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A B S T R A C T

Neuropathy is a common, morbid complication of the metabolic syndrome, prediabetes, and diabetes. Recent
studies have indicated a potential role for the immune system in the development of neuropathy. In particular,
toll-like receptors (TLR) 2 and 4 have been linked to metabolic dysfunction, and blocking TLR4 is proposed as a
treatment for neuropathic pain. In the current study, we investigated the role of the immune system, particularly
TLRs 2 and 4, in the pathogenesis and progression of neuropathy. Sural or sciatic nerve gene expression arrays
from humans and murine neuropathy models of prediabetes and diabetes were first analyzed to identify dif-
ferentially expressed TLR2- and TLR4-associated genes within the KEGG (Kyoto Encyclopedia of Genes and
Genomes) database. We observed that genes associated with TLRs 2 and 4, particularly lipopolysaccharide
binding protein (LPB) and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta (PIK3CB), were
dysregulated across species and across multiple murine models of prediabetic and diabetic neuropathy. To
further understand the role of these pathways in vivo, TLR 2 and 4 global knockout mice placed on a 60% high
fat diet (HFD-TLR2/4−/−) were compared with wild type (WT) mice on a high fat diet (HFD-WT) and WT
controls on a standard diet (CON). Mice then underwent metabolic, neuropathic, and immunological pheno-
typing at two time points to assess the impact of TLR signaling on neuropathy and immunity during metabolic
dysfunction over time. We found that HFD-TLR2/4−/− and HFD-WT mice weighed more than CON mice but did
not have increased fasting blood glucose levels. Despite normal blood glucose levels, HFD-TLR2/4−/− mice
eventually developed neuropathy at the later time point (28 wks of age) but were somewhat protected from
neuropathy at the early time point (16 wks of age) as measured by shorter hind paw withdraw latencies. This is
in contrast to HFD-WT mice which developed neuropathy within 11 wks of being placed on a high fat diet and
were neuropathic by all measures at both the early and late time points. Finally, we immunophenotyped all three
mouse groups at the later time point and found differences in the number of peripheral blood Ly6C-myeloid cells
as well as F4/80+ expression. These results indicate that TLR signaling influences early development of neu-
ropathy in sensory neurons, potentially via immune modulation and recruitment.

1. Introduction

Obesity and metabolic dysfunction – in particular the metabolic
syndrome, prediabetes, and diabetes – continue to increase in pre-
valence in the United States and around the world (Ogden et al., 2014;
Ogurtsova et al., 2017). The most common sequela of these disorders is
neuropathy, which is a major source of patient morbidity and mortality
(Callaghan et al., 2012a; Callaghan et al., 2012b; Callaghan et al.,
2012c; Callaghan et al., 2016a; Callaghan et al., 2016b). Neuropathy
results in an increasing loss of nerve function in a distal to proximal
manner, typically progressing in a ‘stocking and glove’ pattern (Pop-
Busui et al., 2017), and despite ongoing research the underlying

mechanisms of neuropathy in the context of global metabolic dys-
function are poorly understood.

Immune system dysregulation and low levels of systemic in-
flammation are both associated with obesity and contribute to the
progression of metabolic dysfunction (Arkan et al., 2005; Esser et al.,
2014; Jung and Choi, 2014). They have also been proposed as con-
tributors to neuropathy progression (Zeng et al., 2018; Zhang et al.,
2018). Using gene profiling and pathway analysis, we recently de-
monstrated that inflammatory pathways are altered in nervous tissue at
multiple time points during metabolic dysregulation (Hinder et al.,
2018). Some of the most promising pathways involve pattern recogni-
tion toll-like receptors (TLRs), several of which have been linked to
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obesity and metabolic dysfunction (Dasu et al., 2010; Jia et al., 2014;
Reyna et al., 2008). TLRs 2 and 4 are of particular interest (Dasu et al.,
2010; Song et al., 2006), and both TLRs 2 and 4 can be activated by free
fatty acids, which are commonly elevated in obesity and metabolic
dysfunction (Fessler et al., 2009; Lee et al., 2004). TLR activation in
response to fatty acids can result in perturbations in the insulin sig-
naling pathway, including induction of phosphorylation and sub-
sequent inactivation of insulin receptor substrate-1 (Hotamisligil et al.,
1996; Zhang et al., 2016), and knocking out either TLR2 or TLR4 results
in protection from insulin resistance despite ingestion of a high fat diet
(HFD) (Davis et al., 2011; Davis et al., 2008; Lumeng, 2013; Shi et al.,
2006). Knockout (KO) or knockdown of TLR4 in mice improves me-
chanical sensitivity, thermal sensitivity, and pain in neuropathy
models, and reduces inflammation or immune cell infiltration in spinal
cord or dorsal root ganglion neurons (Bettoni et al., 2008; Liu et al.,
2016; Wu et al., 2010). Additionally, TLR4 gene expression in periph-
eral blood is increased in human type 2 diabetic patients and further
increased in type 2 diabetic patients with neuropathy, and along with
circulating tumor necrosis factor alpha (TNF-α) concentrations, had a
high and significant adjusted odds ratio for neuropathy above that of
body mass index and hemoglobin A1c (Zhu et al., 2015).

