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Treatinginsulin resistance witpioglitazone normalizes renal function and improves small nerve fiber
function and architecturéowever, it does notfiect large myelinatedervefiber function in mouse
modelsof type 2 diabetefT2DM), indicating that pioglitazone affects the body in a tissuecific
manner. To identify distinct molecular pathways regulating diabetic peripheuebpathy (DPN) and
nephropathy(DN)as wellthose affected by pioglitazonegvassessedPN and DNgene transcript
expression inseontrol and diabetigce with or without pioglitazongeatmentDifferential expression
analysis and=Sel®rganizing Maps werthen usedn parallelto analyzeranscriptome data.

Differential expression analysis showed thahe expressigoromotingcell deathand the

inflammatory responseagreversedn the kidney glomeruli but unchangedenracerbated in sciatic
nerve by pioglitazoneSelf-Organizing Mapanalysis revealed thatitochondrial dysfunction was
normalized im kidneyndnerve bytreatmenthowever, conserved pathwaysre opposite in their
directionality of regulation. Collectively, our data suggest inflammation may k@nge fiber
dysfunction, while mitochondrial dysfunctionaydrive small fiberdysfunction inT2DM. Moreover,
targeting bothrefithese pathways is likely to improve DNs studysupports growing evidence that
systemic metabolic changesT2DM areassociated with distinct tissispecific metabolic
reprogramming inkidney and nerwvand that these changes play a critical role in DN and small fiber
DPN pathogenesis. €se datalsohighlight the potential dangers @f‘one size fits all” approach to
T2DM therapeutics, as the same drug may simultaneously alleviate one complicakgon whi

exacerbating another.
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INTRODUCTION

Type 2 diabetes mellitug2DM) affectsover387 million pegle worldwide [1] andts prevalence
continues to incread@]. T2DM itself is a complex metabolic disease characterizduypgrglycemia,
hyperlipidemia, and impaired insulin signalitigit develops as a result of genetic factors, ohemsity
the environment. As T2DM progresses, oxidative stress, high circulating bloodegleceks, and

hyperlipidemia can promote microvascular complicationsadaatesultin severe debility and

This article is protected by copyright. All rights reserved



© 0 N O O s~ W DN

LW W W W DN DN DN DD DN DN DD DN e e e e e e
W NN = O O 0NN Y O RN 2O O 0NN Y O WD = O

increased mortalityThese complications are one of the greatest challenges facing the healthcare
industry: n 2014 alone the globatedical expenditure for diabetic patients totadedr$245 billion,
with 25-45% of thoseosts related tassociated vascular moplications [3].

The most commonf thesemicrovascular complications include diabetic peripheral neuropathy
(DPN) anddiabeticinephropathy (DN) [4,9PPN affect$50% of diabetic patientandis characterized
by progressive'loss of sensation in lin@s, pain, and allodynidDPN progressioralso increasethe
risk of infectionsand-footiicersthatcanlead toamputation of the affeetllimb [6]. There is no cure
for DPN and treatmentarelimited to glycemic control and symptomatic reljéf. Similarly, DN
affects pproximately 40% of diabetic patientsaMed by albuminuria and impaired gleralar
filtration, DN is the leading cause of esthge renal diseagethe U.S. [7] ands primarily responsible
for the increased morta}iin T2DM [8]. Thus, there is a critical need for effective therapeutics and a
better understanding of the mechanisms underlying T2DM complications.

Pioglitazneis a drug thats often prescribedb treat T2DM[9,10]. INnT2DM animal models,
pioglitazoneameliorates DN and diabetic retinopathg multiple pathway49,11-16]and can
attenuateneuropathic pain angervous systermflammation[17,18]. Mechanistically, pioglitazone
acts as an agonist of peroxisomelifecator-activatedreceptor gamm@PPARG), butit differentially
regulates metabolisnin a tissuespecific mannefl9]. We recently reported that pioglitazone
normalized the*renal function and significantly improved small nerve fiber furintitve C57BLKS
db/db murine model of T2DM [20]However pioglitazone had no effect on the phenotypical
measurement of large myelinated fiber function.

In the currentsstudyye expand on our previous findings by evaluatygme expression changes in
both the nerve and kidnésom control @db/+), diabetic @b/db), and pioglitazondreated ¢b/+ P1O
anddb/db PIO) miceusing RNA-Sequencing (RN&eq) we subsequeiy analyzethese changes
using both differential analysj20] and SelfOrganizing Mas (SOMs)21-23]. This combination of
analyses, tissues,/and treatment represents several important advanpesvaxes studies examining
diabetes and"pioglitazon€irst, RNA-Segprovidesmore completéranscrippmic informationthan
microarray analysiand is much morsensitive and specific [24]. Second, we expand our tissue
analysis ta.nclude the kidney which provides key information into the mechanisms af D&l as
pioglitazone treatmenthird, the simultaneous analysis and subsequent comparfisgmth nervous
and renal tissuallows us taassess the tissigpecific effects of pioglitazone as well as Hasic
mechanisms underlying diabetic complications in peripheral tissue. Finallyatakel use of two
forms of RNASeq analysis will alleviate the wide variety of results that can hergted using

common software packaggsb,26].
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MATERIALS AND METHODS
Animals

