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Abstract

Diabetic nephropathy (DN) is the leading cause of kidney disease; however, there are no
early biomarkers and no cure. Thus, there is a large unmet need to predict which individuals
will develop nephropathy and to understand the molecular mechanisms that govern this sus-
ceptibility. We compared the glomerular transcriptome from mice with distinct susceptibili-
ties to DN at four weeks after induction of diabetes, but before histologic injury, and
identified differential regulation of genes that modulate inflammation. From these genes, we
identified endothelial cell specific molecule-1 (Esm-1), as a glomerular-enriched determi-
nant of resistance to DN. Glomerular Esm-1 mRNA and protein were lower in DN-suscepti-
ble, DBA/2, compared to DN-resistant, C57BL/6, mice. We demonstrated higher Esm-1
secretion from primary glomerular cultures of diabetic mice, and high glucose was sufficient
toincrease Esm-1 mRNA and protein secretion in both strains of mice. However, induction
was significantly attenuated in DN-susceptible mice. Urine Esm-1 was also significantly
higher only in DN-resistant mice. Moreover, using intravital microscopy and a biomimetic
microfluidic assay, we showed that Esm-1 inhibited rolling and transmigration in a dose-
dependent manner. For the first time we have uncovered glomerular-derived Esm-1 as a
potential non-invasive biomarker of DN. Esm-1 inversely correlates with disease susceptibil-
ity and inhibits leukocyte infiltration, a critical factor in protecting the kidney from DN.

Introduction

Diabetic nephropathy (DN) is the most common cause of chronic kidney disease and end-
stage renal disease in the developed and developing world[1]. Despite clinical trials affirming
the importance of glycemic control (in type 1 diabetes) and the inhibition of the renin-angio-
tensin-aldosterone system (in both type 1 and type 2 diabetes) for slowing progression of
nephropathy, beneficial effects are modest[2], and the overall burden of DN continues to
increase[3]. Moreover, an increased prevalence of type 2 diabetes[2] and the high
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cardiovascular risk associated with kidney disease[4] suggest that DN will absorb a dispropor-
tionate fraction of health care resources in the coming decades.

Among diabetic complications, DN is associated with the highest cardiovascular morbidity
and mortality[5]. However, in patients with either type 1 or type 2 diabetes, the prevalence of
nephropathy, defined as macroalbuminuria with or without reduced glomerular filtration rate
is less than 15% [6, 7]. Diabetic nephropathy is characterized by changes in the glomerulus
including mesangial matrix accumulation[8], podocyte apoptosis[9], endothelial cell injury
[10], and leukocyte infiltration[11], all of which can contribute to albuminuria and/or
impaired function[8, 11, 12]. While genes responsible for initiation and/or progression of DN
have not been definitively identified, genetic predisposition to the disease is thought to play a
major role[13, 14].

The NIH-sponsored Diabetic Complications Consortium has phenotypically characterized
the clinical response to hyperglycemia among genetically distinct inbred mouse strain[15, 16].
One strain (DBA/2, DN-susceptible) develops albuminuria compared with another more
widely used strain (C57BL/6, DN-resistant). Several investigators have shown that DBA/2
mice treated with the B-islet cell toxin, streptozotocin, exhibit increased mesangial matrix
accumulation, podocyte apoptosis, and leukocyte infiltration compared with C57BL/6 mice
that have similar levels of hyperglycemia[15-17]. The DBA/2 background is also permissive
for DN in genetic models of diabetes, Akita and db/db mice[18, 19].

We hypothesized that by comparing glomerular transcripts from these differentially suscep-
tible mice, we would identify genes that regulate susceptibility to DN. We sought to study initi-
ating factors of disease in the glomerular transcriptome. Thus, we analyzed genes from these
two strains that were differentially regulated by diabetes, four weeks after the onset of diabetes
but before the onset of kidney injury [20]. From these transcripts, validation of gene expression
and function would inform molecular mechanisms and potential new therapeutic targets for
DN.

Materials and methods
Animals

We purchased seven week-old DBA/2 and C57BL/6 male mice from Jackson Laboratory and
housed these mice in the Stanford University Veterinary Service Center. We then induced dia-
betes at 8 weeks of age per the Diabetic Complications Consortium protocol [16].with low
dose streptozotocin (Sigma Aldrich, St. Louis, MO, USA) for five consecutive days. After four
or six weeks, we measured six hour fasting tail vein blood glucose to validate hyperglycemia
(Contour, Whippany, NY, USA). We collected overnight mouse urine at the times indicated,
and measured urine albumin by ELISA (Exocell, Philadelphia, PA, USA) and urine creatinine
by HPLC/MS/MS (Mouse Metabolic Phenotyping Center, Yale University, New Haven, CT,
USA). We collected sera by retro orbital bleeding (Kimble Chase, Vineland, NY, USA) imme-
diately before sacrifice.

Isolation and culture of glomeruli from mouse kidney

We inactivated Dynabeads M-450 (Invitrogen, Carlsbad, CA, USA) with 1 mL 0.1% BSA/0.2M
Tris (pH 8.5) at 37°C overnight and then perfused each mouse with 8 x 107 beads in 35-40 mL
PBS. We dissociated kidney cells by Img/mL collagenase A in 1 mL Dulbecco‘s PBS, 37°C for
30 minutes and passed the digested material through a 100 pM cell strainer (Fischer Scientific,
Waltham, MA, USA) and isolated glomeruli by a DynaMag-2 magnetic particle concentrator
(Invitrogen, Carlsbad, CA, USA). The specificity of isolated glomerular tissue is shown in S1
Fig. We dissolved glomeruli in Tri-reagent (Sigma Aldrich, St. Louis, MO, USA) for RNA
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preparation, or plated in 1 mL of DMEM (Mediatech, Tewksbury, MA, USA) supplemented
with 0.2% FCS (Fischer Scientific, Waltham, MA, USA) in 24-well tissue culture plates and
incubated for 24 hours in low (100 mg/dL) or high glucose media (450 mg/dL). We then col-
lected the conditioned media for analysis of Esm-1.

For experiments to separate glomerular and tubulointerstitial fractions, we averted the need
for Dynabeads by digesting kidney in 2mg/mL collagenase A in Hepes Ringer Buffer, 37°C for
120 minutes. We then filtered the digested material through a 40 uM cell strainer to collect
tubulointerstitial fragments and then filtered the glomeruli on a 100uM cell strainer. We dis-
solved the glomeruli and tubulointerstitial fractions in Tri-reagent for RNA preparation. The
specificity of isolated kidney compartments is shown in S2 Fig.

Microarray analysis

We applied 1 ug of glomerular RNA to an Illumina array (Affymetrix, Santa Clara, CA, USA)
to analyze differentially transcribed genes. We compared the mean signal intensity from glo-
merular RNA of control or diabetic DBA/2 or C57BL/6 mice (N = 4 mice per group) with the
referent group as indicated. We submitted the microarray data set to the Gene Expression
Omnibus, with accession number GSE84663 (http://www.ncbi.nlm.nih.gov/geo/).

Gene enrichment analysis

We identified sets of significantly differentially expressed genes, which were mapped to the
GeneGo database by MetaCore (Isresearch.thomsonreuters.com). In MetaCore, we calculated
the p-value using a hypergeometric distribution. We defined the number of intersecting
objects in the experiment as r, the number of network objects in the experiment as n, the total
number of intersecting network objects in the database as R, and the total number of network
objects in the database as N. We calculated a p-value and false discovery rate for each object in
the experiment based on its number of intersections.

Tissue expression analysis of human Esm-1

We obtained publicly available RNAseq data maintained by the European Bioinformatics
Institute (http://www.ebi.ac.uk/)[21]. From seven existing datasets, we pooled raw expression
counts (Fragments Per Kilobase of transcript per Million mapped reads), pooled similar
organs that varied anatomically (e.g. left kidney and right kidney; arm muscle and leg muscle)
as duplicates, and compared the median expression across different tissues.

Quantitative PCR

We used ImpromlII Reverse Transcriptase (Promega, Madison, WI, USA) to prepare cDNA
from total tissue RNA per the manufacturer’s instructions. We then amplified cDNA by using
the qPCR master mix (Applied Biosystems, Grand Island, NY, USA) and the StepOne Plus
Real Time qPCR system (Applied Biosystems, Grand Island, NY, USA) with the following pro-
tocol: heat activation: 95°C 20s, denaturation 95°C 3s, extension: 60°C 30s, 40 cycles. We used
the following primers: Cdh5, forward: TGGTCACCATCAACGTCCTA, reverse: ATTCGGAAG
AATTGGCCTCT.CD31, forward: GACCCAGCAACATTCACAGATA, reverse: ACAGAGCACCG
AAGTACCATTT. Esm-1, forward: GGCGATAAAACAAGACCAGAAA, reverse: AAACCAGAGAT
GAGAAGTGATGG. Midkine, forward: AGCCGACTGCAAATACAAGTTT, reverse: GCTTTGGT
CTTTGACTTGGTCT. Nephrin, forward: TGCTGCCTTACCAAGTCCAG, reverse: GCTTCTGGG
CCGGGTATTTT. SGLT2, forward: TGGCGGTGTCCGTGGCTTGG reverse: CGGACACTGGAG
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GTGCCAGATAGC. Tsc22d3, forward: AAGCAACCTCTCTCTTCTTCTCTG, reverse: ATAAGC
AGTCATCCCAAAGCTGTA.