In the current study, we further explored the role of TLRs in neu-
ropathy by comparing available sural and sciatic nerve gene expression
profiles from humans with diabetic neuropathy and from multiple
murine models of prediabetic and diabetic neuropathy. In parallel, we
utilized a well-established paradigm of high fat feeding to induce
neuropathy in a TLR 2 and 4 global KO mouse model (TLR2/4−/−) to
assess the role of TLR signaling in the onset and progression of neuro-
pathy at early and late time points. Finally, TLR2/4−/− mice fed a HFD
were immunophenotyped to identify immune system changes that may
play a role in neuropathy development and progression.

2. Materials and methods

2.1. Post-hoc gene expression comparison

Human microarray gene expression data (Hur et al., 2011) were
assessed in diabetic patients who either progressed in their neuropathy
(progressors) or did not progress in neuropathy (non-progressors) as
measured by changes in sural nerve myelin fiber density over a period
of 52 wks. Sural nerve differentially expressed genes (DEGs) were ob-
tained from two studies using different analysis platforms: ChipIn-
spector (Genomatix Software GmbH) allowing single probe-level ana-
lysis (McGregor et al., 2018), and GenePattern using the standard
robust multi-array average-based probe set approach combined with
ChipInspector (Hur et al., 2011). DEG datasets from murine models
were obtained from multiple published datasets by comparing diabetic
to healthy control mice or by comparing diabetic mice across different
time points. The murine datasets included sciatic nerve gene expression
data from: 1) 8 and 24 wk. old db/db type 2 diabetic mice compared
over time or compared to db/+ non-diabetic controls (Hinder et al.,
2018; Pande et al., 2011), 2) 26 wk. old DBA/2 J low dose streptozo-
tocin (STZ)-induced type 1 diabetic mice compared to DBA/2 J non-
diabetic mice not given STZ (Wiggin et al., 2008), 3) 16 wk. old db/db
mice treated with the peroxisome proliferator-activated receptor
gamma agonist, pioglitazone, compared to untreated db/db mice or to
db/+ non-diabetic controls (Hur et al., 2015), 4) 5 and 13 wk. old male
BTBR ob/ob type 2 diabetic mice compared over time or compared to
ob/+ non-diabetic control mice (O'Brien et al., 2015), 5) 26 wk. old
female BTBR ob/ob type 2 diabetic mice compared to ob/+ non-dia-
betic controls (O'Brien et al., 2016), and 6) a second cohort of 16 wk.
db/dbmice treated with pioglitazone compared to untreated db/dbmice
or to db/+ non-diabetic controls (Hinder et al., 2017b). DEGs from
these human and murine datasets were compiled and cross-referenced
against the genes in the KEGG (Kyoto Encyclopedia of Genes and

Genomes) TLR signaling pathways (https://www.genome.jp/kegg-bin/
show_pathway?map04620).

2.2. Murine studies and metabolic phenotyping

Ten C57BL/6 J mice and 5 TLR2/4−/− mice of the same strain were
obtained. Of the non-genetically modified animals, 5 were utilized as
controls (CON; 3 males and 2 females) and received standard chow,
whereas the remaining 5 were placed on a HFD (HFD-WT; 2 males and
3 females). TLR2/4−/− mice were switched to a 60% HFD at 5 wks of
age (HFD-TLR2/4−/−; 2 males and 3 females). Metabolic and neuro-
pathic phenotyping was performed at an early time point (16 wks of
age) and at a later time point (28 wks of age), with additional im-
munophenotyping completed at 28 wks. Body weights and fasting (4 h)
blood glucose measured using an AlphaTrak Glucometer (Abbott
Laboratories, Abbott Park, IL, USA) were recorded weekly.

2.3. Neuropathy phenotyping

Animals were phenotyped for neuropathy at 16 and 28 wks of age
using the Animal Models of Diabetic Complications Consortium
guidelines (Biessels et al., 2014). Specifically, we measured sural sen-
sory (sural NCV) and sciatic motor (SMNCV) nerve conduction velo-
cities (NCVs), hind paw withdrawal latencies (HPLs), and in-
traepidermal nerve fiber densities (IENFDs). NCV was measured per our
previous publications (Oh et al., 2010; Stevens et al., 1994). In brief, we
measured sural NCV by applying an antidromic stimulus at the ankle
and recording at the dorsum of the foot. Onset latency of the action
potential and distance were measured and the NCV calculated. For
SMNCV, orthodromic stimulation was applied at the ankle, followed by
the sciatic notch, and recorded at the dorsum of the foot for each sti-
mulus. The onset latency of the action potential and distance for each
component was measured. The ankle latency was subtracted from the
notch latency, and ankle distance was subtracted from the notch dis-
tance. The resultant latency and distance were used to measure con-
duction velocity. NCVs are presented as meters per second (m/s).

