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To define the components of the metabolic syndrome
that contribute to diabetic polyneuropathy (DPN) in type
2 diabetes mellitus (T2DM), we treated the BKS db/db
mouse, an established murine model of T2DM and the
metabolic syndrome, with the thiazolidinedione class
drug pioglitazone. Pioglitazone treatment of BKS db/db
mice produced a significant weight gain, restored gly-
cemic control, and normalized measures of serum oxi-
dative stress and triglycerides but had no effect on LDLs
or total cholesterol. Moreover, although pioglitazone
treatment normalized renal function, it had no effect
on measures of large myelinated nerve fibers, specifi-
cally sural or sciatic nerve conduction velocities, but
significantly improved measures of small unmyelinated
nerve fiber architecture and function. Analyses of gene
expression arrays of large myelinated sciatic nerves
from pioglitazone-treated animals revealed an unantici-
pated increase in genes related to adipogenesis, adipo-
kine signaling, and lipoprotein signaling, which likely
contributed to the blunted therapeutic response. Similar
analyses of dorsal root ganglion neurons revealed a sal-
utary effect of pioglitazone on pathways related to de-
fense and cytokine production. These data suggest
differential susceptibility of small and large nerve fibers
to specific metabolic impairments associated with
T2DM and provide the basis for discussion of new treat-
ment paradigms for individuals with T2DM and DPN.

Nearly 387 million people have diabetes worldwide, and
the epidemic continues to rise at an alarming rate (1).
Type 2 diabetes mellitus (T2DM) accounts for 95% of
diagnosed diabetes (2), and its complications, including

heart disease and stroke, result in significant morbidity
and mortality, representing the first and fourth most
common causes of death, respectively, in the U.S. (3).
The best predictor of T2DM macrovascular complications
is the preceding presence of microvascular complications,
particularly diabetic polyneuropathy (DPN) and diabetic
nephropathy (DN). Although the exact etiology of DPN
and DN remain a source of intensive investigation, it is
generally believed that hyperglycemia underlies both com-
plications and that glycemic control is the cornerstone
treatment for DPN and DN, preventing ulcers, lower-
limb amputations, and renal failure (4,5).

We completed a Cochrane review of all available
evidence on the role of glycemic control in DPN and
discovered that glucose control positively affects DPN in
patients with type 1 diabetes mellitus (T1DM) but has little
beneficial effect on DPN in patients with T2DM (6), thus
supporting the emerging concept that DPN in T2DM is due
to the metabolic syndrome and not hyperglycemia alone.
Contrasting with DPN, glucose control ameliorates renal
injury in T2DM rodents (7), suggesting that glucotoxicity
is more important in the pathogenesis of DN in T2DM and
complications-specific pathological mechanisms. The meta-
bolic syndrome is present when a patient has at least three
of the following five metabolic features: central obesity,
hypertension, hyperglycemia, hypertriglyceridemia, and
low levels of HDL cholesterol. Although nearly all individ-
uals with T2DM have the metabolic syndrome (8), the
combination of features underlying the onset and progres-
sion of DPN in T2DM remains unknown. This knowledge is
critical if we are to make meaningful inroads into treat-
ment of this common and disabling disorder.
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To gain insight into which components of the metabolic
syndrome contribute to DPN in T2DM, we turned to the
BKS db/db mouse, an established T2DM murine model. The
leptin receptor mutation in BKS db/db mice produces ro-
bust T2DM and metabolic syndrome features that parallel
the human disorder, including hyperglycemia, hyperinsuli-
nemia, hypertriglyceridemia, insulin resistance, and obesity
(9,10). At 8 weeks of age, these mice develop painful allo-
dynia, a common early sign of human DPN, and as in man,
the disease progresses to frank nerve fiber loss with con-
comitant sensory loss and abnormal electrophysiology by
16 weeks of age (11). The animals also develop DN, with
the expected pathological glomerular hypertrophy, capillary
basement membrane thickening, and podocyte loss as well
as decreased renal function as quantitated by lower albumin-
to-creatinine ratios (ACRs) (12,13).