Esm-1 ELISA

The level of mouse serum Esm-1 is approximately 1.0 ng/mL[22]. Therefore, we analyzed
mouse serum samples using a Mouse Esm-1 ELISA Kit with a detection range of 23-1500pg/
mL (Aviscera Biosciences, Santa Clara, CA, USA). We normalized the urine Esm-1 concentra-
tion to creatinine, a quantitative control for glomerular filtration rate. Positive and negative
controls for the Esm-1 ELISA are provided in S3 Fig.

Biomimetic microfluidic assay (bMFA)

Plating endothelial cells in the microfluidic chip. With the use of our established proto-
col[23], we coated the chip with fibronectin (100 ug/mL) for 60 minutes and plated human
umbilical vein endothelial cells (HUVEC) (Lonza, Walkersville, MD, USA) into the bMFA.
After 4 to 6 hours, we applied shear flow to form a three dimensional lumen in the vascular
channels. We next activated confluent endothelial cells with 10 units/mL of TNF-o. for 4
hours.

Leukocyte isolation and labeling. We obtained human blood from healthy adult donors
in sodium heparin (BD Biosciences, San Jose, CA, USA), and isolated neutrophils by a one-
step Ficoll-Plaque gradient (GE Healthcare, Piscataway, NJ, USA). We next resuspended neu-
trophils in Hanks Balanced Salt Solution (HBSS) (5 x 10° cells/mL) and labeled with Carboxy-
fluorescein Diacetate, Succinimidyl Ester probe (Molecular Probes, Carlsbad, CA, USA) for 10
minutes at room temperature. After activation by 10 units/mL of TNF-o for 10 minutes, we
incubated neutrophils were with media or recombinant human Esm-1 (R&D systems, Minne-
apolis, MN, USA) for 10 minutes at room temperature.

Leukocyte-endothelial interaction under shear flow. We filled the tissue compartment
of the bMFA with chemotactic, N-Formylmethionine-leucyl-phenylalanine (1 uM; Sigma
Aldrich) prior to the experiments. The fixed flow rate at 1 uL/min injects 5000 Carboxyfluores-
cein Diacetate, Succinimidyl Ester probe labeled neutrophils per minute, at 37°C. With a pre-
viously developed computational fluid dynamics (CFD)-based model [23], we calculated shear
rates in different channels of the network. We recorded video clips at 30 fps using a Rolera
Bolt camera (QImaging, Surrey, BC, Canada). After 10 minutes of flowing neutrophils into the
bMFA, we injected PBS from the inlet port for 5 minutes to completely wash off unbound neu-
trophils. We scanned the entire bMFA at the 10x objective using an automated stage on an epi-
fluorescence microscope (Nikon Eclipse TE200, Melville, NY, USA). We processed the
acquired images and videos using Nikon Elements software.

Data analysis. We quantified the numbers of rolling, adherent, and migrating leukocytes
in the bMFA using Nikon Elements software. We considered any leukocyte traveling at a
velocity below the critical velocity as a rolling cell. We estimated critical velocity from a cell
velocity flowing in the centerline (v..) as Ve = Vee X € X (2 — €), where € is the cell-to-vessel
diameter ratio. We considered any cell that did not move for 30 seconds as adherent.

Statistics

For analysis of the microarray data, we normalized expression patterns using quantile normali-
zation in R statistical software and deemed differences as significant if there were > 2-fold
change between groups if the p-value (adjusted for multiple comparisons using the Benja-
mini-Hochberg procedure) was below 0.05.
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For analysis of human tissue RNAseq data, due to the skewness and heteroscedasity of the
raw counts data, we performed the Mann-Whitney test to compare Esm-1, CD31, and Cad-
herin 5 expression levels in kidney with the other five highest Esm-1-expressing tissues (lung,
thyroid, aorta, adrenal gland, and tibial artery). We deemed differences to be statistically sig-
nificant if the p-value (adjusted for multiple comparisons using a Bonferroni correction) was
below 0.05.

For all other experiments, we used Student’s t-test to compare two experimental groups,
and one- or two-way analysis of variance to compare three or more experimental groups. We
expressed the results as mean +/- standard error of the mean and deemed differences to be sta-
tistically significant if the p-value was below 0.05.

Study approval

The Institutional Animal Care and Use Committee of the Stanford University School of Medi-
cine approved all experiments. For human samples, written informed consent was obtained as
approved by the Institutional Review Board of Temple University.

Results

Glomerular expression patterns significantly differ between DN-
susceptible and DN-resistant mice

To better understand the susceptibility to kidney disease, we compared glomerular gene
expression profiles from DN-susceptible and DN-resistant mice (DBA/2 vs. C57BL/6 mice,
respectively) four weeks after induction of diabetes by low-dose streptozotocin[15, 16] vs. vehi-
cle-treated non-diabetic controls (S4 Fig). Prior studies have elucidated these strains as DN-
susceptible or DN-resistant[15, 16] by histology and albuminuria, and we reaffirmed this clas-
sification by albuminuria at 16 weeks after induction, in separate cohorts of mice (S5 Fig).

After extraction of total glomerular RNA and analysis by microarray (Fig 1), we first com-
pared gene expression in two ways (Fig 2, top panel): 1) control vs. diabetic DN-susceptible
mice and 2) control vs. diabetic DN-resistant mice. We restricted our analysis to unique gene
identifiers in which the mean fold change was greater or less than 2, and the genes were signifi-
cantly different between groups. There were 47 genes up-regulated and 26 genes down-regu-
lated by diabetes in DN-susceptible mice (S1 Table). In DN-resistant mice, there were only 7
genes up-regulated and 27 genes down-regulated by diabetes (S3 Table). We also performed
pathway analysis for these gene sets (S2 and S4 Tables, respectively) and show that immune
system pathways were consistently and significantly highlighted in diabetic vs. control mice in
both strains, indicating that the immune system is a feature influenced by diabetes.

In order to study strain-specific differences in susceptibility and to focus on genes that were
differentially regulated by diabetes within the two strains, we next compared 1) control DN-
susceptible vs. DN-resistant mice and 2) diabetic DN-susceptible vs. DN-resistant mice (Fig 2,
middle panel). We again restricted our analysis to unique gene identifiers in which the mean
fold change was greater or less than 2, and the genes were significantly different between
groups. There were 45 genes up-regulated and 59 genes down-regulated in control DN-suscep-
tible mice, relative to DN-resistant mice (S5 Table). Among diabetic mice, there were 34 genes
up-regulated and 27 genes down-regulated by diabetes (S7 Table). We also performed pathway
analysis for differentially-expressed genes in control DN-susceptible vs. DN-resistant mice (56
Table). Several non-immune system pathways including protein folding and apoptosis high-
light the primary background differences between these mouse strains. In contrast, in diabetic
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Fig 1. Protocol for comparison of differentially expressed glomerular RNA between DN-susceptible and DN-resistant mice. DN-susceptible

(red) and DN-resistant (black) mice were injected with vehicle or streptozotocin (STZ), and after four weeks, glomerular RNA was isolated for

microarray analysis. A representative brightfield image of isolated glomeruli after magnetic bead perfusion is shown, 200x magnification. N = 4 mice

per group.

https://doi.org/10.1371/journal.pone.0185250.9001

DN-susceptible vs. DN-resistant mice (S8 Table), immune system pathways were among the

most significantly different transcriptional programmes.

To further refine the analysis, we examined only genes that were significantly different

between diabetic DN-susceptible vs. DN-resistant mice, but not between control groups (Fig
2, bottom panel). We therefore identified 22 unique significantly higher-expressed genes and 7
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Fig 2. Comparison of differentially expressed glomerular RNA between control and diabetic DN-
susceptible and DN-resistant mice. Venn diagrams showing the number of significantly up- and down-
regulated genes in each comparison relative to the indicated referent group. Diabetic vs. control (referent
group) DN-susceptible mice, upper left panel, Diabetic vs. control (referent group) DN-resistant mice, upper
right panel; control DN-susceptible vs. DN-resistant mice (referent group), middle left panel; diabetic DN-
susceptible vs. DN-resistant mice (referent group), middle right panel. The number of up- (lower left panel)

PLOS ONE | https://doi.org/10.1371/journal.pone.0185250 September 21,2017

7/22


https://doi.org/10.1371/journal.pone.0185250

@° PLOS | ONE

Low glomerular Esm-1 in diabetic nephropathy

and down-regulated (lower right panel) genes exclusively in control or diabetic DN-susceptible vs. DN-
resistant (referent group) mice. The number of up- and down-regulated genes are shown in greenand red,
respectively. The diagrams from DN-susceptible vs. DN-resistant mice are shown in redvs. black,
respectively. N = 4 mice per group.

https://doi.org/10.1371/journal.pone.0185250.9002

lower-expressed genes between diabetic DN-susceptible and DN-resistant mice that were not
different in control groups (Table 1). Pathway analysis of this set of 29 genes again identified
the differential regulation of the immune system as a significant feature of this comparison. Of
the processes identified, ranked by lowest p-value, the top five were related to inflammation or
the immune system (Table 2). Thus, in glomeruli, the immunologic response to diabetes,
rather than background differences in non-immune system pathways, was significantly differ-
ent between these mouse strains. The heat map for this comparison of 29 significantly different
genes showing expression in each separate mouse, relative to the mean signal for diabetic DN-
resistant mice, is depicted in Fig 3A.

