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Abstract

Background/Aims: Studies have shown that kidney injury
molecule-1 (KIM-1) is upregulated in damaged renal proxi-
mal tubules. In this study, we examined KIM-1 expression in
glomerular epithelial cellsin diabetic glomerulopathy. Meth-
ods: Renal histology, immunostaining and Western blot for
protein level, and real-time PCR for mRNA expression of KIM-
1 and podocyte markers were evaluated in untreated or
losartan-treated Zucker lean (Fa/+) and Zucker diabetic fatty
(Fa/Fa) rats. Results: The diabetic rats showed an increased
glomerular expression of KIM-1. KIM-1 staining was localized
primarily in the hyperplastic parietal epithelium of Bow-
man’s capsule in the early stages of diabetes with subse-
quent increase in KIM-1-positive cells in the glomerular tuft
in the more advanced stages. The increase in glomerular
KIM-1 was associated with a decrease in podocytes in Fa/Fa
rats. Antiproteinuric treatment with losartan attenuated
podocytopenia and decreased renal expression of KIM-1 in
treated diabetic rats. In an in vitro study, albumin overload
increased KIM-1 protein in the primary cultures of rat glo-

merular epithelial cells. Conclusion: These results show that
glomerular KIM-1 expression was increased, in proportion to
the extent of proteinuria and podocytopenia in the diabetic
animals, supporting that KIM-1 could be used as a potential
biomarker for glomerular injury in proteinuric kidney dis-

ease. Copyright © 2011 S. Karger AG, Basel

Introduction

Diabetic nephropathy in humans is characterized by
increased urinary albumin excretion (microalbumin-
uria), which often progresses to proteinuria and glomer-
ular and tubulointerstitial fibrosis over the long term [1].
Proteinuria not only serves as a clinical indicator/mark-
er of injury to the kidney, but also plays a central role in
the pathogenesis of progressive renal dysfunction. In the
past decade, studies have highlighted the importance of
podocytes in the pathogenesis of proteinuric diseases in-
cluding diabetic nephropathy [2-4]. Interestingly, recent
studies suggest that parietal epithelial cells (PECs) of
Bowman’s capsule have the capacity to differentiate into
podocytes during diseases, and play a role as a second
glomerular barrier for limiting filtered albumin from ex-
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iting the urinary space [5, 6]. Moreover, Suzuki et al. [7]
found that PEC hyperplasia was accompanied by pro-
gressive podocytopenia in cellular/collapsing focal seg-
mental glomerulosclerosis (FSGS), suggesting glomeru-
lar epithelial interactions.

Kidney injury molecule-1 (KIM-1), a type 1 membrane
protein, is expressed at negligible levels in normal kidney
tissue, but massively induced in dedifferentiated proxi-
mal tubule epithelial cells in proteinuric, toxic and isch-
emic kidney diseases [8-10]. In rodents and humans, the
ischemic or toxic insults to the kidney cleave the KIM-1
ectodomain, which is quantified in the urine as a bio-
marker for acute kidney injury [8-10]. In fact, a strong
correlation between the level of tubular and urinary
KIM-1 and the extent of proteinuria has been demon-
strated in adriamycin-induced nephropathy [8]. Howev-
er, these studies did not establish whether microalbumin-
uria (or proteinuria) directly promotes KIM-1 expression
in renal epithelial cells. Also, it remains unclear whether
glomerular epithelial cells express KIM-1 and if so which
type of epithelial cell expresses this protein.

Therefore, in the current study we assessed changes in
glomerular KIM-1 expression in Zucker diabetic fatty rat,
an animal model of type 2 diabetes mellitus, which spon-
taneously develops proteinuria and FSGS with increasing
age. We also examined the effect of therapeutic antipro-
teinuric intervention with losartan, an angiotensin II type
1 (AT1) receptor antagonist, on renal expression and uri-
nary excretion of KIM-1. Multilabeled immunocyto-
chemistry was performed to establish possible correlation
between KIM-1 induction and podocyte loss. Using pri-
mary cultured rat glomerular epithelial cells, we further
examined the modulation of KIM-1 protein by albumin.

