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Abstract: The pathogenesis of diabetic neuropathy is complex, and various pathogenic pathways
have been proposed. A better understanding of the pathophysiology is warranted for developing
novel therapeutic strategies. Here, we summarize recent evidence from experiments using animal
models of type 1 and type 2 diabetes showing that low-grade intraneural inflammation is a facet
of diabetic neuropathy. Our experimental data suggest that these mild inflammatory processes
are a likely common terminal pathway in diabetic neuropathy associated with the degeneration
of intraepidermal nerve fibers. In contrast to earlier reports claiming toxic effects of high-iron
content, we found the opposite, i.e., nutritional iron deficiency caused low-grade inflammation
and fiber degeneration while in normal or high non-heme iron nutrition no or only extremely mild
inflammatory signs were identified in nerve tissue. Obesity and dyslipidemia also appear to trigger
mild inflammation of peripheral nerves, associated with neuropathy even in the absence of overt
diabetes mellitus. Our finding may be the experimental analog of recent observations identifying
systemic proinflammatory activity in human sensorimotor diabetic neuropathy. In a rat model of
type 1 diabetes, a mild neuropathy with inflammatory components could be induced by insulin
treatment causing an abrupt reduction in HbA1c. This is in line with observations in patients with
severe diabetes developing a small fiber neuropathy upon treatment-induced rapid HbA1c reduction.
If the inflammatory pathogenesis could be further substantiated by data from human tissues and
intervention studies, anti-inflammatory compounds with different modes of action may become
candidates for the treatment or prevention of diabetic neuropathy.

Keywords: diabetic neuropathy; pathogenesis; inflammation; iron; treatment-induced neuropathy in
diabetes (TIND)

1. Introduction

The prevalence of diabetes and prediabetes has continued to increase worldwide in
recent years [1–5]. Diabetes mellitus represents the most common cause of polyneuropathy
with a prevalence of 18–49% in various clinical studies along with retinopathy, nephropathy,
and vasculopathy [6]. Its prevalence seems to correlate with disease duration and glycemic
control [7]. The most common and typical form of diabetic neuropathy (DN) is distal
symmetric sensomotor and autonomic neuropathy, accounting for approximately 90% of
patients [8]. In addition to the duration of diabetes, the prevalence also appears to be
associated with other risk factors such as obesity and overt metabolic syndrome [9–11].
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Small nerve fibers are considered to be most vulnerable structures for the development
of DN since early damage was described even on patients with impaired glucose tolerance
and without the expected overt chronic hyperglycemia [12].

Despite intensive research in recent years, there is still no unifying concept of the
pathophysiology of DN nor efficacious and safe specific treatments available.

In this short review, we summarized the more recent aspects of two pathomechanisms
based on our own experimental studies in diabetic disease models, namely inflammatory
mechanisms and the modulation by manipulating systemic iron levels. These has been
discussed against other recent findings and hypotheses. We conclude that re-examining
these inflammatory mechanisms in human DN seems warranted.

2. The Neuropathogenic Role of Inflammation

In some rare forms of diabetic polyneuropathies, such as radiculoneuropathy in a
nerve plexus distribution or cranial neuropathies, an inflammatory component has already
been substantiated by nerve biopsies in distinct cases [8,13–15].

In our experimental studies, we could demonstrate that all animals with type 1 or
type 2 experimental diabetes and neuropathy showed an increased inflammatory response,
with mild infiltration and proliferation of macrophages and T cells as well as increased
concentrations of soluble cytokines in the sciatic nerve [16–18]. Moreover, one of the pre-
dominant sites of axonal degeneration were the intraepidermal small nerve fibers [16–18].
This prompted us to propose that nerve tissue inflammation could be another facet in a
multimodal pathogenic spectrum of causal factors in typical diabetic neuropathy.

Previously, increased inflammatory signs such as enhanced macrophage infiltration
and proliferation in the peripheral nerves of rats with type 1 diabetes were shown [19]. In
analogy, we found increased macrophage infiltration in the sciatic nerve of hyperglycemic
ob/ob mice, a model of type 2 diabetes. This was associated with loss of myelinated and
unmyelinated nerve fibers and axonal damage, indicative of overt neuropathy [20].

In a rat model of the metabolic syndrome (Wistar Ottawa Karlsburg W(RT1u) rats,
WOKW), histopathological evidence of mild inflammation at the sciatic nerve was also
found (Figure 1A) [21].

Figure 1. (A): Macrophages distribution in sciatic nerves of WOKW rats with metabolic syndrome and health LEW.1W
control rats; [21]. Double immunofluorescence staining for Iba-1 (green, macrophages) and for neurofilament 200 (red).
Nuclei are counterstained with DAPI (blue). Bar represents 100 µm and 50 µm (lower panel). (B): Macrophage distribution
in sciatic nerves of BB/OKL rats stratified by the reduction in HbA1c values at the end of month 3 of insulin application [22].
Diagram: Quantification of Iba-1 (ionized calcium binding adaptor molecule 1)—positive macrophages. Photomicrograph:
Double IF staining for Iba-1 (green, macrophages) and for neurofilament 200 (red). Note that the greater number of
macrophages in sciatic nerve correlated with a larger reduction in HbA1c values (>2 per cent steps) as compared with the
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lesser reduction in HbA1c values (<2 per cent steps). Data from n = 7 are presented as mean ± SEM. ** p ≤ 0.01 according to
the one-way analysis of variance together with the Newman–Keuls test. Bar represents 50 µm.

In a more recent study, we examined ob/ob mice without hyperglycemia as a model
of the metabolic syndrome or prediabetes. Even in the absence of chronic hyperglycemia,
symptoms of inflammation were evident in peripheral nerves [17].

In line with these experimental findings, it has been shown that type 2 diabetes and
obesity or a combination of both may be associated with an increased inflammatory re-
sponse [23]. Elevated serum concentrations of inflammatory biomarkers, e.g., C-reactive
protein (CRP), interleukin (IL) 6, or IL 18 were found in humans with type 2 diabetes [24,25].
In addition, an association of biomarkers for inflammation with diminished cardiac auto-
nomic function has been shown in type 2 diabetes [26,27].