In the current study, we treated BKS db/db mice with
the thiazolidinedione (TZD) pioglitazone. Pioglitazone
stimulates the nuclear receptor peroxisome proliferator—
activated receptor (PPAR)-y and to a lesser degree PPAR-c:.
When activated by pioglitazone, these genes regulate the
expression of insulin-sensitive genes that improve glyce-
mia, decrease triglyceride levels, and increase HDL choles-
terol in patients with T2DM. In the current study,
pioglitazone treatment of BKS db/db mice for 11 weeks
restored glycemic control, normalized measures of serum
oxidative stress and triglycerides, and caused significant
weight gain with no effect on LDL or total cholesterol.
This improved metabolic control normalized renal function
but had no effect on nerve conduction velocities (NCVs),
measurements of large myelinated fiber function. In con-
trast, measures of small unmyelinated nerve fiber architec-
ture and function reflected by intraepidermal nerve fiber
density (IENFD) and thermal latency testing were signifi-
cantly improved. Analyses of gene expression arrays of
large myelinated sciatic nerves (SCNs) and dorsal root gan-
glia (DRGs) identified differential pathway regulation by
both T2DM and pioglitazone treatment. These results sug-
gest that small and large nerve fibers are differentially
impaired by components of the metabolic syndrome.

RESEARCH DESIGN AND METHODS

Animals

Male BKS db/+ and db/db mice (BKS.Cg-m +/+ Leprdb/.],
stock number 000642; The Jackson Laboratory, Bar Har-
bor, ME) were fed a standard diet (5LOD, 13.4% kcal fat;
Research Diets, New Brunswick, NJ) with or without 15
mg/kg pioglitazone (112.5 mg pioglitazone/kg chow for
a final dose of 15 mg/kg to the mouse) starting at 5 weeks
of age and maintained through 16 weeks of age, totaling
11 weeks of pioglitazone treatment. Animals were main-
tained in a pathogen-free environment and cared for by
the University of Michigan (U-M) Unit for Laboratory
Animal Medicine. All protocols were approved by the
U-M University Committee on Use and Care of Animals
and followed the Diabetes Complications Consortium
guidelines (www.diacomp.org/shared/protocols.aspx).
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Metabolic Phenotyping

Body weights were measured weekly, as was fasting blood
glucose (FBG) using an AlphaTRAK glucometer (Abbott
Laboratories, Abbott Park, IL). Glycosylated hemoglobin
(GHD) level was measured by the Chemistry Core at the
Michigan Diabetes Research and Training Center. The
National Mouse Metabolic Phenotyping Center (Vanderbilt
University, Nashville, TN) completed plasma insulin mea-
surements and fast-protein liquid chromatography (FPLC)
analysis for cholesterol and triglycerides. Plasma hydroxy-
octadecadienoic acids (HODEs) were quantified by reverse-
phase C-18 high-performance liquid chromatography
(JASCO, Essex, U.K.) using a Beckman ODS Ultrasphere
C18 Column (Beckman Coulter, Inc., Fullerton, CA) to analyze
triphenylphosphine-reduced lipid extracts after base hydroly-
sis. Analyses of the dansylated derivatives of tyrosine and
0,0’-dityrosine were also completed by reverse-phase high-
performance liquid chromatography as previously described
(14) and quantified using authentic O,0’-dityrosine and
tyrosine standard curves.

DPN and DN Phenotyping

At 16 weeks of age, all animals were phenotyped for DPN
and DN according to the Diabetes Complications Consor-
tium guidelines (15,16). Briefly, large nerve fiber involve-
ment was assessed through NCV measurements, and small
nerve fiber involvement was assessed through IENFD and
thermal latency measurements as previously described
(10,17). Periodic acid Schiff (PAS) staining was performed
on 3-pm-thick fixed kidneys to determine mesangial area
as previously described (18,19). Urinary albumin levels,
ACRs, glomerular area, and glomerular PAS-positive area
were measured using published protocols (18,19).