In addition to enrichment for immune-related genes, we noted three differentially
expressed genes, in diabetic but not control DN-susceptible vs. DN-resistance mice, that were
not originally classified in the pathway analysis as regulators of the immune system: Esm-1,
Tsc22d3, and Midkine[24-26]. The enrichment analysis does not account for directionality.
We noted that among these three gene transcripts associated in the literature with inhibition
of leukocyte infiltration, expression of Esm-1 and Tsc22d3[24, 25] were significantly lower in
DN-susceptible mice. In contrast, a gene transcript associated with promotion of leukocyte
infiltration and more severe DN[26], Midkine, was higher in DN-susceptible mice. We

Table 1. Significantly up- and down-regulated genes only in diabetic DN-susceptible vs.DN-resistant mice.

Gene Name

Mdk
Cyp4ai2a
Cyp4ai2b

Sectm1b
Hsd3b2
Slc7a7
Tmem82
Lyplal1
Fam20b
Irgm1
Adit
Plau
C3
Pdela
Dpp7
Qaslg
Prcp
Kynu
Ugt1a6a
Ccbl2
Apol9b
Gabrb3

https://doi.org/10.1371/journal.pone.0185250.t001

Up-regulated Genes Down-regulated Genes

Fold Change Gene Name Fold Change
5.64 1300014106Rik 0.50
4.22 Csrnp1 0.44
3.28 Tsc22d3 0.41
2.90 Hmgn3 0.41
2.89 Rasl11b 0.38
2.60 Cd300lg 0.36
2.41 Esm1 0.31
2.35
2.32
2.32
2.29
2.26
2.26
2.22
2.22
2.19
2.19
2.19
2.13
2.08
2.06
2.05
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Table 2. Pathway analysis of up- and down-regulated pathways only in diabetic DN-susceptible mice
vs. DN-resistant mice.

Network P-value |Min
FDR*

Immune response_Lectin induced complement pathway 8.87E- | 2.34E-08
10

Immune response_Classical complement pathway 1.28E- | 2.34E-08
09

Immune response_Alternative complement pathway 1.28E- | 2.34E-08
09

Alternative complement cascade disruption in age-related macular degeneration 5.67E- | 7.80E-06
07

Complement pathway disruption in thrombotic microangiopathy 8.42E- | 9.26E-04
05

L-Methionine metabolism 291E- |2.67E-03
04

Cortisol biosynthesis from Cholesterol 3.20E- | 2.51E-02
03

Cortisone biosynthesis and metabolism 5.70E- | 3.62E-02
03

Immune response_Antiviral actions of Interferons 5.92E- | 3.62E-02
03

Androstenedione and testosterone biosynthesis and metabolism p.1 6.83E- | 3.76E-02
03

Immune response_IL-4-induced regulators of cell growth, survival, differentiation 8.59E- | 4.29E-02

and metabolism 03

Immune response_IFN-alpha/beta signaling via MAPKs 1.26E- | 5.78E-02
02

Androgen biosynthetic pathways 1.42E- | 6.02E-02
02

Immune response_Regulatory role of C1q in platelet activation 3.30E- | 1.30E-01
02

*, Min FDR, Minimum false discovery rate.

https://doi.org/10.1371/journal.pone.0185250.t002

validated that these results were consistent between microarray and qPCR experiments (Fig
3B-3D, S9 Table), using distinct primer sites to target the mRNA sequence. To begin to
explore these differentially regulated genes with potential significance for DN, we selected
Esm-1 for further characterization. Of note, we also extracted RNAseq data from the Nephro-
seq online resource[27] comparing glomerular expression data from healthy donors vs. indi-
viduals with DN. In this cohort, consistent with our data, individuals with DN had
significantly lower Esm-1 (S6 Fig).

High expression of Esm-1 and strain-specific difference is found in
glomeruli

To ascertain whether Esm-1 was ubiquitously or selectively expressed, we surveyed tissue-spe-
cific expression in both humans and mice. We compared Esm-1 expression in datasets from
several experiments involving 25 human tissues, and kidney Esm-1 mRNA is the highest, fol-
lowed by lung (Fig 4A). This difference was not driven by differences in endothelial cell num-
ber as two markers for endothelial cells, CD31 and Cadherin 5[28], are not similarly expressed
across human tissues. We also compared Esm-1 expression in several tissues from both DN-
susceptible and DN-resistant mouse strains, and similar to humans, Esm-1 expression in
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group; n = 3 replicate wells per sample.

https://doi.org/10.1371/journal.pone.0185250.9003

kidney and lung is highest (Fig 4B). As in humans, this difference was not likely due to a differ-
ence in endothelial cell number as CD31 and Cadherin 5 are not similarly expressed across tis-
sues (Fig 4C and 4D) [28]. Within kidney, Esm-1 expression is significantly enriched for in
glomeruli, and is only significantly lower in DN-susceptible vs. resistant mice within this
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Fig 4. Esm-1 is high in human and mouse kidney and selectively enriched in DN-resistant mice
glomeruli. (A) Median Fragments Per Kilobase of transcript per Million mapped reads of Esm-1 (black),

CD31 (left hatched), and Cadherin 5 (Cdhb5, right hatched) mRNA from seven human tissue RNAseq datasets

are shown. Kidney and lung have significantly higher Esm-1 expression than thyroid, aorta, adrenal gland,
and tibial artery, and this pattern does not parallel two markers of endothelial cells, CD31 and Cdh5. *, p-
value < 0.05 vs. thyroid, aorta, adrenal gland, and tibial artery. (B-G) Quantitative PCR for Esm-1, CD31, and

PLOS ONE | https://doi.org/10.1371/journal.pone.0185250 September 21,2017

11/22


https://doi.org/10.1371/journal.pone.0185250

@° PLOS | ONE

Low glomerular Esm-1 in diabetic nephropathy

Cdh5 mRNA from select tissues (B-D) and kidney compartments (E-G) is shown. Kidney samples from
control, DN-resistant mice were used as the reference group. Each open circle represents data from one
mouse. Red and black circles/asterisks indicate data from DN-susceptible and DN-resistant mice,
respectively. *, p-value < 0.05 in the same mouse strain between different tissues/compartments; #, p-
value < 0.05 in the same tissue/compartment between the two mouse strains. N = 4-5 mice per group; n=3
replicate wells per sample.

https://doi.org/10.1371/journal.pone.0185250.g004

compartment (0.30 + 0.09 vs. 2.81 £1.12, p<0.05) (Fig 4E-4G). We next examined the regula-
tion of Esm-1 within glomeruli.

Glomerular Esm-1 secretion inversely correlates with DN susceptibility

Esm-1 is predominantly secreted[22], and we were unable to detect Esm-1 in glomerular
lysates by Western blot analysis. Therefore, to test whether Esm-1 protein expression in glo-
meruli is regulated by diabetes, we isolated and cultured glomeruli, and assayed for Esm-1 in
conditioned media by ELISA. Similar to mRNA expression, four weeks after streptozotocin
injection, glomeruli from DN-susceptible mice secreted significantly less Esm-1 than DN-
resistant mice (Fig 5A).

High glucose concentration increases glomerular-derived Esm-1

To test whether glucose directly stimulates local glomerular Esm-1 secretion, we isolated glo-
meruli from control DN-susceptible and DN-resistant mice, and assayed for Esm-1 mRNA
and protein secretion in low or high glucose media. Incubation in high glucose media
increased Esm-1 mRNA and protein secretion in glomeruli from both strains of mice (Fig 5B
and 5C), however the increase was significantly less in DN-susceptible mice.

Systemic Esm-1 is dynamically regulated in diabetes

The glomerulus is a major source of Esm-1 production (S3 Fig), but the contribution of kidney
production to urine or serum Esm-1 has never been tested. We measured urine and serum
Esm-1 from control and diabetic mice after 4 weeks of vehicle or streptozotocin injection,
respectively. Urine Esm-1 was significantly higher in DN-resistant mice (Fig 6A). To deter-
mine the contribution of circulating Esm-1, we measured serum Esm-1 in similar groups of
mice (Fig 6B). In contrast to urine levels, diabetes significantly decreased circulating Esm-1.
To test the integrity of the glomerular filtration barrier, we measured the urine albumin-to-
creatinine ratio, and at 4 weeks after streptozotocin or vehicle injection, the ratio was similar
among diabetic and control mice from both strains (Fig 6C). Serum creatinine, a surrogate
marker for glomerular filtration, was also similar among all groups (Fig 6D).