Previously, in a prospective clinical study, in an elderly population with diabetes,
Herder and co-workers [28] found that systemic biomarkers of inflammation were also
linked to the onset and progression of neuropathy over 6.5 years of observation [28]. More
recently, an increased expression of inflammation-associated genes has been observed in
macrophages from dorsal root ganglia in DN patients [29]. The authors suggest that this
mechanism may contribute to increased pain hypersensitivity. They also found downreg-
ulation in DRG-neuron-related genes. The elevated inflammatory gene profile and the
accompanying downregulation of multiple DRG-neuronal genes provide new insights into
intraganglionic pathology of DN in patients with type 2 diabetes [29].

The role of a mild nerve inflammation in primary non-inflammatory peripheral nerve
disorders was first described in the pivotal experiments in transgenic mouse models of var-
ious inherited Charcot–Marie–Tooth (CMT) neuropathies almost 3 decades ago (reviewed
in Martini and Toyka, 2004, [30]). These studies have shown that low-grade immune cell in-
flammation is an important pathogenic factor acting through macrophages and CD8 T cells.
Formal proof of the pathogenic role of inflammatory pathways was provided in knockout
mouse models lacking various activators of cell-based immune mediators [31–33]. In
human hereditary neuropathies, low-grade inflammation was occasionally demonstrated
in sural nerve biopsies, and a direct correlation with axonal damage was found [34,35].

In contrast, perivascular infiltration of macrophages and T cells in sural nerve and
skin biopsies with increased proinflammatory cytokines are the culprit of nerve damage
in a number of bona fide primary inflammatory neuropathies. These include vasculitic
neuropathy, acute demyelinating inflammatory neuropathies (the Guillain-Barré syndrome,
GBS), and chronic idiopathic demyelinating polyradiculoneuropathy (CIDP). Immune cell
infiltration is more pronounced than in hereditary neuropathies and in diabetic neuropathy,
and CD4-T cells are predominant in the immune-mediated neuropathies [30,36–38]. In the
respective rat and mouse models of experimental autoimmune neuritis, it has been clearly
shown that the cellular immune reactions were different from those in the transgenic CMT
models [30,39].

Based on these observations and that of Nukada et al. [19], we suggest that inflam-
mation may indeed be an important factor in a multimodal pathway in the pathogene-
sis of diabetic neuropathy in addition to axonal degeneration of peripheral nerve fibers
(Figure 2). It is worth considering these inflammatory pathways in terms of devising novel
therapeutic approaches.

It should be emphasized here that peripheral nerve inflammation is associated with
macrophage activation and this is leading to oxidative stress [41–43]. Increased concentra-
tions of reactive oxygen species including mitochondrial overproduction of superoxide
have also been linked to the development of diabetic microvascular complications, includ-
ing experimental neuropathy [44]. Clinical studies in diabetic patients with or without
neuropathy have shown an increase in the total oxidative status and in oxidative stress
index levels together with a low total antioxidant status as compared with healthy individ-
uals [45]. Moreover, other authors reported that the total antioxidant capacity in serum
of patients suffering from DN was significantly decreased [46]. Strom et al. (2017) [47]
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demonstrated that patients with recently diagnosed type 1 and type 2 diabetes show ev-
idence of systemic oxidative stress despite good glycemic control and they suggested a
role of impaired extracellular antioxidative defense of superoxide in the early DN develop-
ment [47]. Although peripheral neuropathy appears to be the most extensively investigated
neuropathy in relation to oxidative stress, detailed studies of the role of oxidative stress in
various animal models of diabetes are still limited.

Figure 2. Pathophysiology of diabetic peripheral neuropathy, modified according to Pop-Busui, 2016 [40]. The relationship
between inflammation in diabetes and damage of peripheral nerve fibers: hyperglycemia and insulin loss/resistance lead to
dyslipidemia and oxidative/nitrosative stress of endoplasmic reticulum and mitochondria. These processes may contribute
to accumulation of ROS (reactive oxygen species), inflammation and cellular damage. The infiltrated macrophages in the
peripheral nerves trigger the production of pro-inflammatory factors: cytokine and chemokine, which promote inflammation
and damage of nerve fibers. Disorders of iron homeostasis and rapid lowering of blood glucose enhances the inflammatory
process of peripheral nerves and appears to affect hyperglycemia.

3. Neuropathogenic Role of Iron Intake

A link between iron metabolism disorders and diabetes has already been proposed [48].
In several epidemiological studies, high serum ferritin and decreased transferrin levels were
associated with a higher risk of type 2 diabetes, pre-diabetes, or gestational diabetes [49–51].
Iron overload may also lead to diabetes mellitus in hereditary hemochromatosis [52]. It has
therefore been concluded that lowering of systemic iron levels by blood donation and iron
chelators may be an option improving diabetes in patients [53,54]. This potential role of iron
in the development of DN was not formally addressed by therapeutic intervention studies.

Iron is an important co-factor for many vital functions such as oxygen transport,
DNA synthesis and DNA repair, neurotransmitter synthesis, and myelination [55]. Iron
deficiency is involved in the pathogenesis of peripheral neuropathies in children with
iron deficiency anemia [56]. Iron excess, on the other hand, is thought to exert toxic
effects and to have significance in the pathogenesis of neurodegenerative diseases such as
Parkinson’s disease and Alzheimer’s disease [57,58]. While there are numerous studies on
the importance of iron deposits in the central nervous system, to date, little is known about
iron metabolism in the peripheral nervous system.

In an experimental study, we investigated the potential pathogenic role of exogenous
non-heme iron in peripheral diabetic neuropathy (DN) in an animal model for type 1
diabetes [16]. Against our expectations, low rather than high-iron diet showed a strong
effect on the development of experimental DN. Only a low iron-diet led to reduced sensory
conduction velocities in the sciatic nerve. In addition, only STZ-rats on a low iron diet
showed mitochondrial damage in numerous dorsal root ganglion (DRG) neurons [16].
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Since diabetic rats developed sensory neuropathy on a low iron diet but did not show
lowered systemic levels of iron, we concluded that DRGs and peripheral nerve fibers might
be more vulnerable to dietary iron deprivation than other tissues (Figure 3).