Affymetrix Microarray Analyses

Total RNA was isolated from SCNs and DRGs from db/+
(n = 6), db/db (n = 6), db/+ with pioglitazone (db/+ PIO)
(n = 6), and db/db with pioglitazone (db/db PIO) (n = 6)
mice using the RNeasy Mini Kit (QIAGEN, Valencia, CA).
RNA integrity was assessed using the 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA). Samples meeting
RNA quality criteria were analyzed by microarray as pre-
viously described (20). Briefly, total RNA (75 ng) was
amplified and biotin labeled using the Ovation Biotin-
RNA Amplification System (NuGEN Technologies Inc.,
San Carlos, CA) per the manufacturer’s protocol. Amplifi-
cation and hybridization were performed by the U-M
Comprehensive Cancer Center Affymetrix and Microarray
Core Facility using the Affymetrix GeneChip Mouse Ge-
nome 430 2.0 Array.

Microarray Data Analysis and Validation

Microarray data were analyzed using our locally estab-
lished microarray analysis pipelines (20,21). Briefly, micro-
array files were Robust Multi-array Average normalized
using the BrainArray Custom Chip Definition File version
15 (22). Quality was assessed using the affyAnalysisQC
R package (http://arrayanalysis.org) with Bioconductor
(www.bioconductor.org). Differentially expressed genes


http://www.diacomp.org/shared/protocols.aspx
http://arrayanalysis.org
http://www.bioconductor.org

3296 Diabetic Complications in db/db Mice

(DEGs) were determined using the intensity-based mod-
erated T-statistic IBMT) test (23) with a false discovery
rate (FDR) cutoff <0.05. DEGs were obtained by pairwise
comparisons either between genotypes (db/+ vs. db/db) or
between treatment groups (untreated vs. pioglitazone
treatment) for each genotype. The DEG sets were then
compared against each other to identify overlapping and
unique gene expression changes. Analyses focused on the
db/+ versus db/db and db/db versus db/db PIO DEG sets
to identify genes that were affected by T2DM and/or
pioglitazone treatment.

To identify and compare the overrepresented biological
functions among DEG sets, Gene Set Enrichment Analysis
was performed using a locally implemented version of the
Database for Annotation, Visualization and Integrated
Discovery (DAVID) (http://david.abcc.ncifcrf.gov) (24).
Gene Ontology (GO) terms and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways were selected as
the functional terms, and those with a Benjamini-Hochberg
corrected P < 0.05 were selected as significantly overrepre-
sented biological functions in each DEG set. A heat map was
generated using the top 10 overrepresented biological func-
tions in each DEG set, with clustering based on significance
values (log-transformed Benjamini-Hochberg corrected P
values), to visually represent overall similarity and differ-
ences between DEG sets.

For technical array data validation, four DEGs (Ucpl,
Accalb, Cidea, Ppargcla) from DRGs among those with
the highest fold change were evaluated by real-time RT-
PCR (RT-qPCR) as previously described (20). Tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation
protein (Ywhaz) was used as the endogenous reference
gene. Primers were selected using PrimerBank (http://
pga.mgh.harvard.edu/primerbank) and purchased from Inte-
grated DNA Technologies (Coralville, IA) (Supplementary
Table 1).

Statistical Analysis

Statistically significant differences in phenotypic mea-
surements between groups were determined using Prism
6 software (GraphPad Software, La Jolla, CA) and the
two-tailed t test. Values are reported as the mean = SEM.

RESULTS

Diabetes, Oxidative Stress, and Dyslipidemia

BKS db/db mice were significantly heavier than db/+ con-
trols, and pioglitazone treatment increased db/+ and db/db
body weights by 19% and 83%, respectively, making db/db
PIO animals morbidly obese (Fig. 1A and Supplementary
Fig. 1). FBG and %GHb (mmol/mol) were significantly
elevated in db/db compared with db/+ animals, whereas
pioglitazone treatment normalized both parameters to db/+
control levels (Fig. 1B and C; see Supplementary Fig. 2 for
GHb [mmol/mol]). Plasma insulin, however, was elevated in
both untreated and pioglitazone-treated db/db animals (Fig.
1D). Conversely, plasma HODE and nitrotyrosine levels
were significantly increased in db/db animals and normalized
to control levels by pioglitazone treatment (Fig. 1E and F).
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Lipid analyses revealed a 5- and 12-fold elevation in
total plasma triglycerides and VLDL triglycerides, re-
spectively, in db/db relative to db/+ mice; both parameters
were normalized by pioglitazone treatment (Fig. 2A and
B). In contrast, there was no statistically significant dif-
ference in total plasma cholesterol across experimental
groups, regardless of treatment (Fig. 2C); however, FPLC
analysis of pooled plasma samples revealed an apparent
increase in the LDL fraction of pioglitazone-treated db/db
mice compared with untreated db/db mice (Fig. 2D).