Male C57BLKS(BKS)db/+ anddb/db mice (BKS.Cgm-+/+Lepf/J; stock number 0006%2Jackson
Laboratory, Bar-Harbor, ME) were fed a standard diet (AIN76A; 11.5% kcal fat; Research Diets, New
Brunswick, NJ) and cared for in a pathogen-free environment by the University of MichigaorUnit
Laboratory Animal Medicine. Mice were treated with or without 15 mg/kg pasgiite (112.5 mg
pioglitazone/kg chow for a dose of 15 mg/kg to the mouse) between 5 and 16 weeks of agetdbr 11 t
weeks(Figureg 1A) Animal protocols were approved by the University of Michigan University
Committee on Use and Care of Animals and complied with Diabetic Complic&mrsortium

guidelines (https://www.diacomp.org/shared/protocols.aspx).
Metabolic phenotyping

For each animal, body weight was recorded and fasting blood glueB& Ievels were measured
with an AlphaTrak Glucometer (Abbott Laboratories, Abbott Plarkweekly.Glycatedhemoglobin
(GHb) levels ' were. determined using a Gly€ek Affinity column (catalog no. 5351; Helena
Laboratories, Beaumont, TX) at the Michigan Diabetes Research and Traenitey Chemistry Core.
Fasting plasmarinsulin, total cholesterol, and total triglycerides weaisured by the National Mouse
Metabolic Phenotyping Center (Vanderbilt University, Nashville, TN).

DPN and DNphenotyping

All animals were"phenotyped for DPN and DN according to Diabetic Complications@ans
guidelines [27;28]Motor (sciatic) and sensory (surairve coduction velocitiesNICVs) were
measured forlarge nerve fiber functiamd hind paw withdrawal latency from a thermal stimulus was
measured for small fiber function using our published protd26I80] Theperiodic acidSchiff (PAS)
staining on 3 pm-thick fixed kidney slices determined mesangial area as predessiibed [31,32].
Urinary albumin levels, albumin/creatinine ratios, glomerular area, and glomerulgpd3ise area

were measured using our published protocols [33,34].
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RNA-Seq

To identify mechanisms affected by pioglitazone in DPN and DN at the transcigevei, we
analyzed steady state gene expression using B&bpA¢Figure 1B). Total RNA was isolated from
sciatic nerve(SCN), dorsal root ganglia (DR&)d kidney glomeruliGlom) and corteXrom db/+ (n

= 6),db/db (n="6);db/+ PIO (n = 6), anddb/db P1O (h= 6) mice. RNA quality was assessed using
TapeStation (Agilenty Santa Clara, CA). Samples with RNA Integrity Nun#8esgre prepared using
the lllumina TruSeq mRNA Sample Prep v2 kit (Catalog #s RS-122-2001, RS-122-2002; llI[8arna
Diego, CA). Multiplex amplification was used to prepare cDNA with a pagrediread length of 100
bases using an lllumina HiSeq 2000 (lllumina, Inc., San Diego, CA). s&dgliencing was performed

by the University of Michigan DNA Sequencing Core (http://segcore.brcf.med.uchigh.e

Quality control assessment of RNgeq data was completed using the FastQC tool
(http://www.bioinformatics.babraham.ac.uk/projects/fagttp/ high throughput sequencing before

and after RNASegralignment. Then, RNSeq data were analyzed using the Tuxedo suite of sequence
analysis programs; including Bowtie, TopHat, and Cufflinks [35]. Using TopHat, the resultBig@-A
files were aligned to the NCBI reference mouse transcriptome (NCBb 3@rtify known transcripts.
Mapped reads were processed using the Cufflinks algorithmcidat® Fragments Per Kilobase of

exon per Millionsmapped readBRKM), which accurately reflects the RNA transcript number

normalizedfor RNA length and total number of mapped reads [35].

Differential expressionanalysis

The output of Cufflinks was loaded into Cuffdiff [35] to quantify differences in espeof

combined transcripts for each gene between the groups within eaci{digsues. db/db, db/+ vs.

db/+ PIO, db/+_PlOvs.db/db PIO, anddb/db vs. db/db P1O). Thedifferentially expressed genes

(DEG9 with a*false discovery rate (FDR)itoff of <0.05 were identified between groups and sets were
compared withinrfand across tissues to identify gene expression changes. Analyselsdiodio’s: vs.

db/db anddb/db'vs. db/db PIO DEG sets to identify gene expression change/idb mice that were

reversed, exacerbated, or unaffected by pioglitazone treatment.

