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Diabetic nephropathy is the leading cause of chronic
renal failure. Myofibroblasts play a major role in the
synthesis and secretion of extracellular matrix in dia-
betic renal fibrosis. Increasing evidence suggests that
endothelial cells may undergo endothelial-myofibro-
blast transition under physiological and pathophysio-
logical circumstances. Therefore, this study investigates
whether endothelial-myofibroblast transition occurs
and contributes to the development of diabetic renal
interstitial fibrosis. Diabetes was induced by administra-
tion of streptozotocin to Tie2-Cre;LoxP-EGFP mice, an
endothelial lineage-traceable mouse line generated by
crossbreeding B6.Cg-Tg(Tek-cre)12F1v/J mice with
B6.Cg-Tg(ACTB-Bgeo/GFP)21Lbe/J mice. The endotheli-
al-myofibroblast transition was also studied in MMECs
(a mouse pancreatic microvascular endothelial cell line)
and primary cultures of CD31�/EYFP� (enhanced yel-
low fluorescent protein) endothelial cells isolated from
adult normal �-smooth muscle actin promoter-driven-
EYFP (�-SMA/EYFP) mouse kidneys. Confocal micros-
copy demonstrated that 10.4 � 4.2 and 23.5 � 7.4% of
renal interstitial myofibroblasts (�-SMA�) in 1- and
6-month streptozotocin-induced diabetic kidneys were
of endothelial origin (EGFP�/�-SMA� cells), compared
with just 0.2 � 0.1% of myofibroblasts in vehicle-treated
Tie2-Cre;LoxP-EGFP mice (P < 0.01). Confocal micros-
copy and real-time PCR showed that transforming
growth factor (TGF)-�1 induced de novo expression
of �-SMA and loss of expression of VE-cadherin and
CD31 in MMECs and primary cultures of renal en-
dothelial cells in a time- and dose-dependent fash-
ion. These findings demonstrate that the endothe-
lial-myofibroblast transition occurs and contributes
to the early development and progression of dia-
betic renal interstitial fibrosis and suggest that the
endothelial-myofibroblast transition may be a ther-

apeutic target. (Am J Pathol 2009, 175:1380–1388; DOI:

10.2353/ajpath.2009.090096)

Diabetic nephropathy (DN) is the leading cause of end-
stage renal disease in the Western world. Approximately
25 to 35% of patients with type 1 diabetes1 and 5 to 10%
of patients with type II diabetes2 develop DN. Glomeru-
losclerosis and interstitial fibrosis are the key morpholog-
ical features of DN, and both correlate well with the
development and progression of renal disease.3 Myofi-
broblasts play a major role in the synthesis and secretion
of extracellular matrix in the development and progres-
sion of renal fibrosis. In DN, cells expressing �-smooth
muscle actin (�-SMA), the putative marker of myofibro-
blasts, are located primarily in the renal interstitium and to
a lesser extent in glomeruli in association with mesangial
proliferation.4 The number of myofibroblasts is inversely
correlated with renal function in DN.5

Importantly however, the origin of myofibroblasts in DN
remains unclear. It is generally believed that myofibro-
blasts may be derived from resident fibroblasts, epithelial
cells through the epithelial-myofibroblast transition, mes-
angial cells, or bone marrow-derived cells. Interestingly,
increasing evidence suggests that endothelial cells may
undergo endothelial-myofibroblast transition (EndoMT) un-
der physiological and pathophysiological circumstances6,7

and thereby give rise to myofibroblasts. Arciniegas et al8

demonstrated that transforming growth factor (TGF)-�1 can
induce aortic endothelial cells to differentiate into �-SMA�

cells in vitro, suggesting a novel role for TGF-�1 in athero-
genesis. Moreover, embryonic endothelial cells have been
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shown to transdifferentiate into mesenchymal cells express-
ing �-SMA in vitro and in vivo,9 and vascular endothelium-
derived cells contain �-SMA in restenosis,10 inflammation,
and hypertension,11 suggesting that myofibroblasts may be
of endothelial origin.

The involvement of TGF-�1 in renal fibrosis, including
DN, has been the subject of extensive investigation.12

TGF-�1 exerts its biological effects by signaling through
TGF-� type II and type I receptors,13 and their down-
stream effectors, R-Smads (Smad2 and Smad3). TGF-�/
Smad2/3 signaling pathways are activated in human
DN14 and diabetic mouse kidneys.15,16 Smad3-null mice
are resistant to streptozocin (STZ)-induced DN.17 It re-
mains largely unknown whether TGF-�1 can induce
EndoMT in microvascular endothelial cells in DN, one of
the major microvascular complications of diabetes and
whether Smad3 plays a pivotal role in the process of
TGF-�1-induced EndoMT.

In this study we investigated whether EndoMT occurs
and contributes to the development of renal interstitial
fibrosis in STZ-induced DN in an endothelial lineage-
traceable mouse line, the Tie2-Cre;LoxP-EGFP mouse.
We also assess whether a specific inhibitor for Smad3
(SIS3)18 can inhibit TGF-�-induced EndoMT in a mouse
microvascular endothelial cell line (MMECs).

Materials and Methods

Animals

Tie2-Cre;LoxP-EGFP mice were generated by cross-
breeding B6.Cg-Tg(Tek-cre)12F1v/J mice (stock number
004128, The Jackson Laboratory, Bar Harbor, Maine)19

with B6.Cg-Tg(ACTB-Bgeo/GFP)21Lbe/J mice (stock
number 004178, The Jackson Laboratory).20 Diabetes
was induced in Tie2-Cre;LoxP-EGFP mice (n � 20) at 8
weeks of age by the intraperitoneal administration of 50
�g/g STZ (Sigma-Aldrich, St. Louis, MO) for 5 consecu-
tive days. Control Tie2-Cre;LoxP-EGFP mice (n � 6) re-
ceived daily intraperitoneal injections of 0.1 M sodium
citrate buffer (pH 4.5) for 5 days. Biochemical parameters
and renal histology were assessed 4 weeks and 6 months
after the onset of diabetes. Urine in bladder was obtained
for urinary albumin excretion when the mice were sacri-
ficed. The albumin/creatinine ratio was measured with
Albuwell M and Creatinine Companion (Exocell, Philadel-
phia, PA).