DPN Phenotyping

Sural and sciatic NCVs, measures of large fiber function,
were decreased in db/db relative to db/+ mice, with no
treatment effect on either measurement (Fig. 3A and B).
Hindpaw withdrawal latency, a behavioral assessment of
thermal sensation that represents small fiber function,
was significantly increased in db/db compared with db/+
animals and was normalized by pioglitazone treatment
(Fig. 3C). IENED, a measure of small fiber architecture,
was significantly decreased in db/db compared with db/+
animals and was significantly improved by pioglitazone
treatment (Fig. 3D and E).

DN Phenotyping

Quantitation of renal function by measuring 24-h urinary
albumin secretion and ACR revealed a 300- and 1,000-fold
increase, respectively, in db/db mice (Supplementary Fig.
3A and B), and pioglitazone treatment normalized both
functional measurements to control db/+ levels. In parallel,
mesangial matrix accumulation, as measured by the mesan-
gial index, was significantly increased in db/db animals and
normalized with pioglitazone treatment (Supplementary
Fig. 3C). Morphological changes in glomeruli were also ob-
served in the db/db mice and were rescued by pioglitazone
treatment (Supplementary Fig. 4A). Likewise, glomerular
area and glomerular PAS-positive area (Supplementary
Fig. 4B and C) were significantly increased in db/db animals
and normalized with pioglitazone treatment.

DRG and SCN Transcriptomic Profiling

To better understand the differential effect of pioglita-
zone treatment on small and large nerve fibers, we
performed microarray analyses on DRGs and SCNs from
the four experimental groups. We identified DEGs, and
RT-qPCR of selected DEGs in DRGs reflected comparable
profiles to microarray data (Supplementary Table 2), thus
validating the microarray findings.

DRGs

In DRGs, 2,082 genes showed significant differential
expression between the db/+ and db/db groups (FDR
<0.05), whereas pioglitazone treatment significantly
changed the expression of 1,811 and 24 genes in the db/db
and db/+ animals, respectively (Fig. 44). The most highly
enriched biological functions among these four DEG sets
are shown in Fig. 4B, and the overlap among these sets is
summarized in Supplementary Table 3. Further analysis of
the db/+ versus db/db and db/db versus db/db P10 DEG sets
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Figure 1—Effects of pioglitazone on body weight and multiple physiological parameters in plasma. After 11 weeks of pioglitazone

treatment, body weight (A), FBG (B), %GHb (C), plasma insulin (D),
all panels, n = 6. *P < 0.05, *P < 0.01, **P < 0.001.

plasma HODE (E), and plasma nitrotyrosine (F) were assessed. In

to examine the effects of pioglitazone treatment on DPNs
(Fig. 4A) also demonstrated that of 1,811 genes affected
by pioglitazone, 1,356 were not affected by T2DM (Fig.
4(C). In addition, of the 2,082 DEGs regulated by diabetes,
455 genes (22%) were also significantly regulated by pio-
glitazone treatment, whereas the remaining 1,627 genes
were not changed by pioglitazone treatment (Fig. 4C).

As illustrated in Fig. 4D, expression levels of 75% (339
of 455) of the common DEGs were reversed by pioglita-
zone treatment (e.g., if diabetes increased expression, pio-
glitazone treatment decreased expression or vice versa).
For the remaining 116 genes, pioglitazone treatment ex-
acerbated gene expression in the same direction (Fig. 4D).
The 20 most upregulated and 20 most downregulated
genes in the four DEG subsets presented in Fig. 4C and
D (339 reversed genes, 116 exacerbated genes, 1,627
genes unchanged by treatment, and 1,356 genes changed
only by pioglitazone treatment) are listed in Supplemen-
tary Tables 4-7, respectively.