Figure 3. PIXE imaging of elementary phosphorous, sulfur (for cell area visualization) and iron
particles in cells of dorsal root ganglions (DRG) [12]. (a–c): an example of the DRG neuron (marked
with a drawn green line). (e–g): an example of DRG satellite cells (marked with a drawn green line).
(d,h): Intracellular iron concentration: (d): The iron concentration was significantly higher in DRG
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neurons of standard diet STZ rats as compared with non-diabetic control rats. (h): There were no
differences in the iron levels in satellite cells of STZ rats compared with non-diabetic control animals.
Bars represent 20 µm.

Notably, we found comparable results in obese ob/ob mice with experimental metabolic
syndrome [17] and in db/db mice with type 2 diabetes [18]. Similar to STZ-induced DN, low
dietary iron load caused more pronounced abnormalities than high-iron load in ob/ob mice
and db/db mice [17,18]. In contrast to the previous clinical and experimental observations
indicating a negative effect of iron overload, we found that in high-iron fed diabetic mice,
blood glucose and glycosylated hemoglobin A1c (HbA1c) concentrations were decreased
rather than increased [18].

As a unifying finding, we demonstrated that all animals with type 1 or type 2 diabetes
and those with metabolic syndrome showed an increased inflammatory response in the
sciatic nerve in the iron-deficient group when compared with animals receiving a high-iron
diet [16–18]. Notably, while numbers of pro-inflammatory M1 macrophages were reduced,
anti-inflammatory M2 macrophages were increased in the sciatic nerve of db/db mice on
high-iron diet as compared with low-iron diet animals [18].

In summary, dietary non-heme iron uptake seems to be a crucial factor in the patho-
genesis of experimental diabetic neuropathy and also in the neuropathy associated with
an experimental metabolic syndrome lacking overt diabetes. It remains to be explored to
what degree the nerve pathology induced by low iron uptake is due to iron load itself or to
the associated inflammatory activity in peripheral nerves.

4. Neuropathogenetic Role of Rapid Blood Glucose Lowering in Patients with Diabetes

A rare subtype of diabetic neuropathy was termed treatment-induced neuropathy
in diabetes (TIND) because it was associated with a profound and often rapid iatrogenic
reduction in hyperglycemia and HbA1c [59–61].

TIND is more common in individuals with longstanding hyperglycemia in type 1 dia-
betes. Although the primary clinical manifestation is neuropathic pain, there is a concurrent
development of autonomic dysfunction both indicating small fiber neuropathy of thinly
myelinated A-delta and of unmyelinated C-fibers. In addition, retinopathy and nephropa-
thy are common complications [62].

In a retrospective study, clinical data from patients with diabetic neuropathy at a
large diabetes center revealed that 11% suffered from TIND [63]. In these patients, TIND
was accompanied by a marked decrease in HbA1c of more than 2 per cent steps over the
previous 3 months [63].

The type of antidiabetic therapy (e.g., insulin, oral antidiabetic treatments or dietary
interventions) did not seem to be relevant for the development of TIND. We are not
aware of any prospective studies of the incidence of TIND in a defined cohort of patients
nor of potential predictors of TIND. Since TIND involves degeneration of small nerve
fibers standard electrophysiologic testing is not abnormal. Only by means of specific
sensory tests (e.g., Quantitative sensory testing (QST) or nociceptive evoked potentials)
and identifying epidermal nerve fiber damage by skin biopsy is helpful in identifying
TIND-like pathology [35].

The pathogenesis of TIND is still incompletely understood [64,65]. Low and Singer [64]
proposed a concept of “energy crisis” brought about by chronic endoneural edema. In
a diabetes animal model, they showed that chronic hyperclycemia leads to an increased
intercapillary distance, resulting in reduced nerve blood flow and subsequently in a long-
standing hypoxic endoneural microenvironment. Due to the proposed poor blood flow
autoregulation in peripheral nerves the nerve fibers could be susceptible to changes in the
metabolic milieu [64,66].

Recently, we addressed the potential mechanisms in TIND by developing an animal
model in BB rats (bio breeding/ OKL, Ottawa Karlsburg Leipzig, BB/OKL). BB/OKL rats
are an established animal model for type 1 diabetes. We induced a rapid and profound
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decrease in HbA1c by insulin treatment aiming at mimicking the situation in TIND [22]. We
found significantly higher abnormalities in motor and compound sensory nerve conduction
velocities and a significantly greater infiltration of macrophages in sciatic nerves (Figure 1B).
This was associated with a reduced number of calcitonin gene-related peptide (CGRP)-
positive nerve fibers as compared with the animals with a milder decrease in HbA1c. We
concluded that a mild acute neuropathy with inflammatory components was induced
in BB/OKL rats as a consequence of the abrupt decrease in HbA1c caused by high-dose
insulin treatment. In contrast to TIND in patients, there was an obvious nerve conduction
slowing indicating that large, myelinated nerve fibers were also afflicted, in addition to
small fibers [22].

Supportive care is currently the only available treatment of TIND. More research is
required to further elucidate the various pathogenic pathways in TIND ultimately leading
to better prevention and treatment of this rare complication.

5. Neuropathogenic Role of Dyslipidemia

Type 2 diabetes is usually associated with dyslipoproteinemia, which may also play
a role in the development of diabetic neuropathy. Obesity alone may increase the risk of
developing polyneuropathy [67].

In a clinical study in obese children and adolescents, we demonstrated extended auto-
nomic nervous system (ANS) dysfunction, affecting several organs with a dysfunctional
activity of parasympathetic and sympathetic nervous systems. The pattern of autonomic
dysfunction raises the possibility that obesity may give rise to autonomic dysfunction
of peripheral nerves resembling that observed in normal-weight diabetic children and
adolescents [68]. To date, there are no studies on nerve biopsies or skin biopsies that might
further elucidate nerve pathology.

Pathogenic mechanisms similar to those in the pathogenesis of diabetic neuropathy
may be candidates for further studies [69].

Leptin-deficient ob/ob mice have been described as a model for obesity and the
metabolic syndrome that may be associated or not with mild diabetes [70].

In our first study using this animal model, we found pathological changes in nerve
fibers and their endoneural microvessels, especially in distal parts of the sciatic nerves.
Notably, this pathology was present even if there was no overt diabetes [71].