Animals and Methods

Animals

Six-week-old male Zucker lean (Fa/+) and Zucker diabetic fat-
ty (Fa/Fa) rats were purchased from Charles River Laboratories
(Wilmington, Mass., USA). Rats were housed in a temperature-
controlled room with a 12:12-hour light-dark cycle and free access
to Purina 5008 rat chow and water. Urine was collected over a 24-
hour period in metabolic cages and stored at -80°C until use.
Blood glucose was monitored using the Accu-chek glucometer by
tail-vein blood sampling. For glucose tolerance test, 6-8 rats per
group were fasted at 8:00 a.m. for 6 h and then injected with glu-
cose (2 g/kg i.p.). Blood samples were collected from the tail vein
at time 0 (before injection) and at 15, 30, 45, 60, 90 and 120 min
after glucose injection for glucose determinations.

In one set of experiments, 12-week-old Fa/+ and Fa/Fa animals
were treated with losartan (30 mg/kg/day in drinking water) for
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8 weeks. Animals were housed in the animal care facility at the
Morehouse School of Medicine that is AAALAC accredited. All
animal protocols were approved by the Institutional Animal Care
and Use Committee and were in accordance with the require-
ments stated in the National Institutes of Health Guide for the
Care and Use Laboratory Animals.

Urinary Protein, Creatinine, Plasma Insulin and Systolic

Blood Pressure Measurements

Urinary protein to creatinine ratios were assessed as an index
for kidney injury. Total protein was measured by the Bradford
method (Bio-Rad Protein Assay Kit; Bio-Rad Laboratories, Her-
cules, Calif., USA). Urine creatinine was measured by the modi-
fied kinetic Jaffé reaction. The urine protein to creatinine ratio
was obtained by dividing the urine protein concentration by the
urine creatinine concentration, both expressed in mg/dl. The
plasma insulin concentration was measured by enzyme immuno-
assay using a rat insulin ELISA kit (Mercodia, Winston Salem,
N.C., USA). Systolic blood pressure was measured in conscious
rats by tail-cuff plethysmography.

Histology and Immunohistochemical Staining

Routine HE staining was performed on kidney paraffin sec-
tions. For immunohistochemical analysis, paraffin sections were
incubated with goat anti-TIM-1/KIM-1/HAVCR antibody (R&D
Systems, Minneapolis, Minn., USA). Slides were then incubated
with ABC-AP (alkaline phosphatase) (Vector, Burlingame, Calif.,
USA) reagents and ABC red substrate (Vector).

For immunofluorescent staining, 5-wm-thick cryostat sec-
tions of OCT-embedded kidney samples were used. To study the
localization of KIM-1 in the glomeruli, the sections were incu-
bated with a mixture of two or three antibodies overnight: goat
anti-KIM-1 antibody, guinea pig anti-nephrin antibody (Fitzger-
ald, Concord, Mass., USA), and rabbit anti-Wilms tumor (WT)-1
(Santa Cruz Biotechnology, Santa Cruz, Calif., USA), rabbit anti-
claudin-1 antibody (Invitrogen) and mouse anti-desmin (Dako-
Cytomation, Denmark). As a negative control, the sections were
exposed to nonimmune IgG (in replacement of primary antibod-
ies) with the same secondary antibodies, and no specific staining
occurred. The sections were observed and imaged by a Leica con-
focal microscope.

Immunoblot Analysis

Equal amounts of proteins from rat urine or cultured cells
were separated by electrophoresis. The blots were incubated with
goat anti-KIM-1 antibody. Detection was accomplished by en-
hanced chemiluminescence Western blotting (ECL; GE Health-
care, Piscataway, N.J., USA). Band intensity was measured densi-
tometrically, and the values were normalized to (3-actin internal
controls. Values are expressed as relative optical density (ROD).