We then identified the overrepresented biological
functions of the four DEG subsets by functional enrich-
ment analysis (Fig. 4E). Focusing on those enriched
among the 455 DEGs regulated by diabetes and altered
by pioglitazone treatment, we determined that pioglita-
zone treatment exacerbated DEGs belonging to several
functional enrichment groups, spanning fat cell differen-
tiation, adipocytokine signaling, and HDL binding, with
genes including adiponectin (Adipoq), leptin (Lep), Cd36
antigen (Cd36), and GPl-anchored HDL-binding protein 1
(Gpihbpl) (Supplementary Table 5). DEGs regulated by
T2DM and reversed by pioglitazone treatment were
highly enriched in functions related to defense response
and regulation of cytokine production (Fig. 4E).

SCNs

In SCNs, 1,066 genes showed significant differential ex-
pression between the db/+ and db/db groups, whereas pio-
glitazone treatment significantly changed the expression of
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Figure 2—Effects of pioglitazone on plasma triglyceride and cholesterol profiles. After 11 weeks of pioglitazone treatment, total fasting
triglycerides (A), plasma triglyceride profiles (B), total fasting cholesterol (C), and plasma cholesterol profiles (D) were assessed. Fasting
plasma samples were pooled for each lipid profiling group and fractionated by FPLC. Total triglyceride and total cholesterol profiles were

measured in each fraction. In all panels, n = 6. *P < 0.05, **P < 0.01.

4,537 and 1,182 genes in db/db and db/+ animals, respec-
tively (Fig. 5A). The most highly enriched biological func-
tions among the four DEG sets are shown in Fig. 5B, with
the overlap among these sets summarized in Supplementary
Table 8. As in DRGs, further analysis of the db/+ versus db/db
and db/db versus db/db PIO DEG sets to examine the
effect of pioglitazone treatment demonstrated that of
the 1,066 DEGs between db/+ and db/db, 484 genes (45%)
were also identified as DEGs between db/db and db/db PIO,
whereas the remaining 582 genes were not affected by

pioglitazone (Fig. 5C). Furthermore, 67% (323 of 484) of
the common DEGs were reversed by pioglitazone treatment,
whereas the expression of 161 DEGs was exacerbated by
pioglitazone treatment (Fig. 5D). The 20 most upregulated
and 20 most downregulated genes in these four SCN DEG
sets are listed in Supplementary Tables 9-12.

Functional enrichment analysis identified the over-
represented biological functions of the four DEG sets,
including the 323 reversed genes, 161 exacerbated genes,
582 genes unchanged by treatment, and 4,053 genes
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Figure 3— Effects of pioglitazone on multiple neuropathic parameters

. After 11 weeks of pioglitazone treatment, sural NCV (A), sciatic NCV

(B), hindpaw latency (C), and IENFD (D) were assessed. Representative images of the effect of pioglitazone treatment on IENFD in db/db

mice (E). In all panels, n = 6. *P < 0.05, **P < 0.001.

dysregulated only by pioglitazone treatment (Fig. S5E).
Specifically, pioglitazone treatment exacerbated DEGs be-
longing to several functional enrichment groups, span-
ning protein-lipid complex, endoplasmic reticulum, and
response to nutrient levels, with genes including apolipo-
protein C-IV (Apoc4), apolipoprotein C-II (Apoc2), and
Gpihbpl (Supplementary Table 11). Alternatively, DEGs
regulated by T2DM and reversed by pioglitazone treat-
ment were highly enriched in functions related to colla-
gen, lipid biosynthesis, insulin signaling, neurofilament,
and polyol pathway (Fig. 5E).

DISCUSSION

Large-scale clinical trials confirm that glucose control
alone has little impact on DPN in individuals with T2DM
(6), and recent clinical studies suggest that DPN in T2DM
is more likely secondary to a constellation of metabolic
imbalances that define the metabolic syndrome (25). In
contrast, glucotoxicity appears to be more important in
the pathogenesis of DN, regardless of diabetes type (7).
Thus, the goal of the current study was to confirm that
DN is positively affected by glycemic control in T2DM and
to define the components of the metabolic syndrome

responsible for DPN in a murine model of T2DM. This
identification provides not only a first step in identifying
modifiable risk factors but also a window into under-
standing the pathogenesis of DPN.