Experimental data from a pilot study obtained in high-fat diet fed mice with profound
obesity showed a marked and statistically significant drop in compound muscle action po-
tential amplitudes but no conduction slowing indicating functional abnormalities typical of
an axonal neuropathy (Grünewald B, Toyka KV, Höke A, 2013, unpublished observations).

In our recent study in ob/ob mice, we detected mild to moderate inflammatory activity
in peripheral nerves [17]. We suggest that DN may be triggered or even induced by obesity
or dyslipidemia.

In one of our clinical studies, we found stabilization and improvement of autonomic
neuropathy in correlation with improvement of weight status and metabolic risk factors af-
ter lifestyle-intervention, i.e., a combination of regular exercise (150 min/week, nutritional
counseling, and psychological support (Figure 4) [72].
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Figure 4. Associations between changes in BMI-SDS and changes in early re-dilatation velocity in in
quantitative pupillography taken as a parameter for autonomic sympathetic dysfunction. BMI—body
mass index; SDS—standard deviation score [72].

We concluded that autonomic nervous dysfunction may be positively influenced by
an intervention leading to weight loss, even as early as during childhood, an observation
that may translate to improved cardiovascular health and mortality later in life [72].

Another important aspect is that physical activity in humans including aerobic, re-
sistance training and especially combined exercise may improve inflammation-linked
biomarkers and thus suggests an anti-inflammatory effect through these interventions [73,74].

6. Conclusions

The findings from experiments using animal models of type 1 and type 2 diabetes
and using animal models for obesity and the metabolic syndrome lead us to suggest that
low-grade intraneural inflammation may be a major facet of the common types of dia-
betic neuropathy. If the inflammatory phenomena observed in animal experiments could
be confirmed as a pathogenic principle of DN in humans, anti-inflammatory therapies
would become a candidate for anti-inflammatory therapeutic strategies. Based on the pro-
found intraepidermal small fiber degeneration as shown in our animal models, minimally
invasive skin biopsies are recommended in future prospective trials aimed at defining
inflammatory mechanisms.

Neurodegeneration along with inflammatory activity caused by iron deficiency has
not yet been investigated systematically in humans. In practical terms, our experimental
observations lead us to discourage the use of iron-reducing therapies in diabetes until more
is known about the effects of iron intake in patients and until these human studies have
been done.

In a new animal model mimicking TIND in diabetes, the affliction of small nerve
fibers could be reproduced and associated with inflammatory pathology, and this may be a
consequence of an abrupt lowering of HbA1c. Still, the exact pathomechanism needs to be
defined in future studies before novel treatment strategies can be proposed.

Author Contributions: Wrote and edited the manuscript. P.B., K.V.T., M.B., J.K. and M.N. All authors
have read and agreed to the published version of the manuscript.

Funding: No applicable.



Int. J. Mol. Sci. 2021, 22, 10835 9 of 11

Institutional Review Board Statement: No applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Centers for Disease Control and Prevention. National Diabetes Statistics Report, 2020; Centers for Disease Control and Prevention:

Atlanta, GA, USA; U.S. Department of Health and Human Services: Washington, DC, USA, 2020.
2. Galicia-Garcia, U.; Benito-Vicente, A.; Jebari, S.; Larrea-Sebal, A.; Siddiqi, H.; Uribe, K.B.; Ostolaza, H.; Martín, C. Pathophysiology

of type 2 diabetes mellitus. Int. J. Mol. Sci. 2020, 21, 6275. [CrossRef] [PubMed]
3. Khan, M.A.B.; Hashim, M.J.; King, J.K.; Govender, R.D.; Mustafa, H.; Al Kaabi, J. Epidemiology of type 2 diabetes—Global

burden of disease and forecasted trends. J. Epidemiol. Glob. Health 2020, 10, 107–111. [CrossRef] [PubMed]
4. Roden, M.; Shulman, G.I. The integrative biology of type 2 diabetes. Nature 2019, 576, 51–60. [CrossRef] [PubMed]
5. Selvin, E.; Parrinello, C.M.; Sacks, D.B.; Coresh, J. Trends in prevalence and control of diabetes in the United States, 1988–1994

and 1999–2010. Ann. Intern. Med. 2014, 160, 517–525. [CrossRef]
6. Hanewinckel, R.; van Oijen, M.; Ikram, M.A.; van Doorn, P.A. The epidemiology and risk factors of chronic polyneuropathy. Eur.

J. Epidemiol. 2016, 31, 5–20. [CrossRef]
7. Tesfaye, S.; Selvarajah, D. Advances in the epidemiology, pathogenesis and management of diabetic peripheral neuropathy.

Diabetes Metab. Res. Rev. 2012, 28, 8–14. [CrossRef]
8. Dyck, P.J.; Albers, J.W.; Andersen, H.; Arezzo, J.C.; Biessels, G.-J.; Bril, V.; Feldman, E.L.; Litchy, W.J.; O’Brien, P.C.; Russell, J.W.;

et al. Diabetic polyneuropathies: Update on research definition, diagnostic criteria and estimation of severity. Diabetes Metab. Res.
Rev. 2011, 27, 620–628. [CrossRef]

9. Andersen, S.T.; Witte, D.; Dalsgaard, E.-M.; Andersen, H.; Nawroth, P.; Fleming, T.; Jensen, T.M.; Finnerup, N.; Lauritzen, T.;
Feldman, E.; et al. Risk factors for incident diabetic polyneuropathy in a cohort with screen-detected type 2 diabetes followed for
13 years: ADDITION-Denmark. Diabetes Care 2018, 41, 1068–1075. [CrossRef]

10. Calcutt, N.; Fernyhough, P. An introduction to the history and controversies of animal models of diabetic neuropathy. Int. Rev.
Neurobiol. 2016, 127, 45–52. [CrossRef] [PubMed]

11. Callaghan, B.C.; Gao, L.; Li, Y.; Zhou, X.; Reynolds, E.; Banerjee, M.; Pop-Busui, R.; Feldman, E.; Ji, L. Diabetes and obesity are the
main metabolic drivers of peripheral neuropathy. Ann. Clin. Transl. Neurol. 2018, 5, 397–405. [CrossRef] [PubMed]

12. Rajabally, Y.A. Neuropathy and impaired glucose tolerance: An updated review of the evidence. Acta Neurol. Scand. 2010, 124,
1–8. [CrossRef]

13. Diaz, L.A.; Gupta, V. Diabetic Amyotrophy; StatPearls Publishing: Treasure Island, FL, USA, 2021.
14. Dyck, P.J.B.; Norell, J.E. Microvasculitis and ischemia in diabetic lumbosacral radiculoplexus neuropathy. Neurology 1999, 53, 2113.