SOM analysis

SOM analysis was performed to identifgne clusters with similar expression patterns in kidney and
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nerve ofdb/+, db/db, anddb/db PIO mice.SOMs generate a twdimensional grid and cluster similar
patterns of data points into undalled moduls. FPKM were preprocessed by removing genesgh
expression values less than 48@nd were centered z¢rofor each geng3q. Preprocessed FPKM
were applied t@a SOM using the algorithm implemented in the MATLAB software Neural Networking
toolbox [37].:1Gene sets having a similar expression pattern gerepednto modules. Each module in
the SOM panel'was subjected to functional enrichment analysis. Adjacent modules were further

combined intorelusterthatshare enriched functions of interest andiksir gene expression patterns.
Function and pathway enrichment analysis
Overrepresented biological functioff®dm the DEG seteandSOM moduleswere identified by

functional enrichment analysis using the Database for Annotation, Visualizatidntagrated
Discovery (DAVID 6.7) (http://david.abcc.ncifcrf.ghvGene Ontology terms and Kyoto Encyclopedia

of Genes andsGenomes pathways were adopted as the functiongdB&rrAsBenjaminiHochberg
corrected Pralue<0.05 was used to identify significantly ovepresented biological functions in the
DEG sets. T@ visualize results, heaaps were generated using the most over-represented biological
functions for DEG sets of interestigrarchical clustering basexh significance valuesas usedo
represent overalksimilarity and differences between the DEG383tdoreover, clusterfrom SCM
analysis were.investigated identify canonical pathways using IngenuRgathway Analysis software

(IPA, www.giagen.com/ingenuijy A BenjaminiHochberg djusted pvalue was calculated using the

Fisher's exactitest-and).05 used to identify significantly oveepresented canonical pathways.

RNA-SeqqPCRvalidation

Technicalvalidationof RNA-Seq data was performed glomerular tissue by quantitative reahe
polymerase chainreaction (RIPCR) (n=6/group). Blogical confirmatiorwas performed on
glomerularand*SCNissue(n=6/group). We focused dhe SOM tuster, containing genesegulated
by diabetes, buteversed by pioglitazone treatment in both kidney glomeruli and SCN (Figure 4, Table
1) as this cluster likelyepresents pathways that may drive both DN and small nerve fiber dysfunction,
and provides insight into conserved pathways in the diabetic katrgeperveOur selection of

specific genes for RGPCR was baseah a combination of expression level (FPKM), fold-change,
FDR significance, yvalues Supplementargata file. Based on our understanding of mitochondrial
substrate metabolism in complizats-prone tissug¢40-42], and the established role of oxidative stress

in diabetic complicationpt3], we chose twaargets encoding components of fatty acid f-oxidation
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(Acaa2, andEchsl encoding the second and last enzymes of f-oxidation) for technical validation, and
two targets encoding subunits of complex I, and 1V of the mitochahelectron transport system
(Sdhb, complex 11;Cox4il, complex 1V), and a target encoding a mitochondrial peroxynitrite
antioxidant enzyme, peroxiredoxti(Prdx5) for biological confirmatiorcDNA was generated from 40
ng of total RNA (iScript cDNA Synthesis Kit; BiRad, Hercules, CA). RfPCR was performed in
triplicate using'sequencaecific primers (Supplementary Tali®, Power SYBR® Green PCR
Master Mix (Applied-Biosystems/Life Technologjeand the StepOnePlus™ Rdaine PCR System
(Applied Biosystems/Life Technologies). Expression of each gene was calculated from a cDNA
titration within_each plate (standard curve method), and normalized to the geonestn of tyrosine
3-monooxygenase/tryptophamimnooxygenase activation proteMwhaz) endogenous reference gene

expression. Samples were assayed in triplicate.

Statistical analyses of penotypic data

Statistical analyses of phenotypic and §H€Rdata utilized GraphPad Prism Software, Version 6
(GraphPad Software, La Jollaal@ornia). Data were assumed to follow a Gaussian distribution based
on the rules for transformation and non-normative data [44].v@yeANOVA with Tukey’s postest

for multiple comparisons or Krusk#iallis test with Dunn’s pogtest for multiple comparisons were
used,as appropriatgl5]. The correlation matrix wageneratedrom Pearson correlations. Data were

considered significant when p<0.05. Reported values represent the mean £ SEM.

RESULTS

Bioinformatic.workflow and confirmation of pioglitazone efficacy in the kidney and small nerve

fibers

To determine“thedifferential effects of pioglitazone on DPN and DNaahlicidate potential
mechanisms explaining tissgpecific differencesve comparedhe metabolic, neurologic, and renal
phenotype®f do/+wanddb/db mice with and without pioglitazone treatment (Figure 1A). We next
identified differentially regulated cellular pathways usitilerential analysis an8OMs toanalyze
RNA transcripts from the SCN, DRG, kidney glomeruli, and kidney cortex (FigureCiBsistent
with our previousstudieq20], db/db micereceiving pioglitazone treatmewere significantly heavier

than bothdb/+ anddb/db mice, but had significantly reduced blood glucose levels and GHb % with no
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significant effect on insulincholesterolor triglyceride levels (Supplementafjgure 1) Also
consistent with our previous study, we found that pioglitazone cigihificantly preventsmall nerve
fiber dysfunction, but large nerve fiber dysfunctisasunaffected by treatment (Supplememgtkigure
2). In contrast, pioglitazone had a significant effect on DN anatomic and physiologiasrafrkenal
function (Supplements Figures 3and4). Due to the positive effect of pioglitazone treatment on
hyperglycemia; small fiber dysfunction (hind pavermal latency, and DN, weperformed correlation
analysedbetweenthese parametéBipplementary Figure Supplementary data fileAll correlatiors
were significant, suggesting a close relationship between glycemia, graallysfunction, and DN.
Taken togethethese data indicate thpibglitazone treatmerselectively affectslifferent aspects of

metabolismand functions in éissuespecificmanner during T2DM.