HPLs were measured as previously described (Lee et al., 1990;
Sullivan et al., 2007). In brief, mice were confined to an acrylic box on
top of a 32 °C heated glass plate. A red-light emitter (60–170 °C) was
used under the hind paw and incrementally increased from 25° - 70 °C.
The time it took for the hind paw to withdraw from the heat stimulus
was used to determine HPL. HPLs are presented as seconds (s) (Lee
et al., 1990).

IENFDs were assessed at the terminal time point using previously
published protocols (Cheng et al., 2012; Sullivan et al., 2007). In brief,
hind paw footpads were fixed 4–6 h in Zamboni's fixative (Newcomer
Supply, Middleton, WI, USA), then sectioned at 30 μm. Floating sections
were stained with protein gene product 9.5 (PGP9.5; cat. no. 14730–1-
AP, Proteintech, Rosemont, IL, USA) and labeled with Alexa Fluor 488
(cat. no. A-11034, ThermoFisher, Waltham, MA, USA). Sections were
counterstained and mounted to slides using prolong gold with dapi (cat.
no. P36931, ThermoFisher, Waltham, MA, USA). For each mouse, we
captured 4 z-series images and the total distance counted was at least
3mm. Images were taken with a confocal microscope (Olympus Fluo-
view 500, 20× air objective, 1024×1024 pixel resolution; Shinjuku,
Tokyo, Japan). Z-series were converted to max project images and the
number of nerve fibers innervating the epidermis were counted using
MetaMorph software (v.7.7.0.8, Molecular Devices, Sunnyvale, CA,
USA).

2.4. Immunologic phenotyping

At the terminal endpoint of the study (28 wks) circulating immune
cells were isolated from peripheral blood and immunophenotyped using
flow cytometry (Murdock et al., 2012). In brief, lymphoid and myeloid
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leukocytes were characterized using a battery of fluorescently labeled
antibodies specific for well-characterized leukocyte surface markers.
Forward scatter width and height were first used to exclude doublets,
and APC-CD45was then used to identify leukocytes. Lymphoid cells
were identified by excluding side scatter (SSC)-high cells and identi-
fying lymphocytes (APC-Cy7-CD4+ or BV421-CD8+ cells) within the
FITC-CD3+ fraction. Natural killer (NK) cells (PE-NK1.1+) and B cells
(PerCp-5.5-CD19+) were identified within the CD3– fraction. In the
myeloid stain, CD45+ leukocytes were first separated by SSC expres-
sion; neutrophils were identified as SSC-high PE-Cy7-Ly6G+ cells.
Within the SSC-low fraction, monocyte populations were APC-Cy7-
CD11b+, and these populations were classified as either Ly6C– or
Ly6C+ based on their expression of FITC-Ly6C. Within the two
monocyte populations, F4/80 expression levels were assessed using the
median fluorescent intensity (MFI) of PE-F4/80. All antibodies were
purchased from Biolegend (San Diego, CA), samples were run using a
FACSAria II (BD Biosciences, San Jose, CA, USA), and data were ana-
lyzed using FlowJo software (FlowJo, Ashland, OR, USA).

2.5. Statistical analysis

For analysis of neuropathy across multiple time points, statistical
analysis was performed using SAS version 9.4 (SAS institute, Carry, NC,
USA) with the PROC mixed function. Group and gender and their in-
teraction were set as main effects and were tested against each variable.
Normality was assessed using the Kolmogorov-Smirnov test; non-
normal data were log transformed to achieve normality. For peripheral
blood immune levels, statistical analysis was performed using
GraphPad Prism 7.0 (GraphPad Software, Inc., La Jolla, CA, USA) using
one-way analysis of variance (ANOVA) followed by Tukey's multiple
comparisons. Statistical significance was defined as P < .05 and trends
considered at P < .10.

3. Results

3.1. Post-hoc gene expression analysis

We have previously demonstrated increased inflammatory gene
expression in peripheral nerves in human tissue and in multiple mouse
models of diabetic neuropathy (Hinder et al., 2018; Hinder et al.,
2017b; Hur et al., 2011; Pande et al., 2011). To assess which specific
inflammatory mechanisms may be playing a role in disease, we ana-
lyzed our pre-existing data sets and compared sural and sciatic nerve
gene expression patterns across both man and murine models of both
type 1 and 2 diabetes. Specifically, we looked for changes in TLR 2 and
4 signaling pathways, as these receptors have been previously linked to
altered metabolism, neuropathy, and neuropathic pain (Bettoni et al.,
2008; Dasu et al., 2010; Davis et al., 2011; Liu et al., 2016).

