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Podocan, a member of the small leucine-rich repeat proteoglycans (SLRPs), is expressed in vascular
endothelial cells with high levels of expression in the sclerotic glomerular lesions of experimental HIV-
associated nephropathy. It is also found in vascular smooth muscle cells and is involved in athero-
sclerosis. Decorin, a protein similar to podocan, also belongs to the SLRP family and is highly expressed
in adipose tissues. It is a secreted protein associated with obesity, type 2 diabetes, and diabetic ne-
phropathy. Based on the similarity of podocan to decorin and its functions reported in the renal and
cardiovascular systems, we hypothesized that podocan levels might correlate with the occurrence of
metabolic syndromes such as obesity, diabetes, and diabetic nephropathy. We found that podocan was
highly expressed in the adipose tissue of mice and humans and its expression was regulated by tumor
necrosis factor-a in mouse 3T3-L1 adipocytes. In addition, podocan was detected in the plasma, and its
levels tended to increase in diet-induced obese C57BL/6J mice and decrease in obese-diabetic KKAy and
db/db mice. Podocan messenger RNA (mRNA) levels in the renal cortex correlated negatively with the
urinary albumin-to-creatinine ratio, a surrogate marker of glomerular injury in uninephrectomized db/
dbmice used as a model of diabetic nephropathy. Our results suggest that podocan is involved in kidney
function and could be a unique therapeutic target for diabetic nephropathy.
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Podocan, a recently identified member of the small leucine-rich repeat proteoglycans
(SLRPs), is produced by podocytes and vascular endothelial cells and binds type 1 collagen [1].
Podocan is a 611-amino-acid-long protein, detected in the sclerotic glomerular lesions of
experimental HIV-associated nephropathy [2, 3]. It possesses the predicted signal peptide
sequence, MAGSRGLPLLLLVLQLFLGPVLP in mice and MAQSRVLLLLLLLPPQLHL in
humans, at its N terminus [4]. Podocan is secreted in the cell culture supernatants of HIV-1
transgenic podocytes and of HEK-293T cells transfected with a mouse podocan expression
vector [2]. Podocan modulates the fibrillar structure of collagen in the mature glomerular
basement membrane and maintains the integrity of the glomerular filtration barrier [2].
Similar to other SLRPs, podocan shows antimigratory and antiproliferative properties

Abbreviations: cDNA, complementary DNA; collagen 1A1, type 1 collagen a1 chain; CTGF, connective tissue growth factor; DIG,
digoxigenin; DIO, diet-induced obese; DMEM, Dulbecco’s modified Eagle medium; ELISA, enzyme-linked immunosorbent assay;
FBS, fetal bovine serum; GHb, glycosylated hemoglobin; mRNA, messenger RNA; ORF, open reading frame; PAI-1, plasminogen
activator inhibitor-1; PBS, phosphate-buffered saline; PCR, polymerase chain reaction; PG, plasma glucose; RT, reverse transcription;
SD, standard deviation; SLRP, small leucine-rich repeat proteoglycan; SMC, smooth muscle cell; TGF, transforming growth factor;
TNF, tumor necrosis factor; UACR, urinary albumin-to-creatinine ratio; Unx, uninephrectomized; WAT, white adipose tissue.

Received 28 February 2017
Accepted 9 May 2017
First Published Online 16 May 2017

July 2017 | Vol. 1, Iss. 7
doi: 10.1210/js.2017-00123 | Journal of the Endocrine Society | 772–786

