems, USA) was used. The total
protein was isolated and quantified; array was performed according to manufacturer’s protocol [15]. The intensity of each
spot was determined by quantitative chemiluminescence using a PC-based image analysis system (ChemiDoc XRS System,
Bio-Rad Laboratories, USA); and was quantitated by analyzing
the array image file using image analysis software (Quanti-one
4.6.1; Bio-rad Laboratories, USA). Analysis of the array (Figure 4) reveals a significant increase in 27 out of 29 cytokines/
chemokines/cell adhesion molecules in the spinal cord dorsal
horn of ZDF animals with painful neuropathy 6 weeks after diabetes compared to their respective age-matched lean controls.
Interleukins, IL-10 and IL-4 expression were not changed in
these animals. These two cytokines are anti-inflammatory in
their effects.
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Figure 4. Analysis of inflammatory markers in dorsal horn of Type 2 diabetic rats.
ZDF animals with PDN show an increase in significant number of inflammatory markers that are associated with development and maintenance of pain by cytokine array of dorsal horn of ZDF rats 6 weeks after diabetes compared to lean animals. Out of 29 cytokines, chemokines
and adhesion molecules, 27 are increased significantly (P<0.05) compared to lean controls. The 2 anti-inflammatory cytokines IL-10 and IL-4
did not show any difference compared to controls.

Discussion

Nervous system inflammation plays an essential role in pain
and injury [16] which leads to increased vascular permeability, plasma extravasation and cell migration. Inflammation may
also cause elevated levels of pro-nociceptive chemokines/
receptors which directly contribute to pain behavior [17]. So
far, the research focused on improving the treatment of chronic pain has largely ignored the role of neuro-inflammation in
diabetic neuropathy. In this study the inflammatory mediators
that are altered in the animals with PDN, fall into the following
major categories: cytokines, chemokines, cell adhesion molecules and trophic factors. (1) Cytokines have been implicated in the development of hypersensitivity in other models of
neuropathic pain caused by physical injury, and are important
for the regulation of immune responses and nociception. The
important pro-inflammatory cytokines that are altered in this
study are TNFα and interleukins, particularly IL1α, IL1β, IL6, IL13 and IL17 [17]. (2) Members of the CC and CXC family
of chemokines are implicated in behavioral hypersensitivity
and vascular inflammation and are increased after nerve injury [18-22]. The chemokines that are changed in this study are
CCL3 (MIP-1α) and CCL20 (MIP-3α), CCL5 and CXCL10

(RANTES and IP-10), CXCL7 (thymus cytokine) and CX3CL1
(fractalkine). (3) Cell adhesion molecules exemplify essential
biomarker for inflammatory processes [23]. There is a significant increase in cell adhesion molecule, sICAM-1 in the spinal
cord of diabetic animals. (4) Trophic factors have been linked
with pain in patients. This study reveals alterations in expression of ciliary neurotrophic factor (CNTF) and vascular endothelial growth factor (VEGF) in spinal cord; previous studies
have associated the changes in CNTF with hyperalgesia in ALS
patients in a phase I trial, and changes in VEGF with increased
pain in patients with bladder pain. [24, 25].
In this study, we found that a number of cytokines, chemokines
and cell adhesion molecules are altered with the development
of pain in T2D. The study also revealed an increase in transient receptor potential cation channel subfamily V member 1
(TRPV1) in the DRG and the spinal cord of the animals. Recent
studies have shown that elevated levels of TNF-α are responsible for the up-regulation of voltage gated sodium channel
activity [26, 27] and TRPV1 receptors [28]. Therefore, the results from this study suggest that the substantiation of these
inflammatory mediators in spinal cord may be responsible for
the development of painful neuropathy in Type 2 diabetes con-
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comitant with increases in the voltage gated ion channels. We
have now established that ZDF animals at 6 weeks after hyperglycemia with PDN have increased levels of TNFα, TRPV1 and
increased phosphorylation of p-38 in spinal cord along with
changes in a number of other proinflammatory cytokines and
chemokines. These results suggest that painful diabetic neuropathy is, at least in part, an ‘inflammatory’ condition. Therefore, this study may help understand the possible role of these
pro-nociceptive markers to identify novel analgesic targets.