Differential expressionanalysisof tissuespecific RNA transcripts identifies reversed and

exacerbated genes associated wibPN, DN, and pioglitazonetreatment

To identify specifieemechanisndifferentially affected by pioglitazons DPN and DN at the
transcriptomic level, wérst analyzedsteadystate gene expression in the SCN, DRG, kidney
glomeruli, and kidnegortex using RNASeq This analysigesultedn an average of 29.8 (+8.4)

million reads, and.the resulting data wesebsequently analyzed using differential expression analysis

(Figure 1By Supplementary Tablg Eoreachtype oftissue, four DEG sets were obtained from the
pairwise comparison@b/+ vs.db/db, db/+ vs.db/+ P10, db/+ PIO vs.db/db P10, anddb/db vs. db/db
P10) (Figure 2A)=The number of genes regulated by diabdb#s {s.db/db) wassimilar inthe SCN
(2,077) and th®RG (2,061); however, pioglitazone significantly changed gene expressioarteen
fold moregenesn thediabetic SCN2,368)thanin theDRG (164).Similarly, in the kidney the
number o DEGs was greater inliabetic glomerul(1,644) than inartex (909), and pioglitazone
changed thelexpression of four-fattbre genes in the diabetgomeruli(2,880)thanthe ®rtex(678).
These data indicate thawen within similar tissuepioglitazondgreatmentan have differing effects.
To better understand the cellulmechanismsiriving DN and DPNchangesn response to
pioglitazonestreatmentve next comparedb/+ vs.db/db anddb/db vs.db/db pioglitazoneDEG setsn
each tissu¢Figuread). Overall, 897 (43%¥$CN DEG and 1,119 (68%) glomerddEGs were
significantlyaffectedby both diabetes and pioglitazonedinidb mice Supplementaryables 29).
However,only 109(5%) DRG and 15517%)kidney cortex DEGsvere affectedy treatmentTo
address the discrepancye wxamined the transcript expressioPpéra, Ppard, andPparg in the SCN,

DRG, kidney glomeruli, and kidney cortex (Supplementary FiglwBioglitazone is a PPAR&gonist;
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therefore, we hypothesized that the low number of genes regulated by pioglitazonernté@aDRG
and cortex could be due to low PPAR expression in these tissue types. Overall, the nitparer of
transcripts was highest in kidney glomeruli and SCN with reduced expressienkicihey cortex and
negligible transcript expressiamthe DRG.Hence, lhe reducedPpar expression in the DRG and the
kidney cortex likely explain the relatively low numbefsshared DEGs in these tissu€air
subsequent analyses therefore focused primarily on the SCN and gloasetiéise tissues are affected
by pioglitazonestreatment.

We next determined whethBEEGsshared between thib/+ vs.db/db, anddb/db vs. db/db P1O
DEG sets were regulated in the opposite (reversed) or same (exaceatlvatdin (Figure Z0). As
large fiber dysfunetion is unaffected by pioglitazone treatmedib/atb mice (Supplementary Figure 2),
we reasoned'that DEGs in SCN that are §icamtly upregulatedduring diabetes but not reversed by
pioglitazone treatment (Supplementary Table 2) may contribute to large fithenclyen.In contrast,
genes reversed by pioglitazone treatment in the SCN (Supplementary Table 7) ssetirievire
glomeruli (Supplementary Table 8) may prevent dantdigiee small nerve fibers and the kidney
during T2DM:Consistent with our phenotypic dataly half of theshared DEGs in SCN (49%) were
reversed by pioglitazone treatment while the majority of the shared DEGs in glomeruli (95%) were
reversedThese data suggest that pioglitazamey contribute to large nerve fiber dysfunction by
exacerbang a tissuespecific specific subset of geneghin the SCN while ameliorating DN via a

completelydifferent mechanism.

Comparison ofspathwaysusing differential expression analysis identifies cellular pathways

associated with tissuespecific pioglitazone @inction

We next used the DEGs found in the SCN and kidney glomeruli to determine which cellulaaysathw
are associated witbPN, DN, and pioglitazone treatment. DN phenotypes were comppetahgnted

by pioglitazone(SupplememtaFigure 3), while theffect of pioglitazone oPN were limited to

small fiber funetion Supplementey Figures 1 and 2). Therefore, to identify uniguaghways
underlyingthese tissuspecific differences, we compared the three DEG subsets from SCN that were
either (A)not affected by pioglitazone in diabetic mice (SAdb only), (B) exacerbated by
pioglitazone (SCN Exacerbated), or (€yersedy pioglitazone (SCN Reversed),D&Gs reversed
by pioglitazone in the kidneglomeruli (Glom Reversed) (FiguBA-C). This was done in order to
identify pathways associated witirge fiber dysfunction, small fiber dysfunction, , and DNGs