We chose to study the well-characterized db/db mouse,
which by 6 weeks of age is hyperglycemic with hyperpha-
gia and evidence of dyslipidemia. We (9,10) and others
(1,26) have also reported that these mice exhibit micro-
vascular complications associated with diabetes, including
DPN, manifested as early-onset small (11) and later-onset
large fiber neuropathy (9,10) as well as DN (27), retinop-
athy, and cardiomyopathy. Moreover, with age, these
mice become obese with T2DM and severe dyslipidemia
(28). In the current study, we treated db/db mice with
pioglitazone, a commonly used TZD in man, with the
goal of controlling certain, but not all, aspects of the
metabolic syndrome. We show that 11 weeks of pioglita-
zone treatment, given from 5 to 16 weeks of age, results
in morbid obesity in diabetic animals, but despite this
significant weight gain, pioglitazone treatment normal-
ized glycemic control (FBG and %GHDb) and circulating
triglycerides, but not insulin or cholesterol levels, to those
of nondiabetic animals. These data agree with other studies
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Figure 4—Assessment of differential gene expression in DRGs. RNA samples obtained from mouse DRGs were analyzed for differential
gene expression using Affymetrix GeneChip microarrays. A: A comparison scheme between DEG sets (IBMT FDR <5% as the significance
cutoff). The number of DEGs at each comparison is noted under the arrows. B: To examine the biological functions enriched among the
DEG sets in A (four complete DEG sets), a functional enrichment analysis using DAVID was performed. The top 10 significant functional
terms within each DEG set are represented in a heat map with a —log4q(Benjamini-Hochberg corrected P value) color gradient. C: A Venn
diagram illustrates the overlap between the db/+ vs. db/db DEG set, representing the T2DM effect (orange line in A), and the db/db vs. db/db PIO
DEG set, representing the pioglitazone treatment effect in the context of diabetes (blue line in A). D: A pie chart further divides the common
455 genes from C into two groups depending on the directionality of the gene expression change by pioglitazone treatment, including
reversed DEGs (n = 339), whose dysregulated gene expression by T2DM was reversed by pioglitazone treatment, and exacerbated DEGs
(n = 116), whose dysregulated gene expression by T2DM was further enhanced by the treatment. E: A functional enrichment analysis was
performed on the four DEG sets shown in B and C (only in db/+ vs. db/db [n = 1,627]; common — exacerbated [n = 116]; common - reversed
[n = 339]; only in db/db vs. db/db PIO [n = 1,356]). Nominal P value was used as the significance value. mmu, mus musculus; sig.,

significant.

demonstrating that weight gain is a significant adverse
effect of various TZDs, incdluding pioglitazone, rosiglitazone,
and other PPAR agonists (29,30).

Examination of DN in db/db mice following pioglitazone
treatment revealed that renal function and architecture are
normalized with treatment. These results agree with data
from multiple laboratories showing that pioglitazone ame-
liorates renal injury in T2DM rodents (reviewed in Ko et al.
[7]). Similarly, we also reported that the TZD rosiglitazone
ameliorates murine DN in T1DM, reduces renal and plasma
markers of oxidative injury, and reverses urinary metabo-
lite abnormalities (18).

In contrast to the beneficial effects of pioglitazone
on DN, pioglitazone did not completely normalize DPN.
We found that only small fiber neuropathy, assessed
through IENFD and thermal latency measurements, was