In human tissue, we compared gene expression between two groups:
human diabetic patients with neuropathy that progressed (progressors)
and diabetic patients with neuropathy that did not progress over a
period of 52 wks (non-progressors). KEGG pathway analysis was used to
identify DEGs associated with TLR signaling. Using the ChipInspector
(Genomatix Software GmbH) analysis platform, we identified 27 sural
nerve TLR DEGs (Table 1). These genes included numerous MAP ki-
nases, phosphoinositide kinases, and numerous adaptor proteins and
transcription factors. In addition, cytokines and chemokines have been
implicated in obesity, diabetes, and neuropathy (Doupis et al., 2009;
Esser et al., 2014), and both chemokine (C-X-C motif) ligand 9 (CXCL9)
and ligand 11 (CXCL11) were significantly downregulated in our ana-
lysis. To further refine our pathway analysis, we investigated the 27
DEGs using Genepattern software in conjunction with ChipInspector. Of
the initial 27 DEGs, 4 were dysregulated across both analysis platforms.
These four genes included jun proto-oncogene (JUN), lipopoly-
saccharide binding protein (LBP), phosphoinositide-3-kinase (catalytic)
beta polypeptide (PIK3CB), and TLR adaptor molecule 1 (TICAM1).

Table 1
Significantly altered TLR2/4 related gene expression in human sural nerves.

Gene ID Gene symbol Gene description ChipInspector +GenePattern

208 AKT2 v-akt murine thymoma viral oncogene homolog 2 −1.12
841 CASP8 caspase 8, apoptosis-related cysteine peptidase −1.08
942 CD86 CD86 molecule 1.21
6373 CXCL11 chemokine (C-X-C motif) ligand 11 −1.17
4283 CXCL9 chemokine (C-X-C motif) ligand 9 −1.33
2353 FOS FBJ murine osteosarcoma viral oncogene homolog 1.46
3454 IFNAR1 interferon (alpha, beta and omega) receptor 1 1.15
3455 IFNAR2 interferon (alpha, beta and omega) receptor 2 −1.1
3663 IRF5 interferon regulatory factor 5 −1.14
3725 JUN jun proto-oncogene 1.16 1.14
3929 LBP lipopolysaccharide binding protein −1.31 −1.59
5604 MAP2K1 mitogen-activated protein kinase kinase 1 −1.14
5609 MAP2K7 mitogen-activated protein kinase kinase 7 1.12
6885 MAP3K7 mitogen-activated protein kinase kinase kinase 7 −1.09
1326 MAP3K8 mitogen-activated protein kinase kinase kinase 8 −1.16
5594 MAPK1 mitogen-activated protein kinase 1 1.15
5602 MAPK10 mitogen-activated protein kinase 10 −1.13
1432 MAPK14 mitogen-activated protein kinase 14 −1.12
5599 MAPK8 mitogen-activated protein kinase 8 −1.08
5291 PIK3CB phosphoinositide-3-kinase, catalytic, beta polypeptide −1.14 −1.4
5294 PIK3CG phosphoinositide-3-kinase, catalytic, gamma polypeptide −1.1
5295 PIK3R1 phosphoinositide-3-kinase, regulatory subunit 1 (alpha) 1.18
5296 PIK3R2 phosphoinositide-3-kinase, regulatory subunit 2 (beta) 1.09
8503 PIK3R3 phosphoinositide-3-kinase, regulatory subunit 3 (gamma) −1.12
6772 STAT1 signal transducer and activator of transcription 1, 91 kDa −1.14
23,118 TAB2 TGF-beta activated kinase 1/MAP3K7 binding protein 2 1.11
148,022 TICAM1 toll-like receptor adaptor molecule 1 1.16 1.16

Previously published data (Hur et al., 2011) represented as relative fold changes in sural nerve gene expression between neuropathy patients who either worsened in
their neuropathy (progressors) or had no change in neuropathy (non-progressors), with non-progressors used as the reference set for the two different analyses
(ChipInspector and ChipInspector + GenePattern).
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In parallel, we examined gene expression changes associated with
TLR pathways across multiple mouse models of metabolic dysfunction
from previously published data sets. These models included db/db mice
(Hinder et al., 2018; Pande et al., 2011), DBA/2 J streptozotocin (STZ)-
induced type 1 diabetic mice (Wiggin et al., 2008), db/db mice treated
with pioglitazone, and ob/ob mice (O'Brien et al., 2015; O'Brien et al.,
2016). Several of these models were analyzed at multiple time points
(Hinder et al., 2017b; Hur et al., 2015; O'Brien et al., 2015; O'Brien
et al., 2016). Using murine KEGG TLR 2 and 4 pathway data, we
identified a total of 55 DEGs (Table 2). Canonically, TLR 2 and 4 signal
though the Myeloid Differentiation Primary Response 88 (MyD88)
pathway (Lu et al., 2008), and gene expression within this pathway,
was dysregulated for multiple genes. Expression of Tlr2 itself was up-
regulated at 5 wks of age in ob/ob mice compared to controls but de-
creased from 5 to 13 wks of age in that same type 2 diabetic model. Tlr4
expression was not significantly different in any of the murine com-
parisons, but expression of adapter proteins within the TLR4 complex
(Cd14 and Lbp) were altered across multiple data sets. Similar to human
tissue samples, we also observed changes in cytokine and chemokine
gene expression patterns. Of note, TNFα and interleukin 1 beta (IL-1β),
two cytokines often associated with obesity and metabolic dysfunction,
were dysregulated in multiple data sets, and both were upregulated
early in ob/ob mice.