shared betweetihe SCNdb/db only andthe Glom Reversedetsaregenes that may drive large fiber
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dysfunction(Figure3A); there were a total df17 DEGs shared between these two data &S
sharedbetween th&CN Exacerbatednd theGlom Reversedata sets indicatgenes that may drive
both DPN and DN but are not reversed in the SCN by pioglitagere3B); there wee 71 shared
DEGs in the data setSinally, shared DEGs betwed¢he SCN Reversed and tBéom Reversedata

sets indicatergendsat are reversed in both tissues by pioglitazone. Since small fiber dysfunction is
prevented byspioglitazone, overlapping DEGs in this data set may therefore contriunal fiber
dysfunction(Figure3C). The SCN Reversed and Glom Reverdath set was comprised of 62 DEGs
the top 20 up- and down-regulated shared DEGedoh ofthe three omparisons are listed in
Supplementaryables 10-15.

In both the, SCNIb/db only vs. Glom ReversedFigure 3A)and SCN Reversed vs. Glom Reversed
(Figure 3C)DEG comparisonyur functionalanalysisusingDAVID identified enriched pathways
related to extracellular matriCM) remodeling and focal adhesidridure3D). In the SCNdb/db
only vs. Glom Reversed data sets, we found gene expression chaogjésgen, type |, alpha 1
(Col1al), SREkinase signaling inhibitor &¢inl), andSpon2, suggesting that thefEGsmay be
involved in DNrand large fiber dysfunction in DPN (Supplementary Table 11). In contragitgzione
reversed expressi@f several DEGs in both the SCN and the kidney glomeruli (SCN Reversed vs.
Glom Reversed)Bone morjmogenetic protein Bmp3), laminin, gamma 2Lamc?2), type VI, alpha 1
collagen(Col6at)sand type lll, alpha 1 collage@dl3al) were reverseth both tissue types
suggestingithahe associated pathwaygy be involved in DN anBPN small fiberdysfunction
(Supplementary Table 15)ogether, these data suggest that correcting changes related to tissue
remodeling in‘thesglomeruli has a large impact on DNheitassociategathways have a more
complexrelationship with regards to tf®CN and DPN.

Of particular interesivere the differential effects of pioglitazone in nerve and kicieey in the
SCNdb/db only vs. Glom Reversed (Figure 3A) aB@N Exacerbateds. Glom Reversed
comparisongFigure3B; Supplementaryrables10-13), as lhese pathwaysay contribute to the
pathogenesis'of'both DPN and DN (pioglitazone treatment had no effect on large fiber DPN but
reversed DN)»Among thehared DEGsthere wagunctional enrichment of multiple categories related

to cell deatkand the inflammatory respon@egure 3D)

Identification of dysregulatedmolecular pathways associated with pioglitazone treatment irhie

SCN and glomeruli using SeHOrganizing Map analysis

Previous studies have shown that the usiftérential expressioranalysisfor analyzing RNA
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transcripts can produce vetlifferent resultslepending on a number of factors [25]. To support the
results generated using differential expression analysis, we ui@dtlanalysigo identify similar
patterns of gene expressiaarosghethreeexperimental groupsi/+, db/db, anddb/db P10O) in both
the SCN andhe kidneyglomeruli. Afterremoval of very low expression values, 15,588 genes
remainedor SOM analysis Genes with similar expression patterns were grouped into modules and
plotted asa 7x7 'map in order tempiricallyidentify biologically meaningful pathway@&igure4A).
Geneswith the'mostvariation acrosghe experimentajroupsaregathered in the modules in the top
left and bottonright cornersof thegrid map whereageneswith less variation acroggoupsare
gathered around,the centdrthe map. As a screen to identify modules of interestpesformed
DAVID for alli49 modules and determined the most awgresentetdiologicalfunctions
(Supplementary Figure By combining adjacent modules with similar expression patternsjene
able todefinefunctional clustersf interest and identify pathwagssociated with diabetic
complications and pioglitazone treatmé@rigure 4B) (Table 1).

The regulation=pattern of genes in modules 42 and dBalogous to the differential expression
analysis of genessin ti®CN Reversednd Glom Reversed grou@s)d represents conserveathways
that may drive both DN and small nerve fiber dysfunction (Figure B@3. dustercontained pathways
related tamitochondrial dysfunction, oxidative phosphorylation, glycolylsity acidp-oxidation, and
the TCA cycle(Tablel). Genes of interest that were reversed included those encoding subunits of the
mitochondrialcomplexes¢omplex | NADH oxidoreductasé&ldufad/12, Ndufb3/4/6//9/10, Ndufvl/3;
complex Il,Sdha, Sdhb; complex 1V,Cox4il, Cox5a, Cox6al, Cox6bl, Cox6c, Cox7a2, Cox7b; and
complex V,Atp5g3pAtpSh, Atpaf2), andp-oxidationenzymegAcaa2, Echsl). Notably, although these
pathways are conservadross the tissues, they are largely opposite in their directionality of regulation
(Figure 4B) Selected genes in the clusteere validatedn SCN andglomeruliusing RTgPCR, which
demonstrated comparable profiles to the R8Eg data (Supplementary Tak. Collectively, hese
observationsrhighlight tissue-specific pathways associated not only with diph#tegenesis but with
pioglitazone treatment.