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1210/js.2017-00123


concomitant with changes in p21 and Rho activity [2]. Silencing of the gene encoding podocan
significantly promotes cell proliferation via alterations in downstream signaling proteins,
including cyclin-dependent kinase 2 and p21 [1]. In addition, podocan is expressed in vascular
smooth muscle cells (SMCs) and plays an important role in atherosclerosis [3]. In fact,
podocan is strongly and selectively expressed in the arteries of wild-type mice after injury.
Podocan-deficient mice show increased arterial lesion formation in response to injury com-
pared with their wild-type littermates [4–6]. In addition, the podocan-deficient mice are
characterized by an increase in SMC proliferation, and this effect is exerted through the
activation of theWnt-b-catenin pathway in the SMCs both in vitro and in vivo [6]. Conversely,
podocan overexpression in human SMCs inhibits the Wnt-b-catenin pathway and signifi-
cantly reduces migration and proliferation [6]. A clinical study is currently investigating the
predictive factor of circulatory podocan and theWnt pathway for maladaptive left ventricular
response to aortic stenosis [7]. Decorin, which is similar to podocan, also belongs to the SLRP
family and is highly expressed in the adipose tissue [8]. It is a secreted protein associated with
obesity, type 2 diabetes, and diabetic nephropathy in animals and humans [8–10]. In the
cardiac vessels of obese rabbits, the levels of transforming growth factor (TGF)-b messenger
RNA (mRNA) and collagen 1 mRNA are increased, whereas that of decorin is significantly
reduced compared with those in lean rabbits [11]. In addition, decorin treatment protects the
diabetic corpora from apoptosis and fibrosis [12]. Recombinant decorin ameliorates pulmo-
nary structural alterations by downregulating TGF-b and Smad signaling in diabetic rats
[13]. Decorin-deficient diabetic mice show aggravated nephropathy due to the overexpression
of profibrotic factors, enhanced apoptosis, and mononuclear cell infiltration [9]. They also
exhibit advanced glomerular lesions, including diffuse mesangial matrix accumulation and
fibrin cap formation [14]. The levels of the SLRPs decorin and biglycan are markedly
upregulated in the adipose tissue, particularly in the obese state. According to Bolton et al.
[15], theymay be involved in the development of obesity and type 2 diabetes by facilitating the
expansion of adipose tissuemass. Based on the functions of podocan reported in the renal and
cardiovascular systems and information on the role of decorin and other SLRPs in human
diseases, we hypothesized that podocan levels might correlate with the occurrence of met-
abolic syndromes such as obesity, diabetes, and diabetic nephropathy, similar to decorin.
Therefore, in this study, we evaluated the association of podocan levels with these diseases.

1. Materials and Methods

A. Chemicals and Reagents

Irbesartan, an angiotensin II receptor blocker, was purchased fromLKTLaboratories (St. Paul,
MN). Recombinant human TGF-b was purchased from R&D Systems (Minneapolis, MN).

B. Digoxigenin-Labeled Antisense Podocan RNA Probes

The DIG RNA Labeling Kit (Roche Diagnostics, Rotkreuz, Switzerland) was used to prepare
two digoxigenin (DIG)-labeled antisense podocan RNA probes. The plasmids pSPT18 [in-
cluding an open reading frame (ORF) of podocan sequences fromSal1 (at 518 bp from50 end) to
Sac1 (at 1548 bp from 50end)] and pSPT18 [including the full-length podocan ORF (ap-
proximately 3.2 kbp)] were constructed according to the manufacturer’s protocol [Fig. 1(a)].
Two DIG-labeled antisense podocan RNA probes were then prepared using the T7 RNA
polymerase. Probes A and Bwere approximately 1 kb and 1.8 kb long, owing to the elongation
limit of T7 RNA polymerase.

C. Northern Blotting

Male C57BL/6J mice (n = 4) were purchased from CLEA Japan (Tokyo, Japan). At 8 weeks of
age, the mice were euthanized by bleeding the vena cava under isoflurane anesthesia. Liver,
lung, stomach, heart, kidney, testis, small intestine, brain, brown adipose tissue, mesenteric
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Figure 1. Tissue distribution of podocan in mouse and human tissues. (a–c) Northern blot
analysis of mouse podocan mRNA in the liver (Li), lung (Lu), stomach (St), kidney (K), brain
(Br), small intestine (I), heart (H), testis (T), epididymal WAT (E), mesenteric WAT (M), and
brown adipose tissue (Ba) of 8-week-old C57BL/6J mice (n = 4) using two different DIG-
labeled antisense podocan RNA probes. (d) The tissue distribution of human podocan mRNA
in brain-cerebellum (brain-cere), whole brain, fetal brain, fetal liver, heart, kidney, liver,
lung, placenta, prostate, salivary gland (salivary-g), skeletal muscle (SKM), spleen, testis,
thymus, thyroid, trachea, uterus, colon mucosa (colon-mu), small intestine (small-int),
hypothalamus (hypothala), skin, melanocyte, and adipocyte were analyzed by quantitative
RT-PCR.
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white adipose tissue (WAT), and epididymal WAT were harvested and immersed in
RNAlater® RNA Stabilization Solution (Ambion, Tokyo, Japan). Total RNA was extracted
from these organs usingRNASTAT-60 reagent (Tel-Test, Friendswood, TX). RNA (10mg) was
loaded onto a 1.3% agarose gel and transferred to a nylon membrane (Hybond N+; GEHealth
Care Life Sciences, Tokyo, Japan). RNA molecular weight marker-1 (11526529910; Roche
Diagnostics, Basel, Switzerland) was used to determine the molecular weight of RNA on the
northern blots. DIG-labeled antisense podocan RNA probes were used to detect the podocan
mRNA. The signal was developed using the chemiluminescent substrate CDP-Star (Roche
Diagnostics), as per manufacturer’s instructions.