TaqMan and Quantitative Real-Time PCR Analysis

Total RNA was prepared from isolated glomeruli by using ul-
tra-pure TRIzol reagent according to the manufacturer’s instruc-
tions (GIBCO-BRL, Grand Island, N.Y., USA). KIM-1, nephrin,
secreted phosphoprotein-1 (SPP-1), monocyte chemotactic pro-
tein-1 (MCP-1), and B-actin gene-specific TagMan probe and
primer sets were obtained from Applied Biosystems (Applied
Biosystems Inc., Foster City, Calif., USA) as Assays-on-Demand
gene expression products. The Assays-on-Demand identification
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numbers were Rn00597703_m1 for KIM-1, Rn00575235_m]1 for
nephrin, Rn00563571_m1 for SPP-1, Rn00580555_m1 for MCP-1
(CCL2), and 4331182 for rat B-actin endogenous control. Each
sample was run in triplicate, and the comparative threshold cycle
(Cy) method was used to quantify fold increase (2-2ACh compared
with lean controls.

Cell Culture

Glomeruli were isolated from Sprague-Dawley rat kidneys by
a modified procedure as described previously [11]. The glomeru-
lar tissue fragments were collected and suspended in DMEM/F12
medium (Invitrogen), supplemented with 5% fetal bovine serum,
penicillin and streptomycin. To test the effects of high glucose or
albumin on KIM-1 expression, 80% confluent cells (day 6) were
washed with serum-free DMEM and incubated in DMEM/F12
with high glucose or bovine serum albumin (BSA, Sigma) at vary-
ing concentrations (0, 1, 5, 10 or 20 mg/ml) for an additional 72 h.
This preparation of BSA has been shown to be essentially fatty
acid free and very low endotoxin by the manufacturing company
and the range of albumin concentrations is similar to that used in
previous studies [12-14]. For immunostaining, the cells were
fixed and incubated with primary antibodies of goat anti-KIM-1
and rabbit anti-ZO-1 (Invitrogen).

Statistical Analysis

Data are expressed as mean = SEM. Student’s t test was used
for comparison between the two groups. Comparisons among
multiple groups were performed by one-way ANOVA followed by
Student’s unpaired t test. Statistical significance was set at p <
0.05.

Results

Metabolic Values

Blood glucose of the Fa/Fa animals began to increase
at week 8, reached a peak at week 12 and remained at this
higher level thereafter (fig. 1a). 7-week-old Fa/Fa animals
had higher plasma insulin (Fa/Fa 5.56 = 0.31 pg/l vs.
Fa/+0.80 % 0.16 pg/1) and developed glucose intolerance
(fig. 1c), though their blood glucose was still normal
(fig. 1a). From 7 to 19 weeks of age, Fa/Fa rats were heavi-
er than their Fa/+ littermates (fig. 1b). Kidney weight and
glomerular size were also markedly increased in the dia-
betic Fa/Fa rats (fig. 1d, e). Figure 1f demonstrates a pro-
gressive loss of renal function in the diabetic animals as
evidenced by an increase in urinary protein to creatinine
ratio in the Fa/Fa rats between the ages of 7 and 20 weeks.

KIM-1 Protein Expression in the Glomeruli of

Fa/Fa Rats

As shown in figure 2a, the percentages of glomeruli
with PEC proliferation and hyperplasia were significant-
ly increased in the diabetic rats. For the Fa/Fa group, the
percentage of glomeruli with parietal hyperplasia in-
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creased from 30% in the 7-week-old rats to 38% in the
12-week-old and 44% in the 20-week-old animals, where-
as the percentage in Fa/+ animals did not change signifi-
cantly with increasing age (fig. 2d). Within each age
group, the percentage of glomeruli with parietal hyper-
plasia was significantly greater in the Fa/Fa rats than that
in the Fa/+ group.

In agreement with our previous finding [15], tubular
KIM-1 staining was progressively increased in the Fa/Fa
animals during the progression of proteinuria. Interest-
ingly, we also observed an increase in KIM-1-positive
cells in the glomeruli of diabetic animals (fig. 2). Immu-
nostaining revealed that most of the hyperplastic PECs
were KIM-1 positive in Fa/Fa animals, whereas very few
hyperplastic PECs expressed KIM-1 protein in Fa/+ lean
rats. In addition to its expression in the parietal layer of
Bowman’s capsule, KIM-1-positive cells were also ob-
served in the glomerular tuft of Fa/Fa animals at the ages
of 12 and 20 weeks. As shown in figure 2e, the percent-
ages of glomeruli with KIM-1-positive staining in the Fa/
Fa rats increased from 19% at week 7 to 27% at week 12
and 43% at week 20, compared with 6, 6 and 9% in the
Fa/+ rats at the age of 7, 12 and 20 weeks, respectively.