DISCUSSION

Availabletreatments for BN and DNcanhavevariable efficacyn small nerve fibers, large nerve
fibers, and kidneysuggeshg thattissuespecific mechanisms occur in response to treatrivéat
recently reportethat pioglitazone, #riglyceridelowering, insulinsensitizing PPARG agonigdias

differing effectson DPN and DN phenotypesammousemodel of diabetes [20]. The goal of this study
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wastherefore to elucidate the shared and unique mechanisms underlying DN and DRi¥nseds
pioglitazone treatment. Usinge same experimental paradigshour previous studwe confirmed our
previous observations that pioglitazgrevents small nerve fiber and redgkfunction buis unable
to preventarge nerve fibedysfunction during DPNWe thenused RNASeq combined with a
combination ofifferential expression analysis and SOM analysidetermine molecular pathways
that may be driving tissugpecific differences.
We evaluatelsgene expression changes in the nerve and kiofnegntrol @db/+), diabetic ¢(b/db),
and pioglitazonereated db/+ P1O anddb/db PIO) mice.Differential expression analysis showttht
pioglitazonehad a greater effeon SCN andckidney glomeruli gene expression than on DRG and
cortexprofiles,likely due to reduced PPAR expression in the DRG and the kidney cortex. Subsequent
analysis therefortocused on SCN and kidney glomeruli. Consistent with the phenotypic d#ia, in
SCN 897 shared genes were regulated by both diabetes and pioglitazone, with approxiniately hal
the overlapping genexacerbatednd half reversed by pioglitazone. Those reversed by pioglitazone
likely contributestorthgreventionof small fiberdysfunction, while those exacerbated or unaffected by
pioglitazone likely=contribute to large fiber dysfunction. In contrast, of the 1,119 shareshiered
in the kidney'glomeruli during diabetesrtually all (95%)were reversed by pioglitazone treatment.
As small fiberdysfunctionand DN correlaté strongly with glycemia (Supplementary Figure 5),
gene expressionreversal may be a downstream effect of preventing hyperglycemeniSoizply
Figure 1). itis.unclear to what extent the changes seen following pioglitazatredrt are due to
direct PPAR inhibition or prevention of hyperglycemia. Therefore, while it is clear that exacerbated
changes in theslarge nerve fiber are directly due to pioglitazone treatmegumivkation of DN and
small nerve fiber dysfunction may be partially due to prevention of hyperglycemia. Theeedha
expression oPpar isoforms in tissue with high numbers of DEGs (Supplementary Figure 6), however,
suggests tha&par inhibition plays a key role in the observed changes. Further studies will be needed to
determine the digiimpact of systemic metabolic changes on gene expression in the nerve and kidney.
Consistent'with previous reports, geassociated with tissue remodeling suclcesml, Grem?2,
andSpon2 weressignificantlyup+egulatedn the kidney glomeruli durindiabetesutreversed by
pioglitazone«(Supplementaiable8) [46,47]. Similarly, levels ofSPON2, anECM protein involved in
innate immuity, coarrelates with DN severity in T2DM patientgl8]; we observed increas&ion2
levels in the diabetic kidney that were reversed by pioglitazone treat@andataherefore suggest
that changes tissue remodelingnd ECMfunction within kidney glomeruli are involved in DN
pathophysiology but ameliorated by pioglitazonerny of these pathways are unaffected or exen

regulatedn the presence of pioglitazone in the SCN, however. For exa@glgl, Scinl, and
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Soon2 are reversed iglomeruli butare umffected by pioglitazone in SCN, suggesting a role for these
genes in large fiber dysfunction (Supplementary Table 11).

In contrastexpression of other genes associated with tissue remodeling dithpZd amc2,
Col6al, andCol3al wasreversed in botkhe kidneyglomeruliand theSCNin response to pioglitazone
(Supplementary Table 15). Thesiggesta role for these genes in small fiber dysfunction. Indeed,
injection ofBmp2-averexpressing fibroblastanpromote sensory nerve remodeling and neurogenic
inflammationsine€57BL/6 mic§49]. Regadless of large/small fiber stratification, these data implicate
dysfunctional, ECM signaling and tissue remodeling as shared pathogenic mechanises ¥ and
DPN.

Inflammatery pathways aasodifferentially regulated in DPN and DINImp12, part of the
inflammatorymatrix metalloproteinase famijywasup-+egulatedn the SCN1434fold duringdiabetes
but unaffected by pioglitazorieeatmeni{Supplementarifable2), supporting our previous study
which demonstrateMimpl12 up-regulation irthe SCN of leptindeficient BTBRob/ob mice[39]. In
contrastMmpi2-deletion in diabetienice reducs kidneyglomerul matrix accumulation ancharkers
of inflammationysuggesting an importdnit reversible roléor MMP12 in driving kidney
complicationg50].