Similar to our analysis of human tissue, we further refined our
analysis of murine DEGs by examining overlapping gene expression
patterns. Here, we analyzed DEGs from all the mouse model data sets
simultaneously and looked for genes that were dysregulated across
multiple data sets. Of the initial 55 TLR-related murine DEGs, there
were 7 DEGs that were dysregulated across 4 or more murine models.
These seven DEGs included thymoma viral proto-oncogene 3 (Akt3),
chemokine (CeC motif) ligand 3 (Ccl3), Lbp, Pik3cb, phosphatidylino-
sitol-3-kinase (regulatory subunit 5, p101; Pik3r5), secreted phospho-
protein 1 (Spp1), and TGF-beta activated kinase 1/MAP3K7 binding
protein 1 (Tab1).

As a final step, we compared DEGs across species, looking for
pathways that were dysregulated in both human and mouse neuronal
tissue. Of the 27 human DEGs, 20 (74%) were also dysregulated in at
least one murine model, and 2 DEGs (LBP and PIK3CB) were found in
the more stringent analyses for both the human and mouse data sets
(Table 3). To further our analysis, we also examined the directionality
of gene expression changes in humans and mice. Human DEGs could
either be upregulated or downregulated, while mouse DEG expression
could be upregulated, downregulated, or mixed (up- or downregulated
dependent on mouse model). Of the 20 overlapping DEGs, 5 had mixed
responses in mice (AKT2, CD86, CXCL9, LBP, MAP2K7), meaning there
was neither concordance nor discordance in the directionality of human

Table 3
TLR2/4 DEGs across human and murine tissue.

Significantly dysregulated genes in both human and murine neuropathy and their directionality. Cells highlighted in blue
represent downregulated gene expression, red represent upregulated gene expression, and purple represent mixed direction-
ality of gene expression. Cells highlighted in green in the ‘Significant Human DEGs’ column represent significantly dysregulated
genes using both ChipInspector and ChipInspector + GenePattern analysis platforms in the human data, and cells highlighted
in green in the ‘Number of Mouse Models with Significant DEGs’ column represent significantly dysregulated genes across both
human analysis platforms and across 4 or more mouse models.
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and mouse gene expression. Of the remaining 15 DEGs, only 2
(MAPK10 and STAT1) showed concordance between human and
murine dysregulated gene expression, while 13 of the 15 DEGs (87%)
were discordant. However, directionality of gene expression in murine
data sets often differed dependent upon time point, treatment, or strain.
Together, these data indicate that similar TLR pathways are dysregu-
lated in human and murine nervous tissue, but the directionality of
gene expression is affected by multiple factors, including time, strain,
and species.

3.2. Metabolic phenotyping

Having observed changes in TLR-associated genes in human and
murine data sets, we extended our analyses to an in vivo model system.
To do so, we took TLR2/4−/− mice and placed them on a HFD (HFD-
TLR2/4−/−) for 23 wks in order to assess the impact of TLR loss on the
development of neuropathy. We began by comparing metabolic
changes in HFD-TLR2/4−/− and WT mice placed on a HFD (HFDeWT)
with WT control mice (CON) on a standard diet. Consistent with our
previous studies (Hinder et al., 2017a; O'Brien et al., 2018), both strains
of mice placed on a HFD gained weight over the course of the study
(Table 4). In both HFDeWT and HFD-TLR2/4−/− mice, there was a
trend towards increased fasting blood glucose levels, but these numbers
did not reach statistical significance. Together, these data indicate that
HFD-TLR2/4−/− mice develop increased obesity in response to a HFD
without significantly altered fasting blood glucose levels. Thus, any
differences observed in neuropathy were hyperglycemia independent in
HFD-WT and HFD-TLR2/4−/− mice.