Esm-1 inhibits leukocyte transmigration in a dose-dependent manner

To test directly whether Esm-1 blocks leukocyte infiltration across an endothelial monolayer,
we utilized intravital microscopy and a biomimetic microfluidic assay (bMFA). Pre-treatment
of leukocytes with recombinant Esm-1 showed significantly decreased transmigration (Fig 7A)
at 30 and 60 minutes in a dose-dependent manner, suggesting an inhibitory role of Esm-1
against leukocyte infiltration in DN. To investigate the mechanism of decreased transmigra-
tion, we examined the role of recombinant Esm-1 to inhibit leukocyte rolling and adhesion
(Fig 7B and 7C). In this ex vivo assay Esm-1 did not influence leukocyte adhesion. However,
leukocyte rolling was significantly decreased in the presence of recombinant Esm-1 vs. vehicle.
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Fig 5. Attenuated secretion of glomerular Esm-1 with diabetes/high glucose in DN-susceptible compared to DN-resistant mice. (A)
Glomeruli were isolated from mice treated with vehicle or streptozotocin for 4 weeks and cultured for 24 hours. Mouse Esm-1 was measured by
ELISA from conditioned media. Each circle represents data from one mouse. Open and closed circles indicate data from vehicle-injected and
streptozotocin-injected (i.e. control and diabetic) mice, respectively. Ctrl, control; DM, diabetic. (B-C) Glomeruli were isolated from mice treated
with vehicle only and cultured in low (100 mg/dL) or high glucose (450 mg/dL) for 24 hours. Mean Esm-1 mRNA (B) and secreted protein (C)
were compared between low (open circles) and high glucose (closed circles) pairwise from individual mouse glomeruli. Each circle represents
the group mean. Red and black circles/asterisks indicate data from DN-susceptible and DN-resistant mice, respectively. *, p-value < 0.05 in the
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between the two mouse strains. N = 6—7 mice per group; n = 3 replicate wells per sample in gPCR, and n = 2 replicate wells per sample in
ELISA.

https://doi.org/10.1371/journal.pone.0185250.9005

Discussion

Our comparisons of control vs. diabetic glomerular RNA from both DN-susceptible and DN-
resistant mice demonstrate differences in transcripts related to the immune system. While
inflammation is a known component of DN[29-33], we discovered that early expression of
glomerular genes related to inflammation is a differentiating marker of susceptibility to DN.
Hodgin et al. first demonstrated that differences in glomerular gene transcripts correlate with
differences in severity of DN[34]. However, these differences were examined at a late stage of
disease, and importantly, compared the response to diabetes in DN-susceptible groups but not
the genetic background between susceptible and resistant groups. Based on seminal studies by
the Diabetic Complications Consortium [15, 16], we chose DBA/2 and C57BL/6 mice for com-
parison. Additionally, allele-specific gene sequencing from F1 progeny of these two strains
reveals that 41% of genes are differentially expressed in at least one tissue[35]. At an early stage
of disease with similar levels of hyperglycemia and when histologic and clinical indices of DN
were not yet present[15, 16], DN-susceptible mice have more glomerular leukocyte infiltration
compared with DN-resistant mice[17], and our data suggest that leukocyte infiltration is due,
in part, to glomerular-specific changes in expression rather than systemic determinants of
inflammation.

We sought to identify glomerular-derived regulators of leukocyte infiltration as these have
not been well characterized. Several lines of evidence suggest that leukocyte infiltration may
contribute substantially to glomerular injury, fibrosis, and albuminuria in DN[11, 36-39].
First, glomerular and tubulointerstitial infiltration of macrophages is observed in the diabetic
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Fig 6. Urine Esm-1 is increased in diabetic mice. Esm-1 level was measured in urine (A) and serum (B)
from control and diabetic mice. Urine albumin-to-creatinine ratio (C), a marker of glomerular permeability, and
serum creatinine (D), a surrogate for glomerular filtration rate from control and diabetic mice are shown. Each
circle represents data from one mouse. Open and closed circles indicate data from vehicle- and
streptozotocin-injected (i.e. control and diabetic) mice, respectively. Red and black circles/asterisks indicate
data from DN-susceptible and DN-resistant mice, respectively. Ctrl, control; DM, diabetic; *, p-value < 0.05in
the same mice strain between control and diabetic groups; N = 3—7 mice per group; n = 2 replicate wells per
sample.

https://doi.org/10.1371/journal.pone.0185250.9g006

kidney from mice and humans[17, 32, 36, 38], and is proportional to the level of albuminuria
[32]. Second, genetic deletion of inflammatory mediators, e.g., leukocyte-attracting chemo-
kine, Monocyte chemotactic protein 1, or intercellular adhesion molecule, ICAM-1[37-39],
attenuates the progression of DN in mice. More recently, macrophage-derived factors aggra-
vate glomerular endothelial damage in DN in mice[17]. However, drugs that block leukocyte-
endothelial interaction in multiple tissues, e.g., efaluzimab[40], have been removed from the
market due to life-threatening infections, highlighting the need for more tissue-specific target-
ing of the delicate interaction between leukocytes and endothelial cells.

Esm-1 is highly expressed in kidney glomeruli. This relatively high kidney expression was
not based on endothelial number, and in fact, the relative difference between mouse kidney
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https://doi.org/10.1371/journal.pone.0185250.9007

and lung could be accounted for by higher levels of endothelial cell markers in lung. However,
within mouse kidney, glomeruli had the highest Esm-1 expression likely due to significant
enrichment of endothelial cells in this compartment relative to the tubulointerstitium. Inter-
estingly, the strain-specific deficiency of glomerular Esm-1 in DN-susceptible mice was not
observed in other tissues. Therefore, we speculate that other glomerular-derived genes may
influence Esm-1 transcription rather than a more systemic difference (e.g., Esm-1 promoter
sequence) between these genetically distinct strains. Furthermore, glomerular Esm-1 is
enriched in endothelial cells[41], consistent with a gene that is native to glomeruli rather than
derived from an infiltrating cell. Moreover, lower Esm-1 expression in DN-susceptible mice
would be unlikely due to podocytopenia[20]. We further explored the regulation and function
of Esm-1 both in vivo and ex vivo.

Several pro-inflammatory mediators (e.g. TNFa) can induce expression of Esm-1[42], but
heretofore, the direct influence of the diabetic milieu on Esm-1 expression was unknown.
Interestingly, this attenuated increase in a susceptible cohort in a chronic disease is reminiscent
of serum Esm-1 levels in patients with acute lung injury, i.e., inflammatory mediators that
accompany sepsis can induce Esm-1, but the patients with higher mortality, presumably due
to more inflammation, had a smaller increase in Esm-1[43]. The relative deficiency of secreted
glomerular Esm-1 in DN-susceptible mice is congruent with the mRNA data but the magni-
tude of the difference is attenuated. This could be due to alterations in glomerular endothelial
cells due to isolation and plating of the glomeruli. We found that after 24 hours, Esm-1 secre-
tion decreased dramatically in culture (S3 Fig). Perhaps earlier time points would demonstrate
a larger difference between strains of mice, but the detection limit of the ELISA precluded this
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analysis. Differences in secretion between strains may also be influenced by differences in traf-
ficking of Esm-1 to the plasma membrane or degradation of secreted Esm-1.

To dissect the mechanisms that regulate Esm-1, we demonstrated that high glucose is suffi-
cient to increase glomerular Esm-1 mRNA and protein in vitro, and significantly more in DN-
resistant compared to DN-susceptible mice. Cytokines that stimulate Esm-1 mRNA (e.g.
VEGEF) possibly mediate the effect of high glucose as these cytokines are also acutely regulated
by high glucose in cultured mesangial cells[44, 45]; however, whether these cytokines partici-
pate in DN susceptibility remains an area of further study. Esm-1 transcription is negatively
regulated by the transcription factor hHex, but this gene was not differentially expressed in
our microarray analysis[46]. Future studies will explore the effects of high glucose on hHex or
its binding sites within the Esm-1 promoter and on mechanisms of differential transcription
(e.g. promoter methylation) and processing of Esm-1 in glomeruli.