D. Tissue Distribution of Podocan in Humans

Human total RNA master panel 2 (636643; Clontech, Mountain View, CA), human skin total
RNA (R1234218-P; BioChain, Newark, CA), human melanocyte total RNA (104-R10n; Cell
Applications, San Diego, CA), human hypothalamus Poly A+ RNA (636144; Clontech), and
human adipose tissue total RNA (636558; Clontech) were used to determine the tissue dis-
tribution of podocanmRNA in humans. ComplementaryDNA (cDNA) for real-time quantitative
polymerase chain reaction (PCR) analysiswas synthesized from totalRNAusing ahigh-capacity
cDNA reverse transcription (RT) kit (Applied Biosystems, Carlsbad, CA) according to manu-
facturer’s instructions.

E. Animals

Male C57BL/6J mice, KKAy mice, BKS.Cg-+Leprdb/+Leprdb (db/db) mice, and BKS.Cg-
m+/+Leprdb (db/+) mice were purchased from CLEA Japan. Male B6.V-Lepob/J, ob/ob
mice were purchased from Charles River (Yokohama, Japan). To generate diet-induced
obese (DIO)-C57BL/6J mice, male C57BL/6J mice were individually housed and fed
with a high-fat diet (D12451; CLEA Japan) for 46 weeks from 6 weeks of age. All mice
except the DIO-C57BL/6Jmice were fed with a standard diet (CE-2; CLEA Japan) and tap
water ad libitum. All experiments were approved by the Institutional Animal Care and
Use Committee of Shonan Research Center, Takeda Pharmaceutical Company.

F. Pathological Changes in Podocan mRNA Levels in Epididymal WAT of Diabetic Mice

Male C57BL/6J (18-week-old), KKAy (22-week-old), ob/ob (16-week-old), and db/db (16-week-
old) mice at the ad libitum state (n = 5 for each group) were weighed and their blood glucose
levels measured using blood drawn from the tail vein (Glutest Sensor-PRO; Sanwa Chemical,
Tokyo, Japan). Plasma glucose (PG) values over 600 mg/dL were calculated as 600 mg/dL
because of sensor limitation. The mice were anesthetized by 2% isoflurane. Then, epididymal
WAT and small intestine were dissected. They were immersed in RNAlater® RNA stabili-
zation reagent (Qiagen, Hilden, Germany). Podocan mRNA levels in epididymal WAT and
intestine and tumor necrosis factor (TNF)-a mRNA in epididymal WAT were measured by
quantitative RT-PCR.

G. Podocan mRNA Expression in Differentiated 3T3-L1 Adipocytes

Mouse 3T3-L1 preadipocytes were purchased from DS-Pharma (Osaka, Japan) and were
cultured in Dulbecco’s modified Eagle medium (DMEM) containing 25 mM glucose (11965;
GIBCO, Grand Island, NY) and 10% fetal bovine serum (FBS) (10099; GIBCO) at 37°C in 5%
CO2. The cells were seeded into six-well culture plates (400,000 cells/well) (3516; Corning, NY).
Confluent cultures were induced to differentiate into adipocytes by incubation in DMEM
containing 25 mM glucose, 10% FBS, 0.25 units/mL insulin (11061; WAKO Pure Chemical
Industries,Osaka, Japan), 0.25nMdexamethasone (047-18863;WAKO), and0.5mMisobutyl-1-
methylxanthine (095-03413; WAKO). After 2 days, the medium was changed to DMEM
containing 25 mM glucose, 10% FBS, and 0.25 units/mL insulin with 0, 1, 10, or 100 nM
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TNF-a (3410; R&D Systems) and incubated for 5 days at 37°C in 5% CO2 for adipocyte
differentiation. These cells were harvested and subjected to total RNA extraction by the
RNeasy Mini Kit for use in real-time quantitative PCR analysis.

H. Detection of Plasma Podocan Secretion and Changes in Plasma Podocan Levels in
DIO-C57BL/6J and Obese-Diabetic KKAy Mice

Male C57BL/6J (10-week-old), DIO-C57BL/6J (52-week-old), and KKAy (22-week-old) mice
(n = 5) were weighed, and their blood samples were obtained by facial vein puncture. Blood
glucose levels were measured using the Glutest sensor (Sanwa Chemical). Plasma podocan
levels were measured using the mouse podocan enzyme-linked immunosorbent assay
(ELISA) kit (96186MU-WLS; Cloud-Clone Corp., Katy, TX).