normalized with pioglitazone treatment in db/db animals,
with no beneficial effects on large fiber function (NCVs).
These results are especially interesting in light of the fact
that pioglitazone normalized serum %GHb, total triglycer-
ides, and VLDL triglycerides but had no effect on plasma
cholesterol levels while promoting gross obesity. Collec-
tively, these data suggest that small fiber neuropathy may
be linked to systemic glycemic control and triglycerides,
whereas large fiber neuropathy may be linked to systemic
cholesterol and gross obesity. Others have reported ben-
eficial effects of TZDs on DPN in T1DM mouse models,
but results vary in T2DM rodent models. Yamagishi et al.
(31) reported that pioglitazone is beneficial for DPN in
streptozotocin-induced T1DM Wistar rats, improving
both sciatic and sural NCVs. Troglitazone also improves
tibial motor NCVs in streptozotocin-induced T1DM rats
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Figure 5—Assessment of differential gene expression in SCNs. RNA samples obtained from mouse SCNs were analyzed for differential
gene expression using Affymetrix GeneChip microarrays. A: A comparison scheme between DEG sets (IBMT FDR <5% as the significance
cutoff). The numbers of DEGs at each comparison are noted under the arrows. B: To examine the biological functions enriched among the
DEG sets in A (four complete DEG sets), a functional enrichment analysis using DAVID was performed. The top 10 significant functional
terms within each DEG set are represented in a heat map with a —logo(Benjamini-Hochberg corrected P value) color gradient. C: A Venn
diagram illustrates the overlap between the db/+ vs. db/db DEG set, representing the T2DM effect (orange line in A), and the db/db vs. db/db
PIO DEG set, representing the pioglitazone treatment effect in the context of T2DM (blue line in A). D: A pie chart further divides the
common 484 genes from C into two groups depending on the directionality of the gene expression change by pioglitazone treatment,
including reversed DEGs (n = 323), whose dysregulated gene expression by T2DM was reversed by pioglitazone treatment, and exacer-
bated DEGs (n = 161), whose dysregulated gene expression by T2DM was further enhanced by the treatment. E: A functional enrichment
analysis was performed on the four DEG sets shown in B and C (only in db/+ vs. db/db [n = 582]; common — exacerbated [n = 161]; common -
reversed [n = 323]; only in db/db vs. db/db PIO [n = 4,053]). Nominal P value was used as the significance value. mmu, mus musculus;

Sig., significant; TCA, tricarboxylic acid.

as well as morphometric measures of myelinated nerve
fiber area and axon/myelin ratios (32). Alternatively,
other groups reported results in T2DM rodents similar
to our own, where TZD treatment normalizes glycemia
but has little effect on measures of large fiber function
(33,34). Similarly, both groups also reported that TZD
treatment has no effect on elevated serum cholesterol
levels and promotes animal obesity (33,34). The current
data showing that TZD treatment restores small fiber
function as measured by thermal latencies and IENFD
have also been reported in neuropathic rodent models
(35,36). Thus, in the absence of a beneficial effect on large
fiber function, it appears that there would be no role for

TZD treatments for DPN in man; however, TZD murine
treatment paradigms have informed us of both the dis-
ease mechanisms and the differential susceptibility of fi-
ber types to metabolic derangements.

As such, transcriptomic profiling of DRGs and SCNs in
the current study to assess alterations associated with
pioglitazone treatment offers important insight into the
mechanisms underlying DPN in T2DM. Although the
efficacy of pioglitazone treatment was limited to small fiber
measures of DPN, pioglitazone reversed the diabetes-
induced changes in 323 genes in SCNs, including genes
related to collagen, lipid biosynthesis, insulin signaling,
neurofilament, and the polyol pathway, suggesting the
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importance of SCN structure and energy homeostasis in
small fiber neuropathy. Additionally, the 339 genes
reversed by pioglitazone treatment in diabetic DRGs
implicate local immune dysregulation in small fiber
neuropathy. Previously, we reported that the PPAR
signaling pathway is dysregulated in the SCNs of 24-
week-old db/db mice with advanced DPN (20). Indeed,
PPAR-y itself is upregulated in db/db SCNs at 24 weeks
(20), suggesting that PPAR-y agonism through pioglita-
zone treatment in the current study may stimulate an
already upregulated pathway in the db/db nerve, an ob-
servation that may contribute to the lack of effect of
pioglitazone on large fiber DPN.

Alternatively, pathways exacerbated by pioglitazone
treatment in SCNs and DRGs include protein-lipid complex
and HDL binding, with the top upregulated genes being
Gpihbp1 in both DRGs and SCNs, Apoc4 and Apoc2 in SCNs,
and Cd36 in DRGs. Of note, HDL is involved in reverse cho-
lesterol transport and has antioxidant and anti-inflammatory
properties (37). Furthermore, class C apolipoproteins are
expressed on the surface of HDLs in the fasting state
(38), and mice in the current study were fasted. CD36
is a class B scavenger receptor that binds a number of
ligands, including HDLs (39) and oxidized LDLs (40). Dys-
functional HDL signaling is linked to neuron and glial
reactive oxygen species production and apoptosis (41).
Moreover, pioglitazone treatment upregulated the oxidized
LDL (lectin-like) receptor 1 gene (Olr1/LOX1) in db/db
SCNs; we have previously reported oxLDL-mediated DRG
neuron injury (17). Collectively, these data suggest a role
for dysfunctional lipoprotein signaling and cholesterol in
large fiber neuropathy in T2DM.