Glomerular KIM-1 Induction in Association with a
Decrease in Normal Podocyte Markers in the Fa/Fa
Animals

To visualize the localization of KIM-1 and podocyte-
specific proteins, we carried out multiple labeling for
KIM-1, nephrin and Wilms tumor (WT)-1, markers of
podocytes in vivo [16]. A few interesting observations
were made in the diabetic rats at the age of 7-28 weeks.
First, WT-1 and nephrin staining was normal in 7-week-
old Fa/Fa rats when KIM-1-positive cells were mainly
present in the parietal epithelium of Bowman’s capsule.
Second, a decrease in nephrin staining was observed in
the glomerular tuft area next to hyperplastic KIM-1-pos-
itive parietal epithelium in 12-week-old Fa/Fa rats (fig.
3b). The number and the distribution area of podocytes
in the glomerular tuft were further decreased in the
glomeruli of 20- and 28-week-old Fa/Fa rats (fig. 3¢, d).
Accompanying the loss of podocytes, there was an in-
crease in cells staining positive for KIM-1 in nephrin-
negative tuft area in the damaged glomeruli.

Double staining was also performed for KIM-1 and
the PEC protein claudin-1 [5], as well as KIM-1 and the
podocyte injury marker desmin [17]. As shown in figure
4a, cells positive for both KIM-1 and claudin-1 were de-
tected along the parietal layer of Bowman’s capsule in the
Fa/Fa animals. A significant colocalization of KIM-1 and
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Fig. 1. Metabolic values in the Zucker lean (Fa/+) and Zucker dia-
betic fatty (Fa/Fa) animals. Nonfasting blood glucose levels (a)
and body weight (b) were measured at weekly intervals. ¢ Blood
glucose responses to an intraperitoneal glucose challenge were
determined in 7-week-old Fa/+ and Fa/Farats. d and e present the
ratios of left kidney weight (d) and glomerular surface area (e) to
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total body weight. f The urinary protein to creatinine ratio was
obtained by dividing the urinary protein concentration by the
urine creatinine concentration, both expressed in mg/dl. Values
are mean = SEM. n = 5-10 animals/group. * p < 0.05 vs. Fa/+
littermates.
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Fig. 2. Increased parietal epithelial hyperplasia and KIM-1-posi-
tive staining in the glomeruli of diabetic animals. a Representa-
tive HE staining images show increased cuboidal (hyperplastic)
PECs (arrow) of Bowman’s capsule in Zucker diabetic fatty rats
compared to Zucker lean normal controls. Note the presence of a
visceral-parietal epithelial bridge in the glomerulus of diabetic
rats (12 weeks). b KIM-1 red-positive staining in the hyperplastic
parietal epithelium (arrow), glomerular tuft (arrow head), and
proximal tubular epithelium (*) in the diabetic animals. Original
magnification X400. ¢ Confocal DIC images of KIM-1 (arrow) in
the glomeruli of Zucker diabetic kidneys. No KIM-1 staining in
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the glomerulus of normal Fa/+ rats. In 7-week-old diabetic Fa/Fa
rats, KIM-1-specific staining (black) was seen in the apical mem-
brane of hyperplastic PECs. Increased KIM-1 staining was also
observed in the glomerular tuft in connection with KIM-1-posi-
tive parietal epithelium in the kidney section of 20-week-old
Fa/Fa rats. DIC = Differential interference contrast. Scale bar =
50 wm. d, e Quantitative analysis of the percentage of glomeruli
with parietal hyperplasia (d) or KIM-1-positive staining (e) in the
Zucker lean (Fa/+) and diabetic fatty (Fa/Fa) rats at the ages
of 7-20 weeks. Values are mean * SEM. n = 5-6 animals/group.
*p <0.05 vs. Fa/+ littermates.
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Nephrin green
a WT-1 red KIM-1 blue