I. Changes in Blood Glucose Levels After Injection of Recombinant Podocan Protein in
KKAy Mice

Recombinant mouse podocan protein (3104-PO; R&D Systems) was reconstituted in
phosphate-buffered saline (PBS). The body weight and blood glucose levels of male 24-week-
old KKAy mice were measured. The mice were divided into three groups and administered
PBS (10 mL/kg body weight), podocan (50 mg/0.5 mL/head), and insulin (2 U/10 mL/kg body
weight) by intraperitoneal injection (n = 5 per group). Blood glucose concentrations were
measured before or after injection at 15, 30, 60, 180, and 300 minutes as indicated.

J. Podocan mRNA Levels in the Renal Cortex and Plasma Podocan Levels in db/+ Mice and
Uninephrectomized-db/db Mice

Blood samples were obtained by facial vein puncture in male 28-week-old db/+ and unin-
ephrectomized (UNx)-db/db mice that received unilateral nephrectomy at the age of 6 weeks.
Plasma samples were separated by centrifugation, and PG levels were measured with the
Autoanalyzer 7180 (Hitachi, Japan). Urine samples were collected over 8 hours using
metabolic cages, and urine creatinine levels were measured with the Autoanalyzer 7180.
After desalination of the urine samples using the PDMiniTrapG-25 column (GEHealth Care,
United Kingdom), urinary albumin levels were measured by ELISA (Shibayagi, Tokyo,
Japan), and the urinary albumin-to-creatinine ratio (UACR) was calculated. These mice were
then anesthetized using 2% isoflurane inhalation, and their remaining left kidneys were
dissected, weighed, and processed for histopathological analysis using hematoxylin and eosin
staining. The renal cortex was immersed in RNAlater® RNA stabilization reagent. The
podocan mRNA levels were measured by quantitative RT-PCR. The plasma podocan levels
were measured using the mouse podocan ELISA kit (Cloud-Clone Corp., Katy, TX).

K. Correlation of Renal Podocan mRNA Levels With Amelioration of Diabetic Nephropathy

Male db/db mice were subjected to unilateral nephrectomy at the age of 6 weeks to generate
UNx-db/dbmice. After a 12-week recovery period fromunilateral nephrectomy, blood samples
were obtained by facial vein puncture from age-matched db/+ and UNx-db/db mice. The level
of glycosylated hemoglobin (GHb) in blood was measured by an automated high-performance
liquid chromatography–basedGHb analyzer (HLC-723G8; TOSOH, Tokyo, Japan). PG levels
weremeasured using theAutoanalyzer 7180. Urine sampleswere collected over 8 hours using
metabolic cages, and theUACRwas calculated. UNx-db/dbmicewere divided into four groups
according to body weight, UACR, PG, and GHb levels. Irbesartan (5, 20, and 50mg/kg quaque
die), an angiotensin II receptor blocker, was suspended in 0.5% methylcellulose solution and
was orally administered to mice for 8 weeks from 18 weeks of age. After the 8-week repeated
dose, blood, plasma, and urine samples were obtained using the same methods as described
above. Bodyweight, PG, andUACRweremeasured. Thesemicewere then anesthetized using
2% isoflurane inhalation, and their remaining left kidneys were dissected and weighed. The
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renal cortex was immersed in RNAlater® RNA stabilization reagent. Podocan and renin 1
mRNA levels were then measured by quantitative RT-PCR.

L. mRNA Expression Analysis by Quantitative Real-Time PCR in Human Mesangial Cells

Humanmesangial cells were purchased fromDS Pharma Biomedical (Osaka, Japan). On day
0, these cells were seeded at a density of 23 105 cells/well in Cell Systems Corporation (CSC)
complete medium (Cell Systems Corporation, Kirkland, WA) on a type 1, collagen-coated, 24-
well plate (AGCTechnoGlassCo. Ltd., Tokyo, Japan) in an atmosphere of 95%air and 5%CO2

at 37°C. On day 1, the cells were serum starved in CSC medium lacking serum and growth
factors. On day 2, recombinant human podocan protein (TP305567; OriGene Technologies,
Rockville, MD) was reconstituted in PBS. Podocan, at final concentrations of 0, 1, 10, 100, and
1000 ng/mLwith TGF-b (final concentration of 1 ng/mL) or PBS (vehicle, without TGF-b), was
added to the culturemedium. After 24 hours, themediumwas removed and cells were lysed in
the lysis buffer of the RNeasy 96 Kit (Qiagen). Total RNA was purified by the RNeasy 96 Kit
according to the manufacturer’s instruction. cDNA was synthesized by RT reaction (high-
capacity cDNA RT kit; Life Technologies, Waltham, MA). mRNA levels of type 1 collagen a1
chain (collagen 1A1), fibronectin, connective tissue growth factor (CTGF), and plasminogen
activator inhibitor-1 (PAI-1), were measured by quantitative real-time RT-PCR.