[CrossRef] [PubMed]
15. Massie, R.; Mauermann, M.L.; Staff, N.; Amrami, K.K.; Mandrekar, J.N.; Dyck, P.J.B.; Klein, C. Diabetic cervical radiculoplexus

neuropathy: A distinct syndrome expanding the spectrum of diabetic radiculoplexus neuropathies. Brain 2012, 135, 3074–3088.
[CrossRef]

16. Baum, P.; Kosacka, J.; Estrela-Lopis, I.; Woidt, K.; Serke, H.; Paeschke, S.; Stockinger, M.; Klöting, N.; Blüher, M.; Dorn, M.; et al.
The role of nerve inflammation and exogenous iron load in experimental peripheral diabetic neuropathy (PDN). Metabolism 2016,
65, 391–405. [CrossRef] [PubMed]

17. Kosacka, J.; Woidt, K.; Toyka, K.V.; Paeschke, S.; Klöting, N.; Bechmann, I.; Blüher, M.; Thiery, J.; Ossmann, S.; Baum, P.; et al. The
role of dietary non-heme iron load and peripheral nerve inflammation in the development of peripheral neuropathy (PN) in
obese non-diabetic leptin-deficient ob/ob mice. Neurol. Res. 2019, 41, 341–353. [CrossRef]

18. Paeschke, S.; Baum, P.; Toyka, K.V.; Blüher, M.; Koj, S.; Klöting, N.; Bechmann, I.; Thiery, J.; Kosacka, J.; Nowicki, M. The role
of iron and nerve inflammation in diabetes mellitus type 2-induced peripheral neuropathy. Neuroscience 2019, 406, 496–509.
[CrossRef] [PubMed]

19. Nukada, H.; McMorran, P.D.; Baba, M.; Ogasawara, S.; Yagihashi, S. Increased susceptibility to ischemia and macrophage
activation in STZ-diabetic rat nerve. Brain Res. 2011, 1373, 172–182. [CrossRef] [PubMed]

20. Kosacka, J.; Nowicki, M.; Klöting, N.; Kern, M.; Stumvoll, M.; Bechmann, I.; Serke, H.; Blüher, M. COMP-angiopoietin-1 recovers
molecular biomarkers of neuropathy and improves vascularisation in sciatic nerve of ob/ob mice. PLoS ONE 2012, 7, e32881.
[CrossRef] [PubMed]

21. Kosacka, J.; Nowicki, M.; Blüher, M.; Baum, P.; Stockinger, M.; Toyka, K.; Klöting, I.; Stumvoll, M.; Serke, H.; Bechmann, I.
Increased autophagy in peripheral nerves may protect Wistar Ottawa Karlsburg W rats against neuropathy. Exp. Neurol. 2013,
250, 125–135. [CrossRef] [PubMed]

22. Baum, P.; Koj, S.; Klöting, N.; Blüher, M.; Classen, J.; Paeschke, S.; Gericke, M.; Toyka, K.V.; Nowicki, M.; Kosacka, J. Treatment-
induced neuropathy in diabetes (TIND)—Developing a disease model in type 1 diabetic rats. Int. J. Mol. Sci. 2021, 22, 1571.
[CrossRef]

http://doi.org/10.3390/ijms21176275
http://www.ncbi.nlm.nih.gov/pubmed/32872570
http://doi.org/10.2991/jegh.k.191028.001
http://www.ncbi.nlm.nih.gov/pubmed/32175717
http://doi.org/10.1038/s41586-019-1797-8
http://www.ncbi.nlm.nih.gov/pubmed/31802013
http://doi.org/10.7326/M13-2411
http://doi.org/10.1007/s10654-015-0094-6
http://doi.org/10.1002/dmrr.2239
http://doi.org/10.1002/dmrr.1226
http://doi.org/10.2337/dc17-2062
http://doi.org/10.1016/bs.irn.2016.03.011
http://www.ncbi.nlm.nih.gov/pubmed/27133144
http://doi.org/10.1002/acn3.531
http://www.ncbi.nlm.nih.gov/pubmed/29687018
http://doi.org/10.1111/j.1600-0404.2010.01425.x
http://doi.org/10.1212/WNL.53.9.2113
http://www.ncbi.nlm.nih.gov/pubmed/10599791
http://doi.org/10.1093/brain/aws244
http://doi.org/10.1016/j.metabol.2015.11.002
http://www.ncbi.nlm.nih.gov/pubmed/26975531
http://doi.org/10.1080/01616412.2018.1564191
http://doi.org/10.1016/j.neuroscience.2019.03.005
http://www.ncbi.nlm.nih.gov/pubmed/30867132
http://doi.org/10.1016/j.brainres.2010.11.084
http://www.ncbi.nlm.nih.gov/pubmed/21134361
http://doi.org/10.1371/journal.pone.0032881
http://www.ncbi.nlm.nih.gov/pubmed/22412941
http://doi.org/10.1016/j.expneurol.2013.09.017
http://www.ncbi.nlm.nih.gov/pubmed/24095727
http://doi.org/10.3390/ijms22041571


Int. J. Mol. Sci. 2021, 22, 10835 10 of 11

23. Cruz, N.G.; Sousa, L.; Sousa, M.O.; Pietrani, N.T.; Fernandes, A.P.; Gomes, K.B. The linkage between inflammation and type 2
diabetes mellitus. Diabetes Res. Clin. Pr. 2013, 99, 85–92. [CrossRef] [PubMed]

24. Duncan, B.B.; Schmidt, M.I.; Pankow, J.S.; Ballantyne, C.M.; Couper, D.; Vigo, A.; Hoogeveen, R.; Folsom, A.R.; Heiss, G.
Low-grade systemic inflammation and the development of type 2 diabetes: The atherosclerosis risk in communities study.
Diabetes 2003, 52, 1799–1805. [CrossRef] [PubMed]