To explore whether this differential expression of kidney Esm-1 is reflected in vivo, we mea-
sured urine and serum Esm-1. In DN-resistant, compared to DN-susceptible mice, urine Esm-
1 was significantly increased with diabetes. Conversely, serum Esm-1 was surprisingly
decreased with diabetes. Moreover, a marker of glomerular membrane permeability, urine
albumin-to-creatinine ratio, remained unchanged 4 weeks after induction of diabetes. Thus,
the filtered load of Esm-1 is not expected to increase. These results suggest that urine Esm-1
may be a candidate non-invasive biomarker of glomerular Esm-1, which increases with hyper-
glycemia and diabetes and correlates directly with DN resistance. Urine Esm-1 could possibly
reflect Esm-1 secretion into the tubule by endothelial cells along the vasa recta. However, tubu-
lar secretion would imply transepithelial or paracellular transport of a large ~50kDa protein
which is less likely. The mechanism of decreased serum Esm-1 in diabetes is unknown. The
diabetic milieu may induce an Esm-1-directed serum protease. The disconnect between urine
and serum Esm-1 also suggests that glomeruli may not contribute significantly to circulating
Esm-1. Thus, urine Esm-1 is a potential non-invasive biomarker of glomerular Esm-1 produc-
tion and protection from leukocyte infiltration.

We further characterized the ability of prevent leukocyte recruitment. Esm-1 binds acti-
vated leukocyte free antigen-1 (LFA-1), and antagonizes interaction with endothelial-cell
expressed ICAM-1[42] in a dose-dependent manner in vitro[24]. By using a biomimetic
microfluidic assay which includes a vascular network in communication with a tissue com-
partment to mimic physiological flow conditions[23, 47] we found that recombinant Esm-1
was sufficient to directly inhibit rolling and transmigration ex vivo. The lowest, significant
dose for inhibition of leukocyte transmigration (5 ng/mL) is within the physiologic range of
glomerular-secreted Esm-1 if we assume that the volume of an isolated Bowman’s capsule is
1.5 x10° um? [48]. Surprisingly, leukocyte-to-endothelial cell adhesion was not reduced by
Esm-1. These data would suggest that LFA-1 is not the only adhesion molecule on leukocytes
that binds to ICAM-1[49]. Moreover, these data also underscore the importance of studying
leukocyte infiltration in a microfluidic assay, where in vivo flow conditions can be modeled
[50], and the direct influence on specific mechanisms of leukocyte infiltration (i.e., an effect on
rolling, adhesion, and/or migration) can be studied in a vascular network. Our assay was opti-
mized with human neutrophils and human umbilical vascular endothelial cells, rather than
macrophages and glomerular endothelial cells, and the role of Esm-1 in leukocyte subtypes
and tissue- and species-specific endothelial cells should be confirmed. Moreover, the mecha-
nisms for how Esm-1 decreases rolling remain unexplored.

To our knowledge, this is the first detailed characterization of Esm-1 in diabetes and in kid-
ney with respect to inflammation and DN susceptibility. Consistent with our data, the Nephro-
seq online database demonstrates a lower expression of glomerular Esm-1 in individuals with
DN vs. healthy human donors, and serum Esm-1 is lower in individuals with diabetes mellitus
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(1.75 £ 0.78 ng/mL) vs. healthy controls (2.20 £ 0.54 ng/mL)[51], although the susceptibility to
DN is not known. Esm-1 is enriched in endothelial cells from glomeruli over whole kidney
and was higher in glomeruli from db/db mice vs. controls by IHC[41]. It is conceivable that the
db/db mice used in that study was derived from C57BL/6 vs. KS background (which shares
~14% of the DBA/2, DN-susceptible genome)[19]. Esm-1 was also proportional to markers of
inflammation in a cohort of patients with chronic kidney disease[52]. Based on the functional
role of Esm-1 that we demonstrated in this study, Esm-1 levels in this prior study may not be
an initiator of morbidity but rather a compensatory signal to combat inflammation.

The implications of our work may also extend to acute states of glomerular injury. Glomer-
ular Esm-1 mRNA is decreased in LPS- and anti-GBM-treated mice compared to respective
controls[53, 54]. Similar to DN, these acute injury models are ICAM-1 dependent[55], and
thus the contribution of a glomerular-derived inhibitor of acute inflammation will be explored
in future studies. This strategy is particularly appealing for the pulmonary-renal syndrome of
anti-GBM disease[56, 57] as Esm-1 is primarily expressed in kidney but also lung.

In summary, our unbiased screen of glomerular-derived transcripts from DN-susceptible
and DN-resistant mice, uncovers Esm-1 as a potential protective gene. This protein is up-regu-
lated in glomeruli and in urine from diabetic vs. control mice, and correlates with resistance to
DN. Moreover, ex vivo on-chip studies suggest a role for Esm-1 as an inhibitor of leukocyte
transmigration across endothelium. These findings motivate further studies of the role of
Esm-1 in protecting against DN in vivo, and as a marker of resistance to glomerular inflamma-
tion in acute and chronic kidney diseases.

Supporting information

S1 Fig. Quality control of the purity of isolated glomeruli for microarray experiments.
c¢DNA was prepared from isolated glomeruli and whole kidney from both DN-susceptible and
DN-resistant mice. Nephrin, a podocyte marker of glomeruli, was measured by real-time PCR.
Kidney samples from DN-resistant mice are used as the reference group. Each circle represents
data from one mouse. Red and black circles indicate data from DN-susceptible and DN-resis-
tant mice, respectively. *, p-value < 0.05 in the same mouse strain between whole kidney and
glomeruli. N = 3-4 mice per group; n = 3 replicated wells per sample.

(TIF)

S2 Fig. Purity of glomerular and tubulointerstitial fractions is shown by nephrin and
SGLT2 expression, respectively. cDNA was prepared from isolated glomeruli and tubuloin-
terstitial fractions from both DN-susceptible and DN-resistant mice. JPCR was performed to
quantify nephrin expression. Kidney samples from DN-resistant mice are used as the reference
group. Each circle represents data from one mouse. Red and black circles indicate data from
DN-susceptible and resistant mice, respectively. *, p-value < 0.05 in the same mice strain
between whole kidney and glomerular or tubulointerstitial fractions; #, p-value < 0.05 in the
same treatment between the two mice strains. N = 4-5 mice per group; n = 3 replicated wells
per sample.

(TIF)

S3 Fig. Mouse ELISA is specific for Esm-1 and is sufficiently sensitive to detect secreted
glomerular Esm-1. (A) Positive controls: the conditioned media of HEK293T cells transfected
with mouse Esm-1-expressing plasmid (mEsm-1), and cell lysate containing mouse Esm-1
provided by the manufacturer (Kit positive control). Negative controls: the conditioned media
0f 293T cells transfected with human Esm-1-expressing plasmid (hEsm-1) or empty plasmid.
(B) Glomeruli were isolated from DN-resistant, C57BL/6 mice and cultured in DMEM-0.2%
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FCS for 24 hours, 48 hours and 2 weeks. Mouse Esm-1 was measured by ELISA using condi-
tioned media. Media not exposed to glomeruli was used as negative control. n = 2 replicated
wells per sample.

(TIF)

S4 Fig. DN-susceptible and DN-resistant mice have sustained hyperglycemia after four
weeks. Eight week-old DN-susceptible and DN-resistant mice were injected with streptozoto-
cin (STZ, 45-50 mg/kg body weight) vs. vehicle for 5 consecutive days. Hyperglycemia was val-
idated by fasting blood glucose 4 weeks after STZ. Open and closed circles indicate data from
vehicle- and STZ-injected (i.e. control and diabetic) mice, respectively. Red and black circles
indicate data from DN-susceptible and resistant mice, respectively. *, p-value < 0.05 in the
same mouse strain between control and diabetic groups. #, p-value < 0.05 in the same treat-
ment between the two mouse strains. Ctrl, control; DM, diabetic; N = 4 mice per group; n = 2
replicated wells per urine ELISA sample.

(TIF)

S5 Fig. DN-susceptible and DN-resistant mice have significantly different levels of albu-
minuria. Eight week-old DN-susceptible and DN-resistant mice were injected with streptozo-
tocin (STZ, 45-50 mg/kg body weight) vs. vehicle for 5 consecutive days. To validate
differential susceptibility after long-standing diabetes, urine albumin-to-creatinine ratio was
measured 16 weeks after STZ in a separate group of mice. Open and closed circles indicate
data from vehicle- and STZ-injected (i.e. control and diabetic) mice, respectively. Red and
black circles indicate data from DN-susceptible and resistant mice, respectively. *, p-

value < 0.05 in the same mouse strain between control and diabetic groups. #, p-value < 0.05
in the same treatment between the two mouse strains. Ctrl, control; DM, diabetic; N = 3-5
mice per group; n = 2 replicated wells per urine ELISA sample.
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S6 Fig. Esm-1 expression level is lower in individuals with DN. RNAseq data of Esm-1 is
compared from the Nephroseq online resource. Open and closed circles indicate data from
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viduals per group.

(TIF)

S1 Methods. Transfection of HEK293T cells and expression data in Nephroseq.
(DOCX)

S1 Table. Significantly differentially expressed genes in control vs. diabetic DN-susceptible
mice.

(DOCX)

$2 Table. Pathway analysis of up- and down-regulated pathways in control vs. diabetic
DN-susceptible mice.
(DOCX)

$3 Table. Significantly differentially expressed genes in control vs. diabetic DN-resistant
mice.