3.3. Neuropathy phenotyping

We next tested whether deletion of the TLR2 and TLR4 genes would

Fig. 1. Neuropathy phenotyping at early and late time points. Nerve conduction velocities (NCV; m/s) of the (A) sural and (B) sciatic-tibular motor nerves in CON (3
males and 2 females), HFD-WT (2 males and 3 females), and HFD-TLR2/4−/− (2 males and 3 females) mice at 16 and 28 wks of age. (C) Hind paw withdrawal
latency (HPL) at 16 and 28 wks of age. (D) Intraepidermal nerve fiber density (IENFD) at 28 wks of age. Data are represented as means± SEM. * P≤ .05, ** P≤ .01,
*** P≤ .001, and **** P≤ .0001.

Table 4
Late stage body weights and fasting blood glucose in CON (3 males and 2 fe-
males), HFD-WT (2 males and 3 females), and HFD-TLR2/4−/− (2 males and 3
females) mice.

Body weight and
fasting blood glucose

CON
(n=5)

HFD-WT
(n= 5)

HFD-TLR2/4−/−

(n=5)

Weight (g) 27.8 ± 3.5 48.4 ± 3.5⁎ 57.4 ± 3.5⁎

Fasting blood
glucose (mg/dL)

146.4 ± 13.0 196.3 ± 13.0 172.3 ± 14.3

Data are represented as least square means± SEM. * indicates a P < .05 dif-
ference from CON.
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alter the development of neuropathy. First, we measured NCVs of CON,
HFD-WT, and HFD-TLR2/4−/− mice at an early time point (16 wks of
age) and a late time point (28 wks of age). Consistent with our previous
reports (Hinder et al., 2017a), mice fed a HFD had reduced NCVs in
both the sural nerve (Fig. 1A) and sciatic-tibial motor nerve (Fig. 1B) at
both the early and the late time points. HFD-TLR2/4−/− likewise had
reduced NCVs compared to CON; however, sural NCVs worsened from
the 16- to the 28-wk time points. These temporal differences were not
observed in SMNCV, which displayed significant NCV deficits in both
HFD-WT and HFD-TLR2/4−/− mice regardless of time point.

To support these observations, we next assessed HPLs in all three
mouse groups at both the early and late time points. As previously re-
ported (Obrosova et al., 2007), HFD-WT mice had increased thermal
latency, indicating a loss of sensation in the paw (Fig. 1C). These def-
icits were observed at both the early and the late time points. In con-
trast, HFD-TLR2/4−/− mice were protected from this loss of sensation
at the early time point: there was no significant difference in HPL in
HFD-TLR2/4−/− mice at 16 wks of age compared to CON. However, as
with sural NCV, by 28 wks HFD-TLR2/4−/− HPL had significantly in-
creased in these KO animals compared to the earlier time point. Ad-
ditionally, they were no longer similar to CON and were similar to HFD-
WT mice.

As a final assessment of TLR impact on neuropathy, we measured
IENFDs of all three mouse groups at 28 wks of age (Fig. 1D; Supple-
mental Fig. 1). HFD-WT had significantly reduced IENFD compared to
CON mice. IENFDs in HFD-TLR2/4−/− mice did not have a significant

deficit relative to CON; however, they were likewise not different from
HFD-WT mice. Together, these data indicate that blocking TLR2/4
protects sensory nerves during early neuropathy, but this protection is
lost over time. The data also suggest that TLR contribution to neuro-
pathy may be more prominent in sensory nerves, as the sciatic-tibial
motor NCVs were unaffected by the gene KOs.

3.4. Immunologic phenotyping

To further understand the role of TLR signaling on the development
of neuropathy, we measured immunologic changes in the peripheral
blood of CON, HFD-WT, and HFD-TLR2/4−/− mice following their
harvest at 28 wks of age. Total leukocyte counts, as well as numbers of
specific immune populations, were assessed using flow cytometry
(Fig. 2A). Consistent with previous reports (Fink et al., 2014), HFD-WT
mice displayed increased numbers of peripheral immune cells com-
pared to CON mice; this was partially reversed in HFD-TLR2/4−/−

mice. A similar pattern was observed in the number of neutrophils and
Ly6C+ myeloid cells in the peripheral blood, with significantly in-
creased neutrophil levels in HFD-WT mice and a trend towards reduced
numbers in HFD-TLR2/4−/− mice in both cell types. CD4 T cell, CD8 T
cell, and Ly6C- myeloid cell levels were not significantly altered by a
HFD or lack of TLR signaling. Interestingly, we observed a significant
reduction in NK cell levels in the peripheral blood of HFD-TLR2/4−/−

mice compared to HFD-WT mice, and the significant increase in B cells
observed in HFD-WT mice was completely reversed by TLR 2/4 KO.