To confirm theeresults, we also used SOdhalysisto detect tissuspecific transcription changes
in the SCN and+kidneglomeruli following pioglitazone treatmente focused on modules 42 and 49
as their shared pattern of gene expressampares genes that aeversed by pioglitazone treatment in
both the kidney glomeruind SCN(analogous to th&lom Reverse@ndSCN Reversedlifferential
expression analysis in Figure 3C). This patt#fars mechanistic insight intoonservegathwaydghat
may drive both DN and small nerve fiber dysfunction in T2DM. Moredhes ,gene clustdikely has
greater translational relevanas DPN is predominantly a small fiber disefie

This SOM clusteshowedenriched transcripts relatednatochondrial dysfunctionfatty acid p-
oxidation,the TCA cycle, and oxidative phosphorylatifhable1). These data support our previous
transcriptomiestfinding that SCN energy homeostasis is important in small fibepaguwr [20].
Indeed, regulationf these transcripduring diabat complicationdgs consistentvith previousreports
demonstrating an up-regulation of endothelial mitochondrial metabolism in resporseds e
substratg51]. However, the opposite directionality of change (down-regulation and rewe&aN
up-+egulationand reversal in Glom) suggestsnorecomplex relationship with regardsdabstrate
metabolism irdiabetic complicationprone tissuedNe recognize that additional mechanistic work is
required to explore the biological relevance of transcriptomics data; howesebhservatiorparallels

our recent report of tisstspecific changes in fatty acid flux and mitochondrial metaboliswiyo, in
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nerve and kidney iBKS-db/db mice[40]. Whether these changes in transcriptonaicd fluxomicsare
the cause or the result of diabetes is unknown. Indeesiscomplications metabolic reprogramming is
the subject of ongoing work by our group.

Lastly, to investigate the reproducibility of our transcriptorstiadies, we identified common DEG
sets shared betweéme currenRNA-Seganalysis and our previousicroarray DEGstudyin the SCN
and the DRG/[20)(Supplementary Figurs)8The number of overlappirgEGsbetween the studies
was relatively lowduring diabetesdp/+ vs.db/db: 411 SCN and 241 DR@&nd following
pioglitazonetreatmen{db/db vs.db/db PI1O: 1,408 SCN and 392 DRG). This maflectdifferences in
the animaimodels, theplatforms, or both Also, whileour data suggesihat RNASeqis more sensitive
than microarray when detectil=Gs(Supplementary FigureB3, the enriched pathwayketected
using both techniqueserehighly similar despitetherelativelylow number of overlapping DEGs
(Supplementary Figure(.

In summary, the curreuifferential expressioand SOM analyses suggest that shared pathogenic
mechanismsexidgtetweerDPN and DN,ncludingECM dysfunctiontissue remodelingnflammation,
and dysfunctionalrmitochondrial metabolism. Our data suggest that large fiber dgsfunay be
related to inflammation, while mitochondrial metabolism may play a greater role in small fiber
pathophysiology in T2DM. Moreover, targeting both of these pathways is likely to improve DN
phenotypes. Wesprevioustgported that lipidargeted, insulirsensitizingpioglitazone therapy
improved BN,.and.small fiber measures of DPN. The current study extends thomestgtgest that
systemic changes in metabolism in T2DM are also associated with distinctsjiesaic metabolic
reprogrammingein=kidney and nerves (similar pathways regulated, different dirattiohaégulation),
and that these changes play a critical role in DN and small fiber DPN pathog&hissieew insight
highlights the potential dangersafone size fits all” approach to T2DM therapeutics, as the same
drug may simultaneously alleviate one complication while exacerbating another.

Our analyses.therefoteave the potential tenhance future treatment of diabetic complications by

identifying specific'molecular pathways associated with each type of coniicat
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TABLES

Table 1. Pathway.enrichment analysis 06OM Cluster. Top 20 significantly enriched canonical

pathways ameng.theharedyenes in modules 42 and 49 from the SOM analysis using IPA

Canonical pathways BH P-value | Genes

Mitochondrial Dysfunction Ndufa4, Sdhb, Cox7b, Cox6al, Cox6c, Prdx5,

Uqcr1l, Xdh, Aco2, Ndufb3, Ndufb10, Pdhal,
Ndufb9, Ndufabl, Ndufb6, Acol, Atp5g3, Coxd4il,
Sdha, Ndufvl, Cox6bl, Ndufb4, Cycs, Ndufv3,
Uqcrb, Gsr, Atp5b, Uqcr10, Ugcrc2, Cycl,
Coxba, Cox7a2, Ndufal2, Atpaf2, Uqcrq

7.94E-20

Oxidative Phosphorylation Ndufad, Sdhb, Cox7b, Cox6al, Cox6c, Ugcrll,

Ndufb3, Ndufb10, Ndufb9, Ndufabl, Ndufb6,
7.94E-20 Atp5g3, Cox4il, Sdha, Ndufvl, Cox6b1, Ndufb4,
Cycs, Ndufv3, Uqcrb, Atp5b, Ugcr10, Ugerc2,
Cycl, Coxba, Cox7a2, Ndufal2, Atpaf2, Uqcrq