(DOCX)

S$4 Table. Pathway analysis of up- and down-regulated pathways in control vs. diabetic
DN-resistant mice.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0185250 September 21,2017 18/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185250.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185250.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185250.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185250.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185250.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185250.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185250.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185250.s011
https://doi.org/10.1371/journal.pone.0185250

@° PLOS | ONE

Low glomerular Esm-1 in diabetic nephropathy

S5 Table. Significantly differentially expressed genes in control DN-susceptible vs. DN-
resistant mice.
(DOCX)

S6 Table. Pathway analysis of up- and down-regulated pathways in control DN-susceptible
vs. DN-resistant mice.
(DOCX)

S7 Table. Significantly differentially expressed genes in diabetic DN-susceptible vs. DN-
resistant mice.
(DOCX)

S8 Table. Pathway analysis of up- and down-regulated pathways in diabetic DN-suscepti-
ble vs. DN-resistant mice.
(DOCX)

S9 Table. Comparing expression by Microarray and qPCR.
(DOCX)

Acknowledgments

The authors thank Drs. Justin Annes (Stanford University School of Medicine, Department of
Endocrinology), Denise Marciano (UT Southwestern Medical Center), Glenn Chertow, and
Alan Pao (Stanford University School of Medicine, Division of Nephrology) for helpful discus-
sions. The authors thank Shripa Patel and Alberto Lovell (Stanford University School of Medi-
cine, Protein and Nucleic Acid Facility) for assistance with gPCR. The authors thank Gary
Cline and John Stack (Yale University, Mouse Metabolic Phenotyping Center) for assistance
with HPLC/MS/MS.

Author Contributions

Conceptualization: Xiaoyi Zheng, Vivek Bhalla.

Data curation: Vivek Bhalla.

Formal analysis: Xiaoyi Zheng, Jin Long, Sanchita Bhattacharya.
Funding acquisition: Xiaoyi Zheng, Mohammad F. Kiani, Vivek Bhalla.
Investigation: Xiaoyi Zheng, Fariborz Soroush, Evan T. Hall, Puneeth K. Adishesha.
Methodology: Jin Long, Sanchita Bhattacharya, Vivek Bhalla.

Project administration: Vivek Bhalla.

Resources: Mohammad F. Kiani, Vivek Bhalla.

Supervision: Mohammad F. Kiani, Vivek Bhalla.

Validation: Vivek Bhalla.

Visualization: Xiaoyi Zheng, Fariborz Soroush, Vivek Bhalla.

Writing - original draft: Xiaoyi Zheng, Vivek Bhalla.

Writing - review & editing: Mohammad F. Kiani, Vivek Bhalla.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185250 September 21,2017 19/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185250.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185250.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185250.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185250.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185250.s016
https://doi.org/10.1371/journal.pone.0185250

@° PLOS | ONE

Low glomerular Esm-1 in diabetic nephropathy

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Collins AJ, Foley RN, Chavers B, Gilbertson D, Herzog C, Johansen K, et al. United States Renal Data
System 2011 Annual Data Report: Atlas of chronic kidney disease & end-stage renal disease in the
United States. Am J Kidney Dis. 2012; 59(1 Suppl 1):A7, e1-420. https://doi.org/10.1053/j.ajkd.2011.
11.015 PMID: 22177944

de Boer IH, Rue TC, Hall YN, Heagerty PJ, Weiss NS, Himmelfarb J. Temporal trends in the prevalence
of diabetic kidney disease in the United States. Jama. 2011; 305(24):2532-9. https://doi.org/10.1001/
jama.2011.861 PMID: 21693741

Pambianco G, Costacou T, Ellis D, Becker DJ, Klein R, Orchard TJ. The 30-year natural history of type
1 diabetes complications: the Pittsburgh Epidemiology of Diabetes Complications Study experience.
Diabetes. 2006; 55(5):1463-9. PMID: 16644706

Go AS, Chertow GM, Fan D, McCulloch CE, Hsu CY. Chronic kidney disease and the risks of death,
cardiovascular events, and hospitalization. The New England journal of medicine. 2004; 351(13):1296—
305. https://doi.org/10.1056/NEJMoa041031 PMID: 15385656

Rossing P, Hougaard P, Borch-Johnsen K, Parving HH. Predictors of mortality in insulin dependent dia-
betes: 10 year observational follow up study. Bmj. 1996; 313(7060):779-84. PMID: 8842069

Group DER, de Boer IH, Sun W, Cleary PA, Lachin JM, Molitch ME, et al. Intensive diabetes therapy
and glomerular filtration rate in type 1 diabetes. The New England journal of medicine. 2011; 365
(25):2366—76. https://doi.org/10.1056/NEJMoa1111732 PMID: 22077236

Kramer HJ, Nguyen QD, Curhan G, Hsu CY. Renal insufficiency in the absence of albuminuria and reti-
nopathy among adults with type 2 diabetes mellitus. Jama. 2003; 289(24):3273-7. https://doi.org/10.
1001/jama.289.24.3273 PMID: 12824208

Osterby R. Glomerular structural changes in type 1 (insulin-dependent) diabetes mellitus: causes, con-
sequences, and prevention. Diabetologia. 1992; 35(9):803—12. PMID: 1397774

Pagtalunan ME, Miller PL, Jumping-Eagle S, Nelson RG, Myers BD, Rennke HG, et al. Podocyte loss
and progressive glomerular injury in type Il diabetes. The Journal of clinical investigation. 1997; 99
(2):342-8. https://doi.org/10.1172/JCI119163 PMID: 9006003

Maezawa Y, Takemoto M, Yokote K. Cell biology of diabetic nephropathy: Roles of endothelial cells,
tubulointerstitial cells and podocytes. Journal of diabetes investigation. 2015; 6(1):3—15. https://doi.org/
10.1111/jdi.12255 PMID: 25621126

Velez MG, Bhalla V. The Role of the Immune System in the Pathogenesis of Diabetic Nephropathy.
Nephrology & Therapeutics. 2012;S2.

Ziyadeh FN, Wolf G. Pathogenesis of the podocytopathy and proteinuria in diabetic glomerulopathy.
Current diabetes reviews. 2008; 4(1):39-45. PMID: 18220694

Krolewski AS, Warram JH, Christlieb AR, Busick EJ, Kahn CR. The changing natural history of nephrop-
athy in type | diabetes. The American journal of medicine. 1985; 78(5):785—94. PMID: 3993659

Ritz E, Orth SR. Nephropathy in patients with type 2 diabetes mellitus. The New England journal of med-
icine. 1999; 341(15):1127-33. https://doi.org/10.1056/NEJM199910073411506 PMID: 10511612

Qi Z, Fujita H, Jin J, Davis LS, Wang Y, Fogo AB, et al. Characterization of susceptibility of inbred
mouse strains to diabetic nephropathy. Diabetes. 2005; 54(9):2628-37. PMID: 16123351

Gurley SB, Clare SE, Snow KP, Hu A, Meyer TW, Coffman TM. Impact of genetic background on
nephropathy in diabetic mice. Am J Physiol Renal Physiol. 2006; 290(1):F214—-22. https://doi.org/10.
1152/ajprenal.00204.2005 PMID: 16118394

Awad AS, You H, Gao T, Cooper TK, Nedospasov SA, Vacher J, et al. Macrophage-derived tumor
necrosis factor-alpha mediates diabetic renal injury. Kidney Int. 2015; 88(4):722-33. https://doi.org/10.
1038/ki.2015.162 PMID: 26061548

Gurley SB, Mach CL, Stegbauer J, Yang J, Snow KP, Hu A, et al. Influence of genetic background on
albuminuria and kidney injury in Ins2(+/C96Y) (Akita) mice. Am J Physiol Renal Physiol. 2011; 298(3):
F788-95.