M. Quantitative RT-PCR

Total RNA was isolated from mouse tissues and 3T3-L1 preadipocytes and adipocytes using
the RNeasy Mini Kit (Qiagen). cDNA was synthesized from total RNA using a high-capacity
cDNA RT kit (Applied Biosystems, Waltham, MA) for quantitative real-time PCR analysis.
Predesigned primers and probes (Applied Biosystems) were used for the quantification of
gene expression for the following genes: human podocan, Hs_00542259m1; human collagen
1A1,Hs_00164004_m1; human fibronectin,Hs_00365052_m1; humanCTGF,Hs_01026927_g1;
human PAI-1, Hs_00167155_m1; mouse podocan, Mm00556334_m1; mouse TNF-a,
Mm00443258_m1; mouse renin-1, Mm02342887_mH; mouse glyceraldehyde-3-phosphate de-
hydrogenase, Mm99999915_g1; and human cyclophilin, Hs00332817_m1. The mRNA levels
were quantified using an ABI Prism 7900 PCR system (Applied Biosystems). The relative
expression of each transcript was normalized to the expression of human cyclophilin or mouse
glyceraldehyde-3-phosphate dehydrogenase mRNA.

N. Statistical Analysis

Results are expressed as the mean 6 standard deviation (SD). Differences between two
groupswere assessed using the Student t test or Aspin-Welch t test; differences betweenmore
than two groups such as the dose-dependent studies were assessed using the one-tailed
Williams test. For time course analysis of blood glucose change after injection of recombinant
podocan protein, differences were assessed using the Student t test or Aspin-Welch t test
followed by Bonferroni’s correction for comparing multiple time points vs the control group.

2. Results

A. Tissue Distribution of Podocan in Mice and Humans

Previous studies have reported that podocan is expressed in injured kidney and in the
cardiovascular system. However, there are few reports describing the tissue distribution of
podocan in mice and human. To explore the precise tissue distribution of podocan, we first
performed northern blotting analysis on tissue-derived mRNA from normal C57BL/6J mice
using two different probes [Fig. 1(a)]. Surprisingly, mouse podocan mRNA was highly
expressed in epididymal WAT, brown adipose tissue, and small intestine [Fig. 1(b) and 1(c)].
The elevated expression of podocan mRNA in these tissues was confirmed by quantitative
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RT-PCR (Supplemental Fig. 1). We also assessed podocan mRNA levels in human tissues by
quantitative RT-PCR. Podocan mRNA was highly expressed in the human heart, adipose
tissue, skeletal muscle, testis, trachea, and uterus [Fig. 1(d)]. As podocan was commonly
expressed in human and mouse adipose tissue, we next focused on the expression of podocan
in WAT.

B. Pathological Changes Associated With Podocan mRNA Levels in Epididymal WAT in
Diabetic Mice, and the Effect of TNF-a on Podocan mRNA in 3T3-L1 Adipocytes

To determine the effect of diabetes on podocan mRNA levels, we compared podocan mRNA
levels in the epididymal WAT between normal C57BL/6J mice and type 2 diabetic and obese
mice such asKKAymice, ob/obmice, and db/dbmice. The bodyweight and blood glucose levels
of these three mice were significantly higher compared with those of normal C57BL/6J mice
[Fig. 2(a) and 2(b)]. Interestingly, the podocan mRNA levels in the epididymal WAT of these
diabetic mice were suppressed significantly compared with those in normal C57BL/6J mice
[Fig. 2(c)]. In contrast, TNF-a mRNA level in epididymal WAT was significantly elevated in
the diabetic mice [Fig. 2(d)]. However, there were almost no changes in podocan mRNA
expression in the small intestine between the different types of mice [Fig. 2(e)]. To explore the
correlation between podocan and TNF-a expression, we analyzed the changes in podocan
mRNA levels upon addition of TNF-a in 3T3-L1 adipocyte culture. TNF-a treatment sig-
nificantly suppressed podocan expression in 3T3-L1 adipocytes [Fig. 2(f)]. We also measured
podocan mRNA in 3T3-L1 preadipocytes and differentiated adipocytes (7 days after stim-
ulation of differentiation). There was a significant decrease of podocan mRNA expression in
3T3-L1 cells upon differentiation (Supplemental Fig. 2).