25. Pradhan, A.D.; Manson, J.E.; Rifai, N.; Buring, J.E.; Ridker, P.M. C-reactive protein, interleukin 6, and risk of developing type 2
diabetes mellitus. JAMA 2001, 286, 327–334. [CrossRef]

26. Bhati, P.; Alam, R.; Moiz, J.A.; Hussain, M.E. Subclinical inflammation and endothelial dysfunction are linked to cardiac autonomic
neuropathy in type 2 diabetes. J. Diabetes Metab. Disord. 2019, 18, 419–428. [CrossRef] [PubMed]

27. Herder, C.; Schamarek, I.; Nowotny, B.; Carstensen-Kirberg, M.; Straßburger, K.; Nowotny, P.; Kannenberg, J.M.; Strom, A.;
Püttgen, S.; Müssig, K.; et al. Inflammatory markers are associated with cardiac autonomic dysfunction in recent-onset type 2
diabetes. Heart 2016, 103, 63–70. [CrossRef] [PubMed]

28. Herder, C.; Kannenberg, J.M.; Huth, C.; Carstensen-Kirberg, M.; Rathmann, W.; Koenig, W.; Heier, M.; Püttgen, S.; Thorand, B.;
Peters, A.; et al. Proinflammatory cytokines predict the incidence and progression of distal sensorimotor polyneuropathy: KORA
F4/FF4 study. Diabetes Care 2017, 40, 569–576. [CrossRef]

29. Hall, B.E.; Macdonald, E.; Cassidy, M.; Yun, S.; Sapio, M.R.; Ray, P.; Doty, M.; Nara, P.; Burton, M.D.; Shiers, S.; et al. Transcriptomic
analysis of human sensory neurons in painful diabetic neuropathy reveals inflammation and neuronal loss. bioRxiv 2021, bioRxiv
2021.07.23.453576. [CrossRef]

30. Martini, R.; Toyka, K.V. Immune-mediated components of hereditary demyelinating neuropathies: Lessons from animal models
and patients. Lancet Neurol. 2004, 3, 457–465. [CrossRef]

31. Carenini, S.; Mäurer, M.; Werner, A.; Blazyca, H.; Toyka, K.V.; Schmid, C.D.; Raivich, G.; Martini, R. The role of macrophages in
demyelinating peripheral nervous system of mice heterozygously deficient in p0. J. Cell Biol. 2001, 152, 301–308. [CrossRef]

32. Kohl, B.; Fischer, S.; Groh, J.; Wessig, C.; Martini, R. MCP-1/CCL2 modifies axon properties in a PMP22-overexpressing mouse
model for charcot-marie-tooth 1A neuropathy. Am. J. Pathol. 2010, 176, 1390–1399. [CrossRef]

33. Martini, R.; Fischer, S.; López-Vales, R.; David, S. Interactions between Schwann cells and macrophages in injury and inherited
demyelinating disease. Glia 2008, 56, 1566–1577. [CrossRef]

34. Lindenlaub, T.; Sommer, C. Cytokines in sural nerve biopsies from inflammatory and non-inflammatory neuropathies. Acta
Neuropathol. 2003, 105, 593–602. [CrossRef]

35. Üçeyler, N.; Braunsdorf, S.; Kunze, E.; Riediger, N.; Scheytt, S.; Divisova, Š.; Bekircan-Kurt, C.E.; Toyka, K.V.; Sommer, C. Cellular
infiltrates in skin and sural nerve of patients with polyneuropathies. Muscle Nerve 2017, 55, 884–893. [CrossRef]

36. Schmidt, B.; Toyka, K.V.; Kiefer, R.; Full, J.; Hartung, H.-P.; Pollard, J. Inflammatory infiltrates in sural nerve biopsies in
Guillain-Barré syndrome and chronic inflammatory demyelinating neuropathy. Muscle Nerve 1996, 19, 474–487. [CrossRef]

37. Sommer, C.; Koch, S.; Lammens, M.; Gabreels-Festen, A.; Stoll, G.; Toyka, K.V. Macrophage clustering as a diagnostic marker in
sural nerve biopsies of patients with CIDP. Neurology 2005, 65, 1924–1929. [CrossRef] [PubMed]

38. Üçeyler, N.; Geng, A.; Reiners, K.; Toyka, K.V.; Sommer, C. Non-systemic vasculitic neuropathy: Single-center follow-up of 60
patients. J. Neurol. 2015, 262, 2092–2100. [CrossRef] [PubMed]

39. Willison, H.; Stoll, G.; Toyka, K.V.; Berger, T.; Hartung, H.-P. Autoimmunity and inflammation in the peripheral nervous system.
Trends Neurosci. 2002, 25, 127–129. [CrossRef]

40. Pop-Busui, R.; Ang, L.; Holmes, C.; Gallagher, K.; Feldman, E.L. Inflammation as a therapeutic target for diabetic neuropathies.
Curr. Diabetes Rep. 2016, 16, 29. [CrossRef]

41. Hartung, H.-P.; Schäfer, B.; Heininger, K.; Toyka, K.V. Suppression of experimental autoimmune neuritis by the oxygen radical
scavengers superoxide dismutase and catalase. Ann. Neurol. 1988, 23, 453–460. [CrossRef]

42. Hartung, H.-P.; Schäfer, B.; Heininger, K.; Stoll, G.; Toyka, K.V. The role of macrophages and eicosanoids in the pathogenesis of
experimental allergic neuritis. Brain 1988, 111, 1039–1059. [CrossRef]

43. Mallet, M.-L.; Hadjivassiliou, M.; Sarrigiannis, P.G.; Zis, P. The role of oxidative stress in peripheral neuropathy. J. Mol. Neurosci.
2020, 70, 1009–1017. [CrossRef]

44. Vincent, A.M.; Callaghan, B.C.; Smith, A.L.; Feldman, E. Diabetic neuropathy: Cellular mechanisms as therapeutic targets. Nat.
Rev. Neurol. 2011, 7, 573–583. [CrossRef] [PubMed]