Sharma K, McCue P, Dunn SR. Diabetic kidney disease in the db/db mouse. American journal of physi-
ology Renal physiology. 2003; 284(6):F1138—44. https://doi.org/10.1152/ajprenal.00315.2002 PMID:
12736165

Zhang H, Saha J, Byun J, Schin M, Lorenz M, Kennedy RT, et al. Rosiglitazone reduces renal and
plasma markers of oxidative injury and reverses urinary metabolite abnormalities in the amelioration of
diabetic nephropathy. American journal of physiology Renal physiology. 2008; 295(4):F1071-81.
https://doi.org/10.1152/ajprenal.90208.2008 PMID: 18667486

PLOS ONE | https://doi.org/10.1371/journal.pone.0185250 September 21,2017 20/22


https://doi.org/10.1053/j.ajkd.2011.11.015
https://doi.org/10.1053/j.ajkd.2011.11.015
http://www.ncbi.nlm.nih.gov/pubmed/22177944
https://doi.org/10.1001/jama.2011.861
https://doi.org/10.1001/jama.2011.861
http://www.ncbi.nlm.nih.gov/pubmed/21693741
http://www.ncbi.nlm.nih.gov/pubmed/16644706
https://doi.org/10.1056/NEJMoa041031
http://www.ncbi.nlm.nih.gov/pubmed/15385656
http://www.ncbi.nlm.nih.gov/pubmed/8842069
https://doi.org/10.1056/NEJMoa1111732
http://www.ncbi.nlm.nih.gov/pubmed/22077236
https://doi.org/10.1001/jama.289.24.3273
https://doi.org/10.1001/jama.289.24.3273
http://www.ncbi.nlm.nih.gov/pubmed/12824208
http://www.ncbi.nlm.nih.gov/pubmed/1397774
https://doi.org/10.1172/JCI119163
http://www.ncbi.nlm.nih.gov/pubmed/9006003
https://doi.org/10.1111/jdi.12255
https://doi.org/10.1111/jdi.12255
http://www.ncbi.nlm.nih.gov/pubmed/25621126
http://www.ncbi.nlm.nih.gov/pubmed/18220694
http://www.ncbi.nlm.nih.gov/pubmed/3993659
https://doi.org/10.1056/NEJM199910073411506
http://www.ncbi.nlm.nih.gov/pubmed/10511612
http://www.ncbi.nlm.nih.gov/pubmed/16123351
https://doi.org/10.1152/ajprenal.00204.2005
https://doi.org/10.1152/ajprenal.00204.2005
http://www.ncbi.nlm.nih.gov/pubmed/16118394
https://doi.org/10.1038/ki.2015.162
https://doi.org/10.1038/ki.2015.162
http://www.ncbi.nlm.nih.gov/pubmed/26061548
https://doi.org/10.1152/ajprenal.00315.2002
http://www.ncbi.nlm.nih.gov/pubmed/12736165
https://doi.org/10.1152/ajprenal.90208.2008
http://www.ncbi.nlm.nih.gov/pubmed/18667486
https://doi.org/10.1371/journal.pone.0185250

@° PLOS | ONE

Low glomerular Esm-1 in diabetic nephropathy

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kapushesky M, Emam I, Holloway E, Kurnosov P, Zorin A, Malone J, et al. Gene expression atlas at the
European bioinformatics institute. Nucleic acids research. 2010; 38(Database issue):D690-8. https://
doi.org/10.1093/nar/gkp936 PMID: 19906730

Bechard D, Meignin V, Scherpereel A, Oudin S, Kervoaze G, Bertheau P, et al. Characterization of the
secreted form of endothelial-cell-specific molecule 1 by specific monoclonal antibodies. Journal of vas-
cular research. 2000; 37(5):417-25. PMID: 11025405

Lamberti G, Prabhakarpandian B, Garson C, Smith A, Pant K, Wang B, et al. Bioinspired microfluidic
assay for in vitro modeling of leukocyte-endothelium interactions. Analytical chemistry. 2014; 86
(16):8344-51. https://doi.org/10.1021/ac5018716 PMID: 25135319

Bechard D, Scherpereel A, Hammad H, Gentina T, Tsicopoulos A, Aumercier M, et al. Human endothe-
lial-cell specific molecule-1 binds directly to the integrin CD11a/CD18 (LFA-1) and blocks binding to
intercellular adhesion molecule-1. Journal of immunology. 2001; 167(6):3099—106.

Wang Y, Ma YY, Song XL, Cai HY, Chen JC, Song LN, et al. Upregulations of glucocorticoid-induced
leucine zipper by hypoxia and glucocorticoid inhibit proinflammatory cytokines under hypoxic conditions
in macrophages. Journal of immunology. 2012; 188(1):222—9.

Kosugi T, Yuzawa Y, Sato W, Arata-Kawai H, Suzuki N, Kato N, et al. Midkine is involved in tubulointer-
stitial inflammation associated with diabetic nephropathy. Laboratory investigation; a journal of technical
methods and pathology. 2007; 87(9):903-13. https://doi.org/10.1038/labinvest.3700599 PMID:
17607302

Ju W, Patterson R, Dull R, Gates C, Nair F, Eichinger F, et al., editors. Nephroseq and tranSMART
data-exploration tools to define Chronic Kidney Disease Mechanisms. Pediatric nephrology; 2016:
SPRINGER 233 SPRING ST, NEW YORK, NY 10013 USA.

Garlanda C, Dejana E. Heterogeneity of endothelial cells. Specific markers. Arteriosclerosis, thrombo-
sis, and vascular biology. 1997; 17(7):1193-202. PMID: 9261246

Moon JY, Jeong KH, Lee TW, Ihm CG, Lim SJ, Lee SH. Aberrant recruitment and activation of T cells in
diabetic nephropathy. American journal of nephrology. 2012; 35(2):164—74. https://doi.org/10.1159/
000334928 PMID: 22286547

Verzola D, Cappuccino L, D’Amato E, Villaggio B, Gianiorio F, Mij M, et al. Enhanced glomerular Toll-
like receptor 4 expression and signaling in patients with type 2 diabetic nephropathy and microalbumi-
nuria. Kidney international. 2014; 86(6):1229—43. https://doi.org/10.1038/ki.2014.116 PMID: 24786705

Huang W, Huang J, Liu Q, Lin F, He Z, Zeng Z, et al. Neutrophil-lymphocyte ratio is a reliable predictive
marker for early-stage diabetic nephropathy. Clinical endocrinology. 2015; 82(2):229-33. https://doi.
org/10.1111/cen.12576 PMID: 25088518

Nguyen D, Ping F, Mu W, Hill P, Atkins RC, Chadban SJ. Macrophage accumulation in human progres-
sive diabetic nephropathy. Nephrology. 2006; 11(3):226—-31. https://doi.org/10.1111/j.1440-1797.2006.
00576.x PMID: 16756636

Navarro-Gonzalez JF, Mora-Fernandez C. The role of inflammatory cytokines in diabetic nephropathy.
Journal of the American Society of Nephrology: JASN. 2008; 19(3):433—42. https://doi.org/10.1681/
ASN.2007091048 PMID: 18256353

Hodgin JB, Nair V, Zhang H, Randolph A, Harris RC, Nelson RG, et al. Identification of cross-species
shared transcriptional networks of diabetic nephropathy in human and mouse glomeruli. Diabetes.
2013; 62(1):299-308. https://doi.org/10.2337/db11-1667 PMID: 23139354

Keane TM, Goodstadt L, Danecek P, White MA, Wong K, Yalcin B, et al. Mouse genomic variation and
its effect on phenotypes and gene regulation. Nature. 2011; 477(7364):289-94. https://doi.org/10.1038/
nature10413 PMID: 21921910

YouH, Gao T, Cooper TK, Brian Reeves W, Awad AS. Macrophages directly mediate diabetic renal
injury. American journal of physiology Renal physiology. 2013; 305(12):F1719-27. https://doi.org/10.
1152/ajprenal.00141.2013 PMID: 24173355

Chow FY, Nikolic-Paterson DJ, Ozols E, Atkins RC, Tesch GH. Intercellular adhesion molecule-1 defi-
ciency is protective against nephropathy in type 2 diabetic db/db mice. Journal of the American Society
of Nephrology: JASN. 2005; 16(6):1711-22. https://doi.org/10.1681/ASN.2004070612 PMID:
15857924

Okada S, Shikata K, Matsuda M, Ogawa D, Usui H, Kido Y, et al. Intercellular adhesion molecule-1-defi-
cient mice are resistant against renal injury after induction of diabetes. Diabetes. 2003; 52(10):2586—
93. PMID: 14514644

Chow FY, Nikolic-Paterson DJ, Ma FY, Ozols E, Rollins BJ, Tesch GH. Monocyte chemoattractant pro-
tein-1-induced tissue inflammation is critical for the development of renal injury but not type 2 diabetes
in obese db/db mice. Diabetologia. 2007; 50(2):471-80. https://doi.org/10.1007/s00125-006-0497-8
PMID: 17160673

PLOS ONE | https://doi.org/10.1371/journal.pone.0185250 September 21,2017 21/22


https://doi.org/10.1093/nar/gkp936
https://doi.org/10.1093/nar/gkp936
http://www.ncbi.nlm.nih.gov/pubmed/19906730
http://www.ncbi.nlm.nih.gov/pubmed/11025405
https://doi.org/10.1021/ac5018716
http://www.ncbi.nlm.nih.gov/pubmed/25135319
https://doi.org/10.1038/labinvest.3700599
http://www.ncbi.nlm.nih.gov/pubmed/17607302
http://www.ncbi.nlm.nih.gov/pubmed/9261246
https://doi.org/10.1159/000334928
https://doi.org/10.1159/000334928
http://www.ncbi.nlm.nih.gov/pubmed/22286547
https://doi.org/10.1038/ki.2014.116
http://www.ncbi.nlm.nih.gov/pubmed/24786705
https://doi.org/10.1111/cen.12576
https://doi.org/10.1111/cen.12576
http://www.ncbi.nlm.nih.gov/pubmed/25088518
https://doi.org/10.1111/j.1440-1797.2006.00576.x
https://doi.org/10.1111/j.1440-1797.2006.00576.x
http://www.ncbi.nlm.nih.gov/pubmed/16756636
https://doi.org/10.1681/ASN.2007091048
https://doi.org/10.1681/ASN.2007091048
http://www.ncbi.nlm.nih.gov/pubmed/18256353
https://doi.org/10.2337/db11-1667
http://www.ncbi.nlm.nih.gov/pubmed/23139354
https://doi.org/10.1038/nature10413
https://doi.org/10.1038/nature10413
http://www.ncbi.nlm.nih.gov/pubmed/21921910
https://doi.org/10.1152/ajprenal.00141.2013
https://doi.org/10.1152/ajprenal.00141.2013
http://www.ncbi.nlm.nih.gov/pubmed/24173355
https://doi.org/10.1681/ASN.2004070612
http://www.ncbi.nlm.nih.gov/pubmed/15857924
http://www.ncbi.nlm.nih.gov/pubmed/14514644
https://doi.org/10.1007/s00125-006-0497-8
http://www.ncbi.nlm.nih.gov/pubmed/17160673
https://doi.org/10.1371/journal.pone.0185250