TCA Cycledi(Eukaryotic) 3. 16E.17 Sdha, Sdhb, 1dh3g, Aco2, Mdhl, Suclaz, Cs,
' Suclgl, Dlst, DId, 1dh3a, Mdh2, Fh, Acol, Idh3b
Glycolysis | Pgkl, Enol, Tpil, Pgaml, Pkm, Aldoa, Gapdh,
yeoy 4.37E-07 J PI% 9 »
Pfkl, Aldoc
GlutaryFCoA Degradation 6.17E-06 Hadhb, L3hypdh, Acatl, Ehhadh, Hsd17b4, Hadh
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Gluconeogenesis |

Pgkl, Enol, Pgaml, Aldoa, Gapdh, Mdh1, Mdh2,

6.17E-06
Aldoc
Valine Degradation | 7.41E-06 Hadhb, Echsl, Bcat2, Bckdha, DId, Dbt, Ehhadh
Acetyl-CoA Biosynthesis |
(Pyruvate Dehydrogenase 8.71E-06 Pdhal, Dlat, DId, Dbt, Pdhb
Complex)
Fatty Acidp-oxidation | » 0OE.05 Hadhb, Echsl, Ehhadh, Hsd17b4, Acadm, Acaa2,
' Eci1, Hadh
Isoleucine Degradation | 2.14E-05 Hadhb, Echsl, Bcat2, Acatl, DId, Ehhadh
Tryptophan Degradation 11
_ 2.19E-04 Hadhb, L3hypdh, Acatl, Ehhadh, Hsd17b4, Hadh
(Eukaryotic)
Sucrog Degradation V _
. 1.32E-03 Tpil, Aldoa, Galm, Aldoc
(Mammalian)
Brancheechain a-keto acid
1.70E-03 Bckdha, DId, Dbt
Dehydrogenase Complex
Pentose Phosphate Pathway
o 3.89E-03 Pgd, Pgls, Gépd
(Oxidative Branch)
Lipoate Biosynthesis and ) .
_ 1.55E-02 Liptl, Lias
Incorporationii
Leucine Degradation | 2.69E-02 Bcat2, Acadm, Mccc2
Ascorbate Recycling (Cytosolic| 3.55E-02 Glrx, Gstol
Glutathione/Redox Reactions Il| 3.55E-02 Gsr, Glrx
Fatty Acid p-exidation III _
3.55E-02 Ehhadh, Ecil
(Unsaturatedy©dd Number)
Pentose Phosphate Pathway | 4.07E-02 Pgd, Pgls, G6pd

" IPA = Ingenuity Pathway Analysi8H P-value: Benjamini-hochberg P-value

FIGURE LEGENDS

Figure 1. Study workflow. (A) db/+ anddb/db mice were treated with or without 15 mg/kg

pioglitazone (112.5 mg pioglitazone/kg chow, for a final dose of 15 mg/kg to the nficuseé)wk-16

wk of age. (B) Total RNA from nerve and kidney tissuesisolated foRNA-Seq analysis. RN/Aeq
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data weramapped, aligned, and used for differential expressiorSetiDrganizng Mapanalysis. The
identified genes of interest were used for functional enrichment an&@\. sciatic nerve; DRG,

dorsal root ganglia; Glom, glomeruli; QA, quality assessment.

Figure 2. Differential expressionanalysis.RNA-Seqdatawereused to determine gene expression in
nerve (SCN, DRG) and kidney (Glo@prteX tissues from all groups. (A)ifferential gene
expressioranalysis:was determined usi@gffdiff with a false discovery rate (FDR)toff of < 0.05.
Pairwise comparisons weperformed between DEG sets for all groups within a tid&€ss

regulated by both diabetes and pioglitazone within a tissue were deterdbfied<. do/db anddb/db

vs. db/db PIO).. VVenn diagrams illustrate the shared and unique DEGs between the two grpups. (B
Directionality‘offregulation of these overlapping DEG sets was assesgtthe shared genes were
divided into two groupsDEGs Reversed by PIO and DEGs Exacerbated by(E)he percentage

of shared DEGsgxacerbated and reverdayl PIOis indicatedin the pie chart for each tissu&CN,

sciatic nerveypDRG, dorsal root ganglia; Glom, glomeruli.

Figure 3. Analysis of DEGs between SCN and glomerullThe DEG set wereanalyzedbetween the
DEGs reversed by pioglitazone treatment in glomeruli and three groups ofiDEGSt (A) SCN
db/db only, (B)'SEN Exacerbatedand (G SCNReversed(D) DAVID functional enrichment analysis
was performed.on.the shared DEGs from each compa@s@nrepresented functions asbown in

the heatmapwith P-value < 0.05.

Figure 4. Analysis of Self-Organizing MapsSOM analysis was applied tbe RNASeq data to
identify coherent patterns of gene expression across six gaipsdb/db, anddb/db P1O in SCN

and glomeruli(A) SOM clusteringanalysis demonstrates the distances between correlated gene groups.

Small blue hexagons represent a moduoletaininggeneswith a similar expression pattern. The
neighboring modules are connected with a red line. The colors between the modudds trelic
similarity betweermrmodules: lightecolors represent highsmilarity and darker colors represdotver
similarity. (B)'Gene expression patterns of biological interest were identdigth Clustercomprised

of modules 42 and 49 wasrther analyzed.
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