45. Uzar, E.; Tamam, Y.; Evliya, O.; Tuzcu, A.; Beyaz, C.; Acar, A.; Aydın, B.; Tasdemir, N. Serum prolidase activity and oxidative
status in patients with diabetic neuropathy. Neurol. Sci. 2011, 33, 875–880. [CrossRef]

46. Sofic, E.; Rustembegovic, A.; Kroyer, G.; Cao, G. Serum antioxidant capacity in neurological, psychiatric, renal diseases and
cardiomyopathy. J. Neural Transm. 2002, 109, 711–719. [CrossRef]

47. Strom, A.; Kaul, K.; Brüggemann, J.; Ziegler, I.; Rokitta, I.; Püttgen, S.; Szendroedi, J.; Müssig, K.; Roden, M.; Ziegler, D. Lower
serum extracellular superoxide dismutase levels are associated with polyneuropathy in recent-onset diabetes. Exp. Mol. Med.
2017, 49, e394. [CrossRef]

48. Miranda, M.A.; Lawson, H.A. Ironing out the details: Untangling dietary iron and genetic background in diabetes. Nutrients
2018, 10, 1437. [CrossRef]

49. Aregbesola, A.; Voutilainen, S.; Virtanen, J.K.; Mursu, J.; Tuomainen, T.-P. Body iron stores and the risk of type 2 diabetes in
middle-aged men. Eur. J. Endocrinol. 2013, 169, 247–253. [CrossRef]

http://doi.org/10.1016/j.diabres.2012.09.003
http://www.ncbi.nlm.nih.gov/pubmed/23245808
http://doi.org/10.2337/diabetes.52.7.1799
http://www.ncbi.nlm.nih.gov/pubmed/12829649
http://doi.org/10.1001/jama.286.3.327
http://doi.org/10.1007/s40200-019-00435-w
http://www.ncbi.nlm.nih.gov/pubmed/31890667
http://doi.org/10.1136/heartjnl-2015-309181
http://www.ncbi.nlm.nih.gov/pubmed/27481890
http://doi.org/10.2337/dc16-2259
http://doi.org/10.1101/2021.07.23.453576
http://doi.org/10.1016/S1474-4422(04)00822-1
http://doi.org/10.1083/jcb.152.2.301
http://doi.org/10.2353/ajpath.2010.090694
http://doi.org/10.1002/glia.20766
http://doi.org/10.1007/s00401-003-0689-y
http://doi.org/10.1002/mus.25240
http://doi.org/10.1002/(SICI)1097-4598(199604)19:4&lt;474::AID-MUS8&gt;3.0.CO;2-9
http://doi.org/10.1212/01.wnl.0000188879.19900.b7
http://www.ncbi.nlm.nih.gov/pubmed/16380614
http://doi.org/10.1007/s00415-015-7813-5
http://www.ncbi.nlm.nih.gov/pubmed/26092519
http://doi.org/10.1016/S0166-2236(00)02120-2
http://doi.org/10.1007/s11892-016-0727-5
http://doi.org/10.1002/ana.410230505
http://doi.org/10.1093/brain/111.5.1039
http://doi.org/10.1007/s12031-020-01495-x
http://doi.org/10.1038/nrneurol.2011.137
http://www.ncbi.nlm.nih.gov/pubmed/21912405
http://doi.org/10.1007/s10072-011-0857-0
http://doi.org/10.1007/s007020200059
http://doi.org/10.1038/emm.2017.173
http://doi.org/10.3390/nu10101437
http://doi.org/10.1530/EJE-13-0145


Int. J. Mol. Sci. 2021, 22, 10835 11 of 11

50. Cheung, C.-L.; Cheung, T.T.; Lam, K.S.; Cheung, B.M. High ferritin and low transferrin saturation are associated with pre-diabetes
among a national representative sample of U.S. adults. Clin. Nutr. 2013, 32, 1055–1060. [CrossRef]

51. Rawal, S.; Hinkle, S.; Bao, W.; Zhu, Y.; Grewal, J.; Albert, P.S.; Weir, N.L.; Tsai, M.; Zhang, C. A longitudinal study of iron status
during pregnancy and the risk of gestational diabetes: Findings from a prospective, multiracial cohort. Diabetologia 2017, 60,
249–257. [CrossRef] [PubMed]

52. Rong, Y.; Bao, W.; Rong, S.; Fang, M.; Wang, D.; Yao, P.; Hu, F.B.; Liu, L. Hemochromatosis gene (HFE) polymorphisms and risk of
type 2 diabetes mellitus: A meta-analysis. Am. J. Epidemiol. 2012, 176, 461–472. [CrossRef] [PubMed]

53. Fernández-Real, J.M.; López-Bermejo, A.; Ricart, W. Iron stores, blood donation, and insulin sensitivity and secretion. Clin. Chem.
2005, 51, 1201–1205. [CrossRef]

54. Zheng, Y.; Li, X.-K.; Wang, Y.; Cai, L. The role of zinc, copper and iron in the pathogenesis of diabetes and diabetic complications:
Therapeutic effects by chelators. Hemoglobin 2008, 32, 135–145. [CrossRef]

55. Salis, C.; Davio, C.; Usach, V.; Urtasun, N.; Goitia, B.; Martinez-Vivot, R.; Pasquini, J.; Setton-Avruj, C. Iron and holotransferrin
induce cAMP-dependent differentiation of Schwann cells. Neurochem. Int. 2012, 61, 798–806. [CrossRef]

56. Kabakus, N.; Ayar, A.; Yoldas, T.K.; Ulvi, H.; Dogan, Y.; Yilmaz, B.; Kilice, N. Reversal of iron deficiency anemia-induced
peripheral neuropathy by iron treatment in children with iron deficiency anemia. J. Trop. Pediatrics 2002, 48, 204–209. [CrossRef]
[PubMed]

57. Altamura, S.; Muckenthaler, M.U. Iron toxicity in diseases of aging: Alzheimer’s disease, Parkinson’s disease and atherosclerosis.
J. Alzheimer’s Dis. 2009, 16, 879–895. [CrossRef]

58. Thompson, K.J.; Shoham, S.; Connor, J.R. Iron and neurodegenerative disorders. Brain Res. Bull. 2001, 55, 155–164. [CrossRef]
59. Caravati, C.M. Insulin neuritis: A case report. VA Med. Mon. 1933, 59, 745–746.
60. Gibbons, C.H.; Freeman, R. Treatment-induced diabetic neuropathy: A reversible painful autonomic neuropathy. Ann. Neurol.