Fig. 3. Representative confocal images of triple staining for neph-
rin (green), WT-1 (red) and KIM-1 (blue) in the glomeruli of
Zucker animals. a Normal glomerulus presents nephrin- and
WT-1-positive but KIM-1-negative staining. b-d Decreased
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Merged DIC

nephrin and WT-1 in association with an increase in KIM-1 blue
staining in the glomeruli of Fa/Fa diabetic animals at the age of
12 (b), 20 (c) and 28 (d) weeks. Scale bars = 50 pum. Colors refer to
the online version only.
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KIM-1 red, DPAI blue
and claudin-1 green

KIM-1 red, DPAI blue
and desmin green

e

Fig. 4. Representative confocal images of double staining for
KIM-1 with claudin-1 (PEC marker) or KIM-1 with desmin
(podocyte injury marker) in the glomeruli of 20-week-old Fa/Fa
rats. a Colocalization of KIM-1 (red) and claudin-1 (green) was
seen in the basolateral membrane of PECs (white arrows). b There
was no significant overlap between KIM-1 (red) and desmin
(green) in the parietal epithelium of Bowman’s capsule. Scale
bars = 50 wm. Colors refer to the online version only.
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claudin-1 was observed in the basolateral compartment
of hyperplastic PECs. In contrast, there was no signifi-
cant overlap between KIM-1 and desmin in the parietal
epithelium of Bowman’s capsule (fig. 4b).

Glomerular KIM-1, Nephrin, SPP-1 and MCP-1

mRNA Expression

A 2-fold increase in glomerular KIM-1 and a 3-fold
decrease in nephrin mRNA were found in 7-week-old Fa/
Fa rats prior to the development of hyperglycemia. Great-
er changes in KIM-1 and nephrin genes were observed in
the diabetic animals with severe proteinuria (20 weeks,
tig. 5a, b). As expected, mRNA expression of glomerular
SPP-1 and MCP-1, the pro-inflammatory cytokines, was
also significantly increased after the development of hy-
perglycemia (fig. 5¢, d).

Effects of Losartan Treatment

Losartan reduced systolic blood pressure (losartan-
treated Fa/Fa 110 £ 3 mm Hg vs. untreated Fa/Fa 137 *
3 mm Hg, n =4-7) but did not affect blood glucose (losar-
tan-treated Fa/Fa 462 * 30 mg/dl vs. untreated Fa/Fa 433
t+ 24 mg/dl) in the diabetic animals. There was a great
attenuation in glomerular KIM-1 mRNA in proportion
to a reduction of proteinuria in losartan-treated Fa/Fa
rats (fig. 6a, b). Accordingly, the percentages of glomeru-
li with parietal hyperplasia or KIM-1-positive staining
were markedly decreased in treated-Fa/Fa rats (fig. 6¢, d).
Western blot revealed that urinary KIM-1 was increased
in 12- and 20-week-old Fa/Fa rats (fig. 6e), which was pre-
vented by losartan (fig. 6f). As expected, losartan treat-
ment ameliorated podocyte loss (fig. 7A, B) and signifi-
cantly reduced SPP-1 and MCP-1 mRNA in the glomer-
uli of diabetic animals (fig. 7C, D).

Effects of Albumin and High Glucose on KIM-1 in

Primary Glomerular Epithelial Cells

Our in vivo studies demonstrated a strong correlation
between the level of glomerular KIM-1 mRNA and the
degree of proteinuria (r = 0.88). To further evaluate the
effect of albumin on KIM-1 expression, we cultured pri-
mary epithelial cells from rat glomeruli using established
methods [11, 18]. Incubation of primary glomerular epi-
thelial cells with BSA resulted in a significant increase in
KIM-1 protein (fig. 8a). In contrast, KIM-1 was only
slightly upregulated in high glucose-treated cells (fig. 8b).
Using dual labeling, we found that cytosolic expression of
KIM-1 was accompanied by disruption of normal char-
acteristic ZO-1 staining at cell-cell contact in glomerular
epithelial monolayer (fig. 8c).