Fig. 2. Peripheral blood leukocyte levels and F4/80 expression at the late time point. CON, HFD-WT, and HFD-TLR2/4−/− mice were sacrificed at 28 wks of age, and
leukocyte levels in the peripheral blood were assessed using flow cytometry (A), as was F4/80 surface expression on Ly6C- and Ly6C+ monocytes (B). Data are
represented as means± SEM. * P≤ .05, ** P≤ .01, and **** P≤ .0001.
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In addition to total cell numbers, we used flow cytometry to ex-
amine classical surface marker expression levels for monocyte popula-
tions in peripheral blood. We found that Ly6C- and Ly6C+ monocytes
did not express CD11c on the cell surface in any mouse group (data not
shown), indicating that a HFD did not inducing monocyte differentia-
tion into macrophages or dendritic cells in the periphery (Gower et al.,
2011; Strauss-Ayali et al., 2007). In contrast, F4/80, a marker found
primarily on monocytes and differentiated macrophages (Hirsch et al.,
1981), was dramatically upregulated on the surface of both Ly6C- and
Ly6C+ monocytes in HFD-TLR2/4−/− mice compared to CON and
HFD-WT mice (Fig. 2B). Together, these data indicate that a lack of TLR
2 and 4 signaling reduces HFD-induced peripheral inflammation, and
that a lack of TLR signaling fundamentally alters the phenotype of
myeloid cells in the periphery during high fat feeding.

4. Discussion

Low-grade systemic inflammation and immune system dysregula-
tion are common features of prediabetes, diabetes, and peripheral
neuropathy (Esser et al., 2014; Hinder et al., 2018). TLR signaling,
particularly signaling via TLR 2 and 4, are implicated in the patho-
genesis and progression of metabolic disease states (Lumeng, 2013). In
the current study, we explored the role of TLR2/4 and TLR-associated
pathways during metabolic dysregulation, as well as the impact of TLRs
on the development of neuropathy and peripheral inflammation. We
examined TLR 2/4 pathway gene expression levels in both human
nerves and in nerves from murine models of prediabetes, type 1 dia-
betes, and type 2 diabetes and found that TLR 2 and 4 signaling is
dysregulated in human patients and across murine models. The ma-
jority of these changes were conserved between human and murine
samples, but gene expression patterns were variable based on time
point, strain, treatment, and species. We next examined the impact of
TLR2/4 KO on the development of neuropathy. While TLR2/4 KO re-
sulted in increased obesity in HFD-TLR2/4−/− mice compared to HFD-
WT mice, HFD-TLR2/4−/− mice were partially protected from neuro-
pathy during an early time point. In addition, we found that knocking
out TLR2 and TLR4 reduced the peripheral inflammation induced by a
HFD, resulting in fewer immune cells but increased F4/80 expression
on two populations of monocytes.

Our initial post-hoc comparisons of sural nerve gene expression
showed that TLR-associated genes are dysregulated both in human and
murine neuropathy in prediabetes and diabetes. Of note, we observed
dysregulation of LBP and PIK3CB in human data sets and across 4 or
more murine data sets. The involvement of LBP is perhaps unsurprising,
as it is part of the canonical TLR4 signaling pathway and facilitates
presentation of TLR4's primary ligand, lipopolysaccharide, to the TLR4
receptor complex (Kim and Kim, 2017). PIK3CB, on the other hand, is a
member of the phosphoinositide 3-kinase (PI3K) family which has
multiple roles in cellular function, including cell growth and survival
(Engelman et al., 2006), and class I PI3Ks, including PIK3CB, are in-
volved in insulin and AKT signaling (Engelman et al., 2006; Le Stunff
et al., 2008). These signaling pathways have been implicated in insulin
resistance (Le Stunff et al., 2008), inflammation in sensory neurons
(Zhuang et al., 2004), and neuropathy and neuropathic pain (Duan
et al., 2018; Yang et al., 2014). While PI3Ks can be activated through
multiple mechanisms, TLRs and co-stimulatory molecules are major
sources of their activation (Koyasu, 2003) and likely explain why these
genes were dysregulated during neuropathy in both human and murine
nervous tissue.

Interestingly, while there was a great deal of overlap between
dysregulated human and murine genes, the direction in which these
genes changed was often different between the species. Differences in
the directionality of human versus murine gene expression may be
partly explained by different neuropathy time points as well as genetic
differences between phenotypically different mouse strains (O'Brien
et al., 2014; Sullivan et al., 2007). For instance, the ob/ob type 2

diabetes mouse strain, which develops the most robust neuropathy
phenotype (O'Brien et al., 2015), had numerous TLR genes that were
discordant between 5 and 13 wks of age, including Ccl3, Ccl4, Cd14,
Cd86, Il1b, and Tlr2. This discordance indicates that TLR gene expres-
sion in this model associates with neuropathy progression. In addition,
we have previously reported that numerous genes, including in-
flammatory genes, can be differentially regulated over the course of
neuropathy (Hinder et al., 2018). The possibility that TLR involvement
in neuropathy is time dependent is bolstered by our in vivo data where
TLR KO was protective at the early time point but not at the later time
point. In addition, the human tissue samples were collected from pa-
tients that had been living with diabetes for an average of 10 years (Hur
et al., 2011); the DEGs that were highlighted in our analysis likely re-
present a late stage of neuropathy development. Changes in direction-
ality of gene expression therefore reflect a complex interaction between
time, the inflammatory response, and disease progression.