2009, 67, 534–541. [CrossRef] [PubMed]
61. Hwang, Y.T.; Davies, G. ‘Insulin neuritis’ to ‘treatment-induced neuropathy of diabetes’: New name, same mystery. Pr. Neurol.

2015, 16, 53–55. [CrossRef]
62. Gibbons, C.H. Treatment-induced neuropathy of diabetes. Curr. Diabetes Rep. 2017, 17, 127. [CrossRef] [PubMed]
63. Gibbons, C.H.; Freeman, R. Treatment-induced neuropathy of diabetes: An acute, iatrogenic complication of diabetes. Brain 2015,

138, 43–52. [CrossRef]
64. Low, P.A.; Singer, W. Treatment-induced neuropathy of diabetes: An energy crisis? Brain 2014, 138, 2–3. [CrossRef] [PubMed]
65. Storz, M.A. Treatment-induced neuropathy of diabetes: A call for acknowledgement. Diabet. Med. 2020, 37, 369–370. [CrossRef]
66. Tuck, R.R.; Schmelzer, J.D.; Low, P.A. Endoneurial blood flow and oxygen tension in the sciatic nerves of rats with experimental

diabetic neuropathy. Brain 1984, 107, 935–950. [CrossRef]
67. Miscio, G.; Guastamacchia, G.; Brunani, A.; Priano, L.; Baudo, S.; Mauro, A. Obesity and peripheral neuropathy risk: A dangerous

liaison. J. Peripher. Nerv. Syst. 2005, 10, 354–358. [CrossRef] [PubMed]
68. Baum, P.; Petroff, D.; Classen, J.; Kiess, W.; Blüher, S. Dysfunction of autonomic nervous system in childhood obesity: A

cross-sectional study. PLoS ONE 2013, 8, e54546. [CrossRef]
69. Verrotti, A.; LoIacono, G.; Mohn, A.; Chiarelli, F. New insights in diabetic autonomic neuropathy in children and adolescents. Eur.

J. Endocrinol. 2009, 161, 811–818. [CrossRef]
70. Haluzik, M.; Colombo, C.; Gavrilova, O.; Chua, S.; Wolf, N.; Chen, M.; Stannard, B.; Dietz, K.; le Roith, D.; Reitman, M.

Genetic background (C57BL/6J versus FVB/N) strongly influences the severity of diabetes and insulin resistance in ob/ob mice.
Endocrinology 2004, 145, 3258–3264. [CrossRef] [PubMed]

71. Nowicki, M.; Kosacka, J.; Serke, H.; Blüher, M.; Spanel-Borowski, K. Altered sciatic nerve fiber morphology and endoneural
microvessels in mouse models relevant for obesity, peripheral diabetic polyneuropathy, and the metabolic syndrome. J. Neurosci.
Res. 2012, 90, 122–131. [CrossRef]

72. Blüher, S.; Petroff, D.; Keller, A.; Wagner, A.; Classen, J.; Baum, P. Effect of a 1-year obesity intervention (KLAKS program) on
preexisting autonomic nervous dysfunction in childhood obesity. J. Child Neurol. 2015, 30, 1174–1181. [CrossRef]

73. Hayashino, Y.; Jackson, J.L.; Hirata, T.; Fukumori, N.; Nakamura, F.; Fukuhara, S.; Tsujii, S.; Ishii, H. Effects of exercise on
C-reactive protein, inflammatory cytokine and adipokine in patients with type 2 diabetes: A meta-analysis of randomized
controlled trials. Metabolism 2014, 63, 431–440. [CrossRef] [PubMed]

74. Hopps, E.; Canino, B.; Caimi, G. Effects of exercise on inflammation markers in type 2 diabetic subjects. Acta Diabetol. 2011, 48,
183–189. [CrossRef] [PubMed]

http://doi.org/10.1016/j.clnu.2012.11.024
http://doi.org/10.1007/s00125-016-4149-3
http://www.ncbi.nlm.nih.gov/pubmed/27830277
http://doi.org/10.1093/aje/kws126
http://www.ncbi.nlm.nih.gov/pubmed/22908207
http://doi.org/10.1373/clinchem.2004.046847
http://doi.org/10.1080/03630260701727077
http://doi.org/10.1016/j.neuint.2012.06.023
http://doi.org/10.1093/tropej/48.4.204
http://www.ncbi.nlm.nih.gov/pubmed/12200980
http://doi.org/10.3233/JAD-2009-1010
http://doi.org/10.1016/S0361-9230(01)00510-X
http://doi.org/10.1002/ana.21952
http://www.ncbi.nlm.nih.gov/pubmed/20437589
http://doi.org/10.1136/practneurol-2015-001215
http://doi.org/10.1007/s11892-017-0960-6
http://www.ncbi.nlm.nih.gov/pubmed/29064042
http://doi.org/10.1093/brain/awu307
http://doi.org/10.1093/brain/awu327
http://www.ncbi.nlm.nih.gov/pubmed/25564488
http://doi.org/10.1111/dme.14079
http://doi.org/10.1093/brain/107.3.935
http://doi.org/10.1111/j.1085-9489.2005.00047.x
http://www.ncbi.nlm.nih.gov/pubmed/16279984
http://doi.org/10.1371/journal.pone.0054546
http://doi.org/10.1530/EJE-09-0710
http://doi.org/10.1210/en.2004-0219
http://www.ncbi.nlm.nih.gov/pubmed/15059949
http://doi.org/10.1002/jnr.22728
http://doi.org/10.1177/0883073814555190
http://doi.org/10.1016/j.metabol.2013.08.018
http://www.ncbi.nlm.nih.gov/pubmed/24355625
http://doi.org/10.1007/s00592-011-0278-9
http://www.ncbi.nlm.nih.gov/pubmed/21431832

	Introduction 
	The Neuropathogenic Role of Inflammation 
	Neuropathogenic Role of Iron Intake 
	Neuropathogenetic Role of Rapid Blood Glucose Lowering in Patients with Diabetes 
	Neuropathogenic Role of Dyslipidemia 
	Conclusions 
	References