C. Podocan Secretion in the Plasma of DIO-C57BL/6J and Obese-Diabetic KKAy Mice and
Changes in Blood Glucose Levels After Injection of Recombinant Podocan in KKAy Mice

Podocan has signal peptide sequences at its N-terminal region and is secreted in the cell
culture supernatants of bothHIV-1 transgenic podocytes andHEK-293T cells [2]. Thus, using
C57BL/6J mice, KKAy mice, and DIO-C57BL/6J mice, we aimed to determine whether
podocan is secreted into the blood under normal and obese-diabetic conditions. The body
weights of KKAy andDIO-C57BL/6Jmicewere elevated significantly [Fig. 3(a)], and the blood
glucose level of KKAy mice was significantly high [Fig. 3(b)] compared with the C57BL/6J
mice. As expected, podocan was secreted in the plasma; the plasma concentrations were
similar to those of leptin (ng/mL) and were significantly suppressed in the diabetic condition,
as in KKAy mice. In contrast, plasma podocan concentration tended to increase in the DIO-
C57BL/6J mice [Fig. 3(c)]. According to these results, the reduction of plasma podocan
concentration may have a correlation with changes in the blood glucose level. To confirm this
notion, we performed podocan complementary therapy in KKAy mice by intraperitoneal
injection of podocan recombinant protein (50mg). Interestingly, the administration of podocan
did not affect the blood glucose levels in KKAy mice [Fig. 3(d)]. As leptin and leptin receptor
deficiencies in the ob/ob and db/db mice, respectively, could interfere with the effects of
podocan administration, we restricted this study to the KKAy mice only.

D. Correlation of Renal Podocan mRNA Levels With Diabetic Nephropathy

We evaluated the correlation of renal podocan mRNA levels with diabetic nephropathy using
UNx-db/db mice, a mouse model of obesity and type 2 diabetes mellitus, complicated with
diabetic nephropathy. The body weight, kidney weight, PG levels, and UACR in these mice
were significantly elevated compared with normal db/+ mice [Fig. 4(a–d)]. On the contrary,
serum creatinine levels ofUNx-db/dbmice (5.161.6mg/dL)were low comparedwith those of the
normal db/+ mice (39.46 5.7 mg/dL). Podocan mRNA levels in the renal cortex and the plasma
podocan levelswere significantly decreased comparedwith that of the normal db/+mice [Fig. 4(e)
and4(f)].Weconductedahistological study in thekidneyof db/+miceanddb/dbmice. Therewasa
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significant expansion of the mesangial matrix in the glomeruli of UNx-db/db mice as compared
with the db/+ mice (Supplemental Fig. 3). We also evaluated the blood pressure of UNx-db/db
mice; their mean blood pressure was 114.8 6 9.5 mm Hg, which falls within the normal range.

E. Correlation of Renal Podocan mRNA Levels With Amelioration of Diabetic Nephropathy

To confirm the relationship between diabetic nephropathy and podocan expression in the
kidney, we further evaluated the changes in podocan mRNA levels in the kidney of UNx-db//db
mice with the amelioration of diabetic nephropathy using irbesartan treatment. Irbesartan
treatment significantly suppressed elevation of UACR in a dose-dependent manner, without
having significant effects on the bodyweight, kidneyweight, and PG levels [Fig. 5(a–d)]. Similar
to previous studies [Fig. 4(e)], the podocan mRNA levels in the renal cortex were significantly
decreased in UNx-db/db mice compared with in normal db/+ mice, and were significantly

Figure 2. Effect of diabetes on podocan mRNA expression in epididymal (Epi) WAT and the
effect of TNF-a on podocan mRNA levels in 3T3-L1 adipocytes. (a) Body weight and (b) blood
glucose levels of male 18-week-old C57BL/6J mice (n = 5), 22-week-old KKAy mice (n = 5),
16-week-old ob/ob mice (n = 5), and 16-week-old db/db mice (n = 5) at ad libitum state were
measured. Podocan mRNA and TNF-a mRNA levels in epididymal WAT (c and d) and
podocan mRNA level in the intestine (e) were measured by quantitative RT-PCR (n = 5 per group).
(f) Podocan mRNA levels in differentiated 3T3-L1 adipocytes were measured after treatment with
0, 1, 10, and 100 nM TNF-a for 5 days. Each experiment was repeated at least twice. Data are
expressed as the mean 6 SD. *P , 0.05 compared with C57BL/6J mice by Student t test or Aspin-
Welch t test; #P # 0.025 compared with vehicle by one-tailed Williams test.
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improvedby irbesartan treatment [Fig. 5(e)]. A similar trendwas observed in themRNA levels of
renin 1, a pharmacodynamic marker of angiotensin II receptor blockade [Fig. 5(f)].