Acknowledgements

This work was funded by American Diabetes Association
(award number 7-12-BS-021 to MC) and Pilot and Feasibility Grant from the Michigan Diabetes Research and Training
Center (award number R000617 to MC, from the NIDDK Grant
5P60-DK020572).

Authors’ contributions

HJY contributed experimentally; carried out the behavior test
and cytokine array; VT contributed in immunohistochemistry
and western blot. MC contributed to the design and analysis of
the study, wrote the manuscript.

Competing interests

The authors declare that they have no competing interests.

References

1. Schmader KE. Epidemiology and impact on quality of life of
postherpetic neuralgia and painful diabetic neuropathy. Clin J
Pain. 2002, 18(6): 350-354.
2. Vileikyte L, Peyrot M, Gonzalez JS, Rubin RR, Garrow AP et
al. Predictors of depressive symptoms in persons with diabetic peripheral neuropathy: a longitudinal study. Diabetologia.
2009, 52(7):1265-1273.

3. Lewko J, Politynska B, Kochanowicz J, Zarzycki W, Okruszko A et al. Quality of life and its relationship to the degree of
illness acceptance in patients with diabetes and peripheral diabetic neuropathy. Adv Med Sci. 2007, 52 (Suppl 1):144-146.
4. Vorobeychik Y, Gordin V, Mao J, Chen L. Combination therapy
for neuropathic pain: a review of current evidence. CNS Drugs.
2011, 25(12): 1023-1034.

5. Tesfaye S, Vileikyte L, Rayman G, Sindrup S, Perkins B et al.
Painful Diabetic Peripheral Neuropathy: Consensus Recommendations on Diagnosis, Assessment and Management. Diabetes Metab Res Rev. 2011, 27(7):629-638.
6. Zhao Y, Liu J, Thethi T, Fonseca V, Shi L. Predictors of Dulox-

etine versus Other Treatments among Veterans with Diabetic Peripheral Neuropathic Pain: A Retrospective Study. Pain
Pract. 2011, 12(5):366-373.

7. Uehara K, Yamagishi S, Otsuki S, Chin S, Yagihashi S. Effects of
polyol pathway hyperactivity on protein kinase C activity, nociceptive peptide expression, and neuronal structure in dorsal
root ganglia in diabetic mice. Diabetes. 2004, 53(12): 32393247.
8. Sugimoto K, Yasujima M, Yagihashi S. Role of advanced glycation end products in diabetic neuropathy. Curr Pharm Des.
2008, 14(10): 953-961.
9. Apfel SC. Neurotrophic factors in the therapy of diabetic neuropathy. Am J Med. 1999, 107(2B): 34S-42S.

10. Uceyler N, Rogausch JP, Toyka KV, Sommer C. Differential
expression of cytokines in painful and painless neuropathies.
Neurology. 2007, 69(1): 42-49.
11. Ji RR. Peripheral and central mechanisms of inflammatory pain, with emphasis on MAP kinases. Curr Drug Targets Inflamm Allergy. 2004, 3(3): 299-303.

12. Jin SX, Zhuang ZY, Woolf CJ, Ji RR. p38 mitogen-activated protein kinase is activated after a spinal nerve ligation in
spinal cord microglia and dorsal root ganglion neurons and
contributes to the generation of neuropathic pain. J Neurosci.
2003, 23(10): 4017-4022.

13. Shamash S, Reichert F, Rotshenker S. The cytokine network
of Wallerian degeneration: tumor necrosis factor-alpha, interleukin-1alpha, and interleukin-1beta. J Neurosci. 2002, 22(8):
3052-3060.