Zhao/Zhang/Li/Mann/Imig/Emmett/
Gibbons/Jin



709 O Fa/+
O Fa/Fa %
£
S 60 -
&
<
=
[a=
E 50
§I _
4
5
S 10
(7] *
€
o
(V) 5 -
— — ]
7 12 20
a Weeks
12 4
*
£
9]
%
3
= 81
[a's
€
a
a
wv
T
2 44
(7]
1S *
o
U]
N e [
7 12 20
[4 Weeks

2 -
£
=
1Y)
B _
- }
Q
<
=z
o
1S [
£
= 11
o
(o]
c *
(©
3 {
g B *
o
s L *

7 12 20

b Weeks

5 -

*
£
k9]
3 i
Q
=
<
=z
o
€ 34
d
=]
=
= i
E
g
S .| T L
o 1
7 12 20

d Weeks

Fig.5. mRNA levels of glomerular KIM-1, nephrin, SPP-1 and MCP-1. Glomerular KIM-1 (a), nephrin (b), SPP-
1 (c) and MCP-1 (d) mRNA levels were evaluated by TagMan real-time PCR. Values are mean £ SEM.n =5-7
animals/group. * p < 0.05 vs. Fa/+ littermates.

Discussion

In this report, we extended our early study on KIM-1
expression in damaged tubules of diabetic animals [19],
and revealed that KIM-1 was also expressed in glomeru-
lar epithelial cells in diabetic kidney disease. Our results
show that glomerular KIM-1-positive cells were initially
localized in the hyperplastic parietal epithelium of Bow-
man’s capsule in the early stages of diabetes. There was a
significant increase in cells positive for KIM-1 staining in
the glomerular tuft with disease progression and massive
proteinuria. Multiple labeling for KIM-1 and nephrin in-
dicated a strong correlation between glomerular KIM-1
induction and podocyte loss in damaged glomeruli. Fur-

KIM-1 Induction in Diabetic
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thermore, antiproteinuric treatment with AT1 receptor
antagonist attenuated diabetes-related KIM-1 expression,
in association with a reduction of pro-inflammatory
markers and an improvement of podocytopenia and re-
nal function in the diabetic animals.

Tubular KIM-1 expression in both acute and chronic
kidney diseases has been well established [8-10, 20-24].
Consistent with previous findings, a progressive increase
in tubular expression and urinary excretion of KIM-1 was
observed in the Fa/Fa diabetic rats. Additionally, the pres-
ent study demonstrates that glomerular epithelial cells
also express KIM-1. Fa/Fa animals had increased PEC
proliferation and hyperplasia, morphologically similar to
proximal tubular epithelia, from 7 to 20 weeks of age. The
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Fig. 6. Effects of losartan treatment on KIM-1 expression and uri-
nary protein excretion. 12-week-old Zucker rats were treated with
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protein to creatinine ratio (a), glomerular KIM-1 mRNA (b), per-
centage of glomeruli with parietal hyperplasia (c), and percentage
of glomeruli with KIM-1-positive staining (d) were compared
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lack oflotus tetragonolobus lectin staining in hyperplastic
PECs, however, suggests that they are not proximal tubule
cells encroaching into Bowman’s capsule in rat kidneys
(data not shown). In the absence of microalbuminuria,
only few hyperplastic PECs expressed KIM-1 in Fa/+ lean
controls. In contrast, the cells double-positive for KIM-1
and claudin-1 were robustly increased in the hyperplas-
tic parietal epithelium of Bowman’s capsule in the Fa/Fa

276 Am J Nephrol 2011;34:268-280

Western blot image shows a progressive increase in urinary KIM-
1 protein (~60 kDa, arrowhead) in 12- to 20-week-old Fa/Fa dia-
betic rats compared to the Fa/+ normal controls. f Urinary excre-
tion of KIM-1 in the diabetic rats was attenuated markedly by
losartan treatment. Values are mean * SEM. n = 4-7 animals/
group. * p < 0.05 vs. normal Fa/+ group; * p < 0.05 vs. untreated
Fa/Fa group.