@° PLOS | ONE

Low glomerular Esm-1 in diabetic nephropathy

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Kothary N, Diak IL, Brinker A, Bezabeh S, Avigan M, Dal Pan G. Progressive multifocal leukoencepha-
lopathy associated with efalizumab use in psoriasis patients. Journal of the American Academy of Der-
matology. 2011; 65(3):546-51. https://doi.org/10.1016/j.jaad.2010.05.033 PMID: 21514689

Brunskill EW, Potter SS. Gene expression programs of mouse endothelial cells in kidney development
and disease. PloS one. 2010; 5(8):e12034. https://doi.org/10.1371/journal.pone.0012034 PMID:
20706631

Lassalle P, Molet S, Janin A, Heyden JV, Tavernier J, Fiers W, et al. ESM-1 is a novel human endothe-
lial cell-specific molecule expressed in lung and regulated by cytokines. The Journal of biological chem-
istry. 1996; 271(34):20458-64. PMID: 8702785

Mikkelsen ME, Shah CV, Scherpereel A, Lanken PN, Lassalle P, Bellamy SL, et al. Lower serum endo-
can levels are associated with the development of acute lung injury after major trauma. J Crit Care.
2011;27(5):522 e11-7.

Whiteside C, Wang H, Xia L, Munk S, Goldberg HJ, Fantus IG. Rosiglitazone prevents high glucose-
induced vascular endothelial growth factor and collagen IV expression in cultured mesangial cells.
Experimental diabetes research. 2009; 2009:910783. https://doi.org/10.1155/2009/910783 PMID:
19609456

Huang J, Siragy HM. Glucose promotes the production of interleukine-1beta and cyclooxygenase-2 in
mesangial cells via enhanced (Pro)renin receptor expression. Endocrinology. 2009; 150(12):5557—-65.
https://doi.org/10.1210/en.2009-0442 PMID: 19861503

Cong R, Jiang X, Wilson CM, Hunter MP, Vasavada H, Bogue CW. Hhex is a direct repressor of endo-
thelial cell-specific molecule 1 (ESM-1). Biochemical and biophysical research communications. 2006;
346(2):535—45. https://doi.org/10.1016/j.bbrc.2006.05.153 PMID: 16764824

Soroush F, Zhang T, King DJ, Tang Y, Deosarkar S, Prabhakarpandian B, et al. A novel microfluidic
assay reveals a key role for protein kinase C delta in regulating human neutrophil-endothelium interac-
tion. J Leukoc Biol. 2016.

Guo M, Ricardo SD, Deane JA, Shi M, Cullen-McEwen L, Bertram JF. A stereological study of the renal
glomerular vasculature in the db/db mouse model of diabetic nephropathy. Journal of anatomy. 2005;
207(6):813-21. https://doi.org/10.1111/j.1469-7580.2005.00492.x PMID: 16367807

Kiyici S, Erturk E, Budak F, Ersoy C, Tuncel E, Duran C, et al. Serum monocyte chemoattractant pro-
tein-1 and monocyte adhesion molecules in type 1 diabetic patients with nephropathy. Archives of medi-
cal research. 2006; 37(8):998—1003. https://doi.org/10.1016/j.arcmed.2006.06.002 PMID: 17045117

Lamberti G, Soroush F, Smith A, Kiani MF, Prabhakarpandian B, Pant K. Adhesion patterns in the
microvasculature are dependent on bifurcation angle. Microvascular research. 2015; 99:19-25. https:/
doi.org/10.1016/j.mvr.2015.02.004 PMID: 25708050

Rodrigues KF, Pietrani NT, Bosco AA, Sousa LP, Ferreira CN, Sandrim VC, et al. Endocan: a new bio-
marker associated with inflammation in type 2 diabetes mellitus? Diabetes/metabolism research and
reviews. 2015; 31(5):479-80. https://doi.org/10.1002/dmrr.2639 PMID: 26147320

Yilmaz M, Siriopol D, Saglam M, Kurt YG, Unal HU, Eyileten T, et al. Plasma endocan levels associate
with inflammation, vascular abnormalities, cardiovascular events, and survival in chronic kidney dis-
ease. Kidney international. 2014; 86(6):1213—20. https://doi.org/10.1038/ki.2014.227 PMID: 24988065

Sun'Y, He L, Takemoto M, Patrakka J, Pikkarainen T, Genove G, et al. Glomerular transcriptome
changes associated with lipopolysaccharide-induced proteinuria. American journal of nephrology.
2009; 29(6):558-70. https://doi.org/10.1159/000191469 PMID: 19136817

Kim JH, Ha IS, Hwang CI, Lee YJ, Kim J, Yang SH, et al. Gene expression profiling of anti-GBM glomer-
ulonephritis model: the role of NF-kappaB in immune complex kidney disease. Kidney international.
2004; 66(5):1826-37. https://doi.org/10.1111/1.1523-1755.2004.00956.x PMID: 15496153

Janssen U, Ostendorf T, Gaertner S, Eitner F, Hedrich HJ, Assmann KJ, et al. Improved survival and
amelioration of nephrotoxic nephritis in intercellular adhesion molecule-1 knockout mice. Journal of the
American Society of Nephrology: JASN. 1998; 9(10):1805-14. PMID: 9773781

Wu X, Guo R, Wang Y, Cunningham PN. The role of ICAM-1 in endotoxin-induced acute renal failure.
American journal of physiology Renal physiology. 2007; 293(4):F1262—71. https://doi.org/10.1152/
ajprenal.00445.2006 PMID: 17670897

Sanders JS, Rutgers A, Stegeman CA, Kallenberg CG. Pulmonary: renal syndrome with a focus on
anti-GBM disease. Seminars in respiratory and critical care medicine. 2011; 32(3):328-34. https://doi.
org/10.1055/s-0031-1279829 PMID: 21674418

PLOS ONE | https://doi.org/10.1371/journal.pone.0185250 September 21,2017 22/22


https://doi.org/10.1016/j.jaad.2010.05.033
http://www.ncbi.nlm.nih.gov/pubmed/21514689
https://doi.org/10.1371/journal.pone.0012034
http://www.ncbi.nlm.nih.gov/pubmed/20706631
http://www.ncbi.nlm.nih.gov/pubmed/8702785
https://doi.org/10.1155/2009/910783
http://www.ncbi.nlm.nih.gov/pubmed/19609456
https://doi.org/10.1210/en.2009-0442
http://www.ncbi.nlm.nih.gov/pubmed/19861503
https://doi.org/10.1016/j.bbrc.2006.05.153
http://www.ncbi.nlm.nih.gov/pubmed/16764824
https://doi.org/10.1111/j.1469-7580.2005.00492.x
http://www.ncbi.nlm.nih.gov/pubmed/16367807
https://doi.org/10.1016/j.arcmed.2006.06.002
http://www.ncbi.nlm.nih.gov/pubmed/17045117
https://doi.org/10.1016/j.mvr.2015.02.004
https://doi.org/10.1016/j.mvr.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/25708050
https://doi.org/10.1002/dmrr.2639
http://www.ncbi.nlm.nih.gov/pubmed/26147320
https://doi.org/10.1038/ki.2014.227
http://www.ncbi.nlm.nih.gov/pubmed/24988065
https://doi.org/10.1159/000191469
http://www.ncbi.nlm.nih.gov/pubmed/19136817
https://doi.org/10.1111/j.1523-1755.2004.00956.x
http://www.ncbi.nlm.nih.gov/pubmed/15496153
http://www.ncbi.nlm.nih.gov/pubmed/9773781
https://doi.org/10.1152/ajprenal.00445.2006
https://doi.org/10.1152/ajprenal.00445.2006
http://www.ncbi.nlm.nih.gov/pubmed/17670897
https://doi.org/10.1055/s-0031-1279829
https://doi.org/10.1055/s-0031-1279829
http://www.ncbi.nlm.nih.gov/pubmed/21674418
https://doi.org/10.1371/journal.pone.0185250