This temporal nature of TLR involvement in neuropathy may par-
tially explain why sural nerve function worsened from the early to late
time points in HFD-TLR2/4−/− mice. Additionally, HPL was sig-
nificantly better at 16 wks of age in HFD-TLR2/4−/− mice compared to
HFD-WT mice and was similar to CON. However, like sural NCVs, this
worsened over time in HFD-TLR2/4−/− mice, with latencies similar to
HFD-WT mice at 28 wks of age. IENFD at 28 wks of age suggested a
“lingering” protective effect in HFD-TLR2/4−/− mice despite worsened
NCVs and HPLs at this time point. In contrast to the findings in sensory
nerves, there was no early protective effect of lack of TLR signaling on
SMNCVs at 16 wks of age. Peripheral neuropathy, in particular per-
ipheral neuropathy driven by HFD, has a larger effect early in disease
on sensory as opposed to motor nerves, and first affects small un-
myelinated axons (Feldman et al., 2017). Changes in HPL and IENFD in
these data similarly indicate a predominant effect at earlier time points
on sensory unmyelinated nerve fibers. We also observed changes in
myelinated sensory nerve fibers as evidenced by the changes is sural
NCVs. Altogether, these data suggest that TLR involvement in neuro-
pathy, particularly at earlier time points, has a greater impact on sen-
sory nerves with little impact or no impact on motor nerves.

Based on our immune phenotyping data, it is possible that TLR
signaling contributes to neuropathy via alterations in immune system
signaling. Knocking out TLRs 2 and 4 produced an anti-inflammatory
phenotype in the peripheral blood of mice. HFD-WT mice had increased
peripheral leukocytes compared to CON mice, but this expansion of
inflammatory cells was partially rescued in HFD-TLR2/4−/− mice.
There was a trend towards fewer neutrophils and Ly6C+ monocytes in
HFD-TLR2/4−/− mice, and the number of NK cells and B cells was
significantly reduced. The most striking differences, however, were the
surface expression levels of F4/80 on both Ly6C- and Ly6+ monocyte
populations. F4/80 expression on HFD-TLR2/4−/− monocytes was
significantly increased compared to both CON and HFD-WT monocytes.
Though the exact mechanisms and function of F4/80 are still not fully
understood, multiple studies suggest that F4/80 has an anti-in-
flammatory function that can suppress leukocyte activity (Gordon et al.,
2011). This suggests that an absence of TLR signaling may skew cir-
culating monocytes towards a protective phenotype that could account
for the early protection against neuropathy in HFD-TLR2/4−/− mice.
Further studies in a larger cohort of mice may strengthen the observed
trends and contribute to fuller mechanistic understanding of the role of
TLRs 2 and 4 in neuropathy.

In conclusion, both the post-hoc comparisons and in vivo data em-
phasize varying and complex effects of time and TLR signaling on
neuropathy progression. In our post-hoc comparisons of murine sciatic
nerve gene expression in multiple different models of prediabetic and
diabetic neuropathy, many genes within the TLR 2/4 pathway were
significantly upregulated at earlier disease time points, but decreased
with age and increasing disease severity. These data were supported by
our findings in the HFD-TLR2/4−/− mice. These animals did not de-
velop neuropathy early in the course of high fat feeding, with HPLs
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similar to CON mice. However, as disease progressed, HPLs and sural
NCVs worsened, and HFD-TLR2/4−/− mice were similar to HFD-WT
rather than CON mice. These results are potentially due to an anti-in-
flammatory phenotype in HFD-TLR2/4−/− mice that protects against
damage early on, but as neuropathy progresses the beneficial effects of
inflammation are lost (Ramesh et al., 2013), resulting in a lack of
clearance of damaged cells and cellular debris and a worsening of
dysfunction. Together, our findings suggest that the TLR 2 and 4
pathways play a role in the development of neuropathy, suggesting a
role for inflammation in neuropathy secondary to prediabetes and
diabetes. While these data support a role for TLRs in neuropathy,
however, gene expression was assessed in whole nerve which is a het-
erogeneous population of cells. Further studies in larger cohorts will be
needed to adjust for cell-type specific contributions as well as to elu-
cidate exact contributing mechanisms and allow for potential future
therapeutic development.

5. Summary

These results support a role for TLRs 2 and 4 in the progression of
prediabetic and diabetic sensory neuropathy in both man and multiple
murine models. Additionally, our data indicate a delicate balance be-
tween the immune response, inflammation, and disease progression.
However, more work is needed to fully understand the role of TLRs 2
and 4 in the onset and progression of prediabetic and diabetic neuro-
pathy.
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