F. Effect of Podocan on TGF-b–Induced Profibrotic Gene Expression in Human
Mesangial Cells

To evaluate whether podocan expression is affected by profibrotic stimulation, we stimulated
human mesangial cells with TGF-b and measured podocan mRNA levels. The levels of
podocan mRNA was slightly, but significantly, elevated by TGF-b stimulation in human
mesangial cells [Fig. 6(a)]. Then, we analyzed the antifibrotic effect of podocan after TGF-b
stimulation in these cells. Podocan slightly reduced the expression of profibrotic genes
such as collagen 1A1, fibronectin, and CTGF [Fig. 6(b–d)]; however, there was almost no
change in the expression of the PAI-1mRNA [Fig. 6(e)]. These results suggest that podocan
has mild suppressive effects on promotion of fibrosis but does not cause fibrinolysis on this
cell type.

3. Discussion

In this study, we found that podocan is highly expressed in both mouse and human adipose
tissues and also present at detectable levels in the mouse plasma. Our findings in this paper

Figure 3. Detection of podocan secretion in the plasma in DIO-C57BL/6J mice and in obese-
diabetic KKAy mice, and changes in blood glucose after injection of recombinant podocan
protein in KKAy mice. (a) Body weight, (b) blood glucose levels, and (c) plasma podocan
levels of male 10-week-old C57BL/6J mice (n = 5), 52-week-old DIO-C57BL/6J mice (n = 5),
and 22-week-old KKAy mice (n = 5) were measured. The 24-week-old KKAy male mice
were divided into three groups based on body weight and blood glucose levels and were
administered PBS (10 mL/kg of body weight), podocan (50 mg/head/0.5 mL), and insulin
(2 U/10 mL/kg of body weight) by intraperitoneal injection (n = 5 per group). (d) Blood glucose
levels were measured before or after the injection at the indicated time points. Data are
expressed as the mean 6 SD. *P , 0.05 compared with C57BL/6J mice or vehicle treatment
by Student t test or Aspin-Welch t test, followed by Bonferroni’s correction for comparing
multiple time points vs the control group.
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further show that podocan mRNA is negatively regulated by TNF-a stimulation in 3T3-L1
adipocytes. As reported in previous studies [16, 17], TNF-a mRNA levels were significantly
elevated in WAT of KKAy mice. Thus, the reduction of podocan mRNA in the WAT of KKAy

mice might result from an increase in TNF-a from WAT.
The plasma podocan level increased in DIO-C57BL/6J mice but decreased in KKAy and db/

db mice. In this study, there were individual differences in plasma podocan levels of DIO-
C57BL/6J mice. It would be beneficial to increase the sample size of DIO-C57BL/6J mice to
obtainmore precise data of plasma podocan levels in DIO-C57BL/6Jmice. Plasma insulin levels
have been reported to increase to a greater extent in obese-diabetic mice such as the db/db mice
than in obeseDIO-C57BL/6Jmicewithout diabetes [18]. In adipose tissues, TNF-amRNA levels
are elevated, which correlates highly with plasma insulin levels [19]. In our study, the differ-
ences observed in plasma insulin levels between DIO-C57BL/6J mice, KKAy mice, and db/db
micemay correlatewithTNF-amRNAlevels inWAT.Thismay lead to differences in the plasma
podocan levels of these mice. It would be interesting to examine these obese-diabetic mice over
an extended period to determine if podocan expression reduceswith the gradual development of
obesity, thus providing further understanding of the regulation of podocan in adipose tissue.
Moreover, it would be of interest to follow podocan expression at different ages to see if the

Figure 4. Podocan mRNA levels in the renal cortex and plasma podocan levels in db/+ mice
and UNx-db/db mice. Body weights of male 28-week-old db/+ mice (n = 5) and UNx-db/db
mice (n = 6) (a) and (b) PG levels were measured. (c) Urine samples were collected over
8 hours using metabolic cages, and the UACR was calculated. (d) Kidney weights, (e) podocan
mRNA levels in the renal cortex, and (f) plasma podocan concentrations of these mice were
measured. Data are expressed as the mean 6 SD. *P , 0.05 compared with db/+ mice by
Student t test or the Aspin-Welch t test.
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reduced expression develops with obesity development. Further mechanistic analysis is re-
quired to determine the precise function of podocan in adipose tissue.