animals. The increase in KIM-1 expression prior to the
development of hyperglycemia suggests that KIM-1 is a
sensitive marker for early PEC activation. As expected,
albuminuria occurs early in 7-week-old Fa/Fa rats. It is
conceivable that hyperplastic (or proliferative) PECs are
extremely sensitive to an elevation of albumin in the Bow-
man’s space and express KIM-1 upon activation. This
concept is supported by our in vivo and in vitro findings
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showing an attenuation of parietal hyperplasia and glo-
merular KIM-1 expression after antiproteinuric treat-
ment in the diabetic animals and a striking induction of
KIM-1 in primary cultured glomerular epithelial cells in
response to albumin overload. Although KIM-1 in the
primary cultures of rat glomerular epithelial cells was in-
creased slightly after high glucose treatment, the fact that

KIM-1 Induction in Diabetic
Glomerulopathy

treated (Fa/+ and Fa/Fa) and losartan-treated (Los-Fa/+ and Los-
Fa/Fa) animals. C, D Impact of losartan on mRNA levels of SPP-1
and MCP-1. The diabetes-related increase in renal expression of
SPP-1 (€) and MCP-1 (D) genes was prevented by chronic treat-
ment with losartan. Values are mean = SEM. n = 4-7 animals/
group. * p < 0.05 vs. Fa/+ normal control; * p < 0.05 vs. untreated
Fa/Fa diabetic group.

losartan administration reduced proteinuria but did not
change blood glucose suggests that urinary glucose may
play a minor role in activation and impairment of renal
epithelial cells in this rat model of type 2 diabetes mellitus.

While KIM-1 protein was primarily present along the
parietal epithelium of Bowman’s capsule in 7-week-old Fa/
Fa rats, there was a significant increase in the number of
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Fig. 8. KIM-1 protein expression in primary cultures of rat glo-
merular epithelial cells in response to bovine serum albumin
(BSA) and high glucose (HG) stimulation. a Western blot analy-
sis shows that BSA (1-20 mg/ml) treatment resulted in a dose-
dependent increase in KIM-1 protein in glomerular epithelial
cellsin primary culture. b KIM-1 protein was modestly increased
following 72-hour incubation with high glucose. 4-6 epithelial

cells positive for KIM-1 staining in the glomerular tuft
in the diabetic rats at the age of 20-28 weeks. Since podo-
cytopenia has been reported in both diabetic and non-
diabetic proteinuric kidney diseases [2, 3, 7, 25, 26], we
next asked whether KIM-1 induction was associated with

278 Am J Nephrol 2011;34:268-280

cultures were treated for each condition; * p < 0.05 vs. untreated
control group. ¢ Confocal images show that primary cultured
glomerular epithelial cells express KIM-1, which was markedly
increased in the presence of 10 mg/ml albumin. Expression of
KIM-1 was accompanied by disruption of normal characteristic
Z0-1 staining at cell-cell contact of epithelial monolayer. Scale
bars = 25 pm. NG = Normal glucose.

podocyte loss in the damaged glomeruli. To this end, we
performed triple immunostaining for KIM-1, nephrin
and WT-1, to evaluate their colocalization in the glomeruli
of diabetic animals. Initially, the reduction of nephrin
protein was detected in the podocytes next to the hyper-

Zhao/Zhang/Li/Mann/Imig/Emmett/
Gibbons/Jin



plastic PECs expressing KIM-1 in 12-week-old diabetic
animals. Thereafter, both WT-1 and nephrin were further
decreased in the glomerular tuft of diabetic animals. In-
terestingly, within a single glomerulus, we often observed
strong KIM-1 expression in the tuft area with less nephrin
and WT-1 staining. Together, our results demonstrate a
tight correlation between the expression level of KIM-1 in
the glomerular tuft and the extent of loss of podocyte dif-
ferentiation markers in the damaged glomeruli.