In addition to the exacerbating effect on diabetic
changes in gene expression, pioglitazone treatment also
affected >5,000 genes in db/db mice that were not af-
fected by diabetes itself (Figs. 4E and 5E). These genes
regulated only by pioglitazone in db/db mice were highly
associated with mitochondrion in DRGs and with electron
transport chain, generation of precursor metabolites and
energy, and death in SCNs. Pioglitazone also increased ex-
pression of adipogenin (Adig), resistin (Retn), cell death-
inducing DNA fragmentation factor a (DFFA) subunit-like
effector A (Cidea), cell death-inducing DFFA-like effector C
(Cidec), perilipin 5 (Plin5), and leptin, together suggesting
local adipogenesis, with lipid accumulation and adipokine
signaling (42). The epineurium contains resident adipo-
cytes (43) that secrete paracrine adipokines (e.g., leptin)
to modulate peripheral nerve activity (44). Furthermore,
rosiglitazone stimulation of the PPAR-y pathway upregu-
lates adipocyte Cidea expression and increases lipid depo-
sition (42). We propose that with these findings taken
together, pioglitazone treatment enhances epineurial adi-
pocyte lipid storage, likely affecting local lipid and protein
trafficking to modulate peripheral nerve function.

The current murine data support local dysregulation of
cholesterol-lipoprotein signaling and adipogenesis, with
local lipid accumulation exacerbated by pioglitazone
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treatment. We contend that locally secreted factors
from modified epineurial adipocytes negatively affect
peripheral nerve function, contributing to the maintained
large fiber dysfunction observed with pioglitazone treat-
ment. We propose that the treatment effect on systemic
glycemia and hypertriglyceridemia, superimposed on
T2DM-mediated local mitochondrial dysfunction, is not
sufficient to prevent large fiber nerve damage.

These results together with the accumulating pub-
lished literature on rodent models of T2DM and DPN
parallel observations in several large human clinical trials
(reviewed in Callaghan et al. [6]). Collectively, these clin-
ical studies strongly support the concept that hyperglyce-
mia is not the singular metabolic derangement underlying
DPN in T2DM in man, similar to the current results in
mouse, and that abnormalities in other components of
the metabolic syndrome contribute to nervous system
damage. Indeed, multiple studies have reported that the
incidence of DPN increases with increasing number of
abnormal metabolic syndrome components (reviewed in
Callaghan and Feldman [45]).

Of note, the current murine data suggest that both
elevated cholesterol and obesity may be particularly
instrumental in inciting nervous system damage. We
contend that dyslipidemia and visceral adiposity in man
form a network with insulin resistance, hypertension, and
hyperglycemia to injure the peripheral nervous system,
particularly myelinated large fibers. These murine data
support that this network of metabolic impairments
activates detrimental feed-forward cycles of local and
systemic oxidative stress and dysregulated energy homeo-
stasis with local mitochondrial dysfunction and inflam-
mation, thus resulting in neural injury and DPN. In
further support of this idea are the clinical studies
showing that dyslipidemia is strongly correlated with
DPN (46) and that lowering cholesterol, not glycemia, is
significantly associated with decreasing lower-extremity
amputations among patients with diabetes (47).

In summary, we report that glycemic control alone is
not sufficient to ameliorate injury to large myelinated
fibers in murine models of T2DM and DPN, likely be-
cause of the persistence of hypercholesterolemia as well
as local neural dysfunctional lipoprotein signaling. These
findings along with similar results in several large clinical
trials in patients with T2DM and DPN collectively sug-
gest that treatment of the metabolic syndrome as a whole
and not just hyperglycemia is required to effectively tar-
get DPN in T2DM.
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