The levels of decorin mRNA, which showed similar regulation of expression as that of
podocan, decreasedwith the progression of nephropathy symptoms such as proteinuria [9, 13,
20–24]. According to the phenotypes of diabetic decorin-deficient mice, decorin showed renal
protective effect by inhibition of the TGF-b signaling pathway [25–27]. Thus, we speculated
that podocan might show renal protective effects during the development of diabetic ne-
phropathy. To confirm this hypothesis, we evaluated the changes in podocan mRNA levels in
the kidney after repeated dosing of irbesartan to UNx-db/db mice. UACR increased signif-
icantly in the UNx-db/db mice. In contrast, the podocan mRNA levels in the renal cortex
of UNx-db/db mice were significantly decreased. After 8 weeks of repeated dosing of
irbesartan, a significant dose-dependent suppression of elevated UACR levels was observed

Figure 5. Correlation of renal podocan mRNA levels with amelioration of diabetic
nephropathy. UNx-db/db mice at 18 weeks of age were orally administered the vehicle (0.5%
methyl cellulose solution) or irbesartan (5, 20, and 50 mg/kg) every day for 8 weeks (n = 5 per
group). Age-matched db/+ mice (n = 10) were also orally administered the vehicle every day
for 8 weeks. (a) Body weight, (b) PG levels, and (c) UACR were measured. Then their kidneys
were dissected, and (d) kidney weight, (e) podocan mRNA levels, and (f) renin 1 mRNA levels
in the renal cortex were measured. Data are expressed as the mean 6 SD. *P , 0.05
compared with the db/+ mice by Student t test or Aspin-Welch t test; #P # 0.025 compared
with the vehicle by one-tailed Williams test.
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in the UNx-db/db mice [28, 29]. In contrast, the podocan mRNA levels in the cortex de-
creased in the UNx-db/db mice [30, 31]. The ideal control for studying the UNx-db/db mice
would be the UNx db/+ mice, which we were unable to generate. Nonetheless, our findings
suggest that podocan expression correlates negatively with UACR levels and glomerular
injury [1, 5, 32]. Future studies will focus on evaluating the link between circulating podocan
and diabetic kidney disease. To this end, we will generate whole or tissue-specific podocan
knockout mice. To explore the precise role of podocan in diabetic nephropathy, we will
evaluate the effect of neutralizing podocan with an anti-podocan antibody, as well as
podocan knockdown on urine albumin and serum creatinine in a murine model of diabetic
nephropathy. Our study showed that podocan mRNA levels were increased by TGF-b
stimulation, and podocan treatment mildly suppressed TGF-b–induced profibrotic gene

Figure 6. Effect of podocan on TGF-b–induced profibrotic gene expression in human
mesangial cells. Human mesangial cells were seeded on a type 1, collagen-coated, 24-well
plate on day 0. On day 1, the cells were serum starved with CSC medium. On day 2,
recombinant human podocan at final concentrations of 0, 1, 10, 100, and 1000 ng/mL with
TGF-b (final concentration of 1 ng/mL) or PBS (vehicle, without TGF-b) was added to the
culture medium. The cells were lysed after 24 hours. mRNA levels of (a) podocan, (b) collagen
1A1, (c) fibronectin, (d) CTGF, (e) and PAI-1 were measured by quantitative real-time RT-
PCR. Data are expressed as the mean 6 SD (n = 4 per treatment group). *P , 0.05 compared
with the db/+ mice by Student t test or Aspin-Welch t test; #P # 0.025 compared with the
vehicle by one-tailed Williams test. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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expression in humanmesangial cells. Therefore, podocanmay play an antifibrotic role in the
glomeruli, similar to decorin.

In this study, we found detectable levels of podocan in the plasma. Plasma podocan levels
decreased significantly in obese-diabetic mice such as the KKAy mice. Intraperitoneal in-
jection of recombinant podocan into KKAy mice did not affect the PG levels in these mice.
Thus, podocan might not directly affect glucose metabolism, in contrast to leptin [33–35] and
adiponectin [36–38]. Therefore, the function of circulating podocan remains unknown. In
conclusion, we found that podocan was highly expressed in human and mouse adipose tissue
and that podocan expression was regulated by TNF-a in 3T3-L1 adipocytes.

In kidneys of the UNx-db/db mice, podocan expression correlated with glomerular injury,
as did the UACR levels. Furthermore, podocan was secreted into the plasma and plasma
podocan levels were affected in obesity and diabetic conditions. Future studies will be con-
ducted to determine the source of plasma podocan. To this end, we will measure the con-
centrations of podocan in the medium of cultured adipocytes, muscle cells, hepatocytes, and
kidney cells. Although the precise mechanisms underlying the effects of podocan on obesity,
diabetes, and diabetic nephropathy are unknown, complementary podocan therapy using
podocan-deficient mice as models of cardiovascular disorders, diabetes, and diabetic ne-
phropathy would provide important information for future studies.
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