One might ask the cell origin of visceral KIM-1-posi-
tive cells. One possibility is that damaged podocytes loss
their normal markers and begin to express cell injury
markers, such as KIM-1. Another is that KIM-1-express-
ing PECs move to the glomerular tuft. These two notions
are supported by a recent study showing that cells in the
glomerular tuft coexpress both podocyte and PEC pro-
teins in several different experimental nephropathy [5].
In this study, cells positive for both KIM-1 and claudin-1
(PEC marker) were present in the parietal epithelium of
the Fa/Fa rats. The great majority of KIM-1-positive cells
were initially restricted within the parietal epithelium of
Bowman’s capsule with subsequent increase in the glo-
merular tuft. Sometimes, a clear connection was seen be-
tween visceral and parietal KIM-1-expressing cells. These
data suggest that the visceral KIM-1-positive cells are
mobile PECs. Indeed, Appel et al. [27] provided evidence
that PECs possess the capability to migrate onto the glo-
merular tuft via the vascular stalk, where they differenti-
ate into podocytes under normal conditions. Addition-
ally, PEC migration and hyperplasia combined with
progressive podocytopenia have been shown in cellular/
collapsing FSGS [7]. However, not all KIM-1-expressing
cells in the glomerular tuft were positive for claudin-1
staining (data not shown). Thus we cannot exclude the
possibility that podocytes undergo trans-differentiation
and express KIM-1 protein, though no significant overlap
between KIM-1 and desmin was detected in the glomer-
uli of Fa/Fa animals. In fact, previous reports have in-
dicated that dedifferentiated (dysregulated) podocytes
characterized by loss of podocyte markers are no longer
growth restricted and regain the ability to proliferate in
FSGS and HIV-associated nephropathy [28].

Our in vivo data indicate a strong positive correlation
between glomerular KIM-1 mRNA and the level of urine
protein in the diabetic animals. Furthermore, antiprotein-
uric treatment with AT1 receptor antagonist ameliorated
the diabetes-related increase in renal expression and uri-
nary excretion of KIM-1. It is possible that microalbumin-
uria (or mild proteinuria) could trigger the expression of
KIM-1 in activated renal epithelial cells. Therefore, we

KIM-1 Induction in Diabetic
Glomerulopathy

further performed an in vitro study to examine the action
of albumin overload on KIM-1 expression in cultured glo-
merular epithelial cells. We observed that KIM-1 protein
was robustly induced in response to albumin stimulation
in primary cultured glomerular epithelial cells. Based on
our in vivo and in vitro observations, we speculate that
initial mild microalbuminuria resulting from increased
glomerular sieving caused by changes in transglomerular
pressure and/or glomerular basement membrane activates
glomerular and tubular epithelial cells leading to KIM-1
expression, podocyte loss, overt proteinuria and renal
scarring in diabetic metabolic syndrome. This notion is
supported by a reduction of blood pressure in association
with an improvement of renal structure and function in
losartan-treated Fa/Fa diabetic rats. However, our results
do not exclude a direct regulatory action of AT1 receptor
blockade on renal epithelial cells.

The selective expression by injured epithelial cells pro-
vides the foundation for KIM-1’s use as a biomarker. More
recently, studies by Ichimura et al. [10] have raised the ex-
citing possibility that KIM-1 might be important in renal
pathogenesis. They demonstrated that KIM-1 is a phos-
phatidylserine receptor and plays a predominant role in
the uptake of apoptotic cells by renal tubular epithelium
[10]. Interestingly, our preliminary experiments show that
KIM-1 promotes the uptake of FITC-labeled bovine se-
rum albumin by renal epithelial cells in primary culture
(data not shown). Therefore, it is possible that KIM-1 may
work as a scavenger of filtered proteins by endocytotic
process in proteinuric kidney disease. Further studies are
warranted to evaluate the functional consequences of
KIM-1 expression in proteinuric nephropathy.

Taken together, the current study demonstrates the
expression of KIM-1 in parietal and visceral epithelial
cells in the glomeruli of diabetic animals. The increase in
KIM-1 was associated with proteinuria and podocytope-
nia, which was attenuated by AT1 receptor antagonist.
Our results support that glomerular KIM-1 expression,
especially in the tuft area, could be used to predict glo-
merular epithelial cell activation and injury in protein-
uric kidney disease.
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