14. Chattopadhyay M, Mata M, Fink DJ. Continuous delta-opioid receptor activation reduces neuronal voltage-gated sodium
channel (NaV1.7) levels through activation of protein kinase C
in painful diabetic neuropathy. J Neurosci. 2008, 28(26): 66526658.
15. Galloway C, Chattopadhyay M. Increases in inflammatory
mediators in DRG implicate in the pathogenesis of painful neuropathy in type 2 diabetes. Cytokine. 2013, 63(1):1-5.
16. Ohtori S, Takahashi K, Moriya H, Myers RR. TNF-alpha and
TNF-alpha receptor type 1 upregulation in glia and neurons after peripheral nerve injury: studies in murine DRG and spinal
cord. Spine. 2004, 29(10):1082-1088.
17. Ji RR, Strichartz G.Cell signaling and the genesis of neuropathic pain. Sci STKE. 2004, 2004(252): reE14.
18. Kiguchi N, Maeda T, Kobayashi Y, Fukazawa Y, Kishioka S.

Cite this article: Chattopadhyay M. Role of Neuroinflammation in the Pathogenesis of Painful Neuropathy in Type 2 Diabetes. J J Aller Immuno. 2015, 2(1): 012.

6

Jacobs Publishers

Macrophage inflammatory protein-1alpha mediates the development of neuropathic pain following peripheral nerve injury
through interleukin-1beta up-regulation. Pain. 2010, 149(2):
305-315.

19. Rothman SM, Ma LH, Whiteside GT, Winkelstein BA. Inflammatory cytokine and chemokine expression is differentially modulated acutely in the dorsal root ganglion in response
to different nerve root compressions. Spine (Phila Pa 1976).
2011, 36(3): 197-202.
20. Bhangoo S, Ren D, Miller RJ, Henry KJ, Lineswala J et al. Delayed functional expression of neuronal chemokine receptors
following focal nerve demyelination in the rat: a mechanism
for the development of chronic sensitization of peripheral nociceptors. Mol Pain. 2007, 3:38.

21. Smith C, Damas JK, Otterdal K, Oie E, Sandberg WJ et al. Increased levels of neutrophil-activating peptide-2 in acute coronary syndromes: possible role of platelet-mediated vascular
inflammation. J Am Coll Cardiol. 2006, 48(8):1591-1599.

22. Johnston IN, Milligan ED, Wieseler-Frank J, Frank MG, Zapata V et al. A role for proinflammatory cytokines and fractalkine in analgesia, tolerance, and subsequent pain facilitation
induced by chronic intrathecal morphine. J Neurosci. 2004,
24(33):7353-7365.

23. Doupis J, Lyons TE, Wu S, Gnardellis C, Dinh T et al. Microvascular reactivity and inflammatory cytokines in painful and
painless peripheral diabetic neuropathy. J Clin Endocrinol Metab. 2009, 94(6):2157-2163.
24. Ramirez BU, Retamal L, Vergara C. Ciliary neurotrophic factor (CNTF) affects the excitable and contractile properties of
innervated skeletal muscles. Biol Res. 2003, 36(3-4): 303-312.
25. Kiuchi H, Tsujimura A, Takao T, Yamamoto K, Nakayama J
et al. Increased vascular endothelial growth factor expression
in patients with bladder pain syndrome/interstitial cystitis:
its association with pain severity and glomerulations. BJU Int.
2009, 104(6):826-831.

26. Myers RR, Shubayev VI. The ology of neuropathy: an integrative review of the role of neuroinflammation and TNF-alpha axonal transport in neuropathic pain. J Peripher Nerv Syst.
2011, 16(4): 277-286.

27. Chen X, Pang RP, Shen KF, Zimmermann M, Xin WJ et al.
TNF-alpha enhances the currents of voltage gated sodium
channels in uninjured dorsal root ganglion neurons following
motor nerve injury. Exp Neurol. 2011, 227(2): 279-286.
28. Spicarova D, Palecek J. Tumor necrosis factor alpha sensitizes spinal cord TRPV1 receptors to the endogenous agonist
N-oleoyldopamine. J Neuroinflammation. 2010, 7:49.

Cite this article: Chattopadhyay M. Role of Neuroinflammation in the Pathogenesis of Painful Neuropathy in Type 2 Diabetes. J J Aller Immuno. 2015, 2(1): 012.