�-SMA/EYFP (enhanced yellow fluorescent protein)
mice were kindly provided by Dr. James Lessard (Cin-
cinnati Children’s Hospital Medical Centre, Cincinnati,
Ohio). In �-SMA/EYFP mice, EYFP expression is driven
by the �-SMA promoter/enhancer and is expressed not
only in smooth muscle cells but also in renal myofibro-
blasts. All experiments were performed with the approval
of a Monash University Animal Ethics Committee, which
adheres to the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes.

Histology and Immunofluorescence Microscopy

The following antibodies were used for immunofluores-
cence: rat anti-CD31 (1:100, catalog number 550274, BD
Biosciences, San Diego, CA); mouse anti-�-SMA conju-
gated with cyanine 3 (1:2000, catalog number C6198,
Sigma-Aldrich); rat anti-CD31 conjugated with allophyco-
cyanin (1:100, catalog number CBL1337P, Millipore, Te-
mecula, CA); rat anti-VE-cadherin (1:50, catalog number
14-1441, eBioscience, San Diego; CA), and goat anti-rat
Alexa Fluor 647 conjugate (1:2000, Invitrogen, Carlsbad,
CA). Sections were analyzed with an Olympus Fluoview
1000 confocal microscope (Olympus, Tokyo, Japan),
FV10-ASW software (version 1.7, Olympus), an oil UPLFL
60X objective (numerical aperture 1.25, Olympus) at � 2,
� 3, or � 6 digital zoom and step size of 1 �m if Z-series
confocal microscopic analysis was applied. Channels
were acquired sequentially. Contrast and brightness of
the images were further adjusted in ImageJ (http://rsbweb.
nih.gov/ij).

Quantitation of Myofibroblasts of Endothelial
Cell Origin

Enhanced green fluorescent protein (EGFP)-positive/�-
SMA� cells were counted in glomeruli and cortex. Twenty
randomly selected glomeruli and five cortical fields were
analyzed at �600 magnification in each of five sections
from each kidney. The numbers of endothelial cell-origin
myofibroblasts per glomerular cross section (EGFP�/�-
SMA� cells/glomerular cross section) and per mm2 of
cortex (excluding glomeruli) (EGFP�/�-SMA� cells/mm2

of cortex) were determined, as well as the percentage of
�-SMA� cells that also expressed EGFP (EGFP�/�-
SMA� cells).

MMEC Culture

MMECs were grown in a 5% CO2 atmosphere at 37°C in
Dulbecco’s modified Eagle’s medium (Life Technologies
BRL, Gaithersburg, MD) containing 5% fetal bovine serum
in six-well plastic plates or eight-chamber glass slides
(Nunc, Naperville, IL). Recombinant human TGF-�1 (R&D
Systems, Minneapolis, MN) was added at concentrations of
0, 0.1, and 0.5 ng/ml to the cell cultures for 7 days in
chamber slides and 3, 6, and 12 hours in six-well plates. In
blocking studies, MMECs were cultured with 0.5 ng/ml TGF-
�1, 0.5 ng/ml TGF-�1 � dimethyl sulfoxide, or 0.5 ng/ml
TGF-�1 � 2 �mol/L SIS3 for 7 days in eight-chamber glass
slides and 12 hours in six-well plates.

Isolation and Culture of Renal CD31�/
EYFP� Cells

Single-cell suspensions from �-SMA/EYFP mouse kid-
neys were labeled with rat anti-CD31 allophycocyanin
(1:50). Renal CD31�/EYFP� cells were sorted using
FACSDiva (BD Biosciences). Dead cells were excluded
by a combination of scatter gates and 4,6-diamidino-2-

Endothelium in Diabetic Renal Fibrosis 1381
AJP October 2009, Vol. 175, No. 4



phenylindole (DAPI) staining. Cells were plated at 0.5 �
106 cells/cm2 in human fibronectin-coated eight-well
chamber slides (BD Biosciences). Cells were incubated
in an EGM-2 Bullet kit system (Clonetics, San Diego, CA)
with 5% fetal bovine serum. At the time of stimulation,
TGF-�1 was added at concentrations of 0, 0.1, and 0.5
ng/ml for 7 days.

RNA Extraction and Real-Time PCR

Total RNA from cultured endothelial cells was isolated, and
RT-PCR and real-time PCR were performed with an RT-PCR
kit (Invitrogen) and SYBR Green PCR Reagents (Sigma-
Aldrich). Primers were as follows: mouse CD31, 5�-AGGCT-
TGCATAGAGCTCCAG-3� and 5�-TTCTTGGTTTCCAGC-
TATGG-3�; �-SMA, 5�-CTGACAGAGGCACCACTGAA-3�
and 5�-GAAATAGCCAAGCTCAG-3�; mouse glyceralde-
hyde-3-phosphate dehydrogenase, 5�-CAGATCCACAAC-
GGATATATTGGG-3� and 5�-CATGACAACTTTGGCAT-
TGTGG-3�. Reaction specificity was confirmed by
electrophoresis analysis of products before real-time
PCR, and bands of expected size were detected. Ra-
tios for CD31/glyceraldehyde-3-phosphate dehydro-
genase and �-SMA/glyceraldehyde-3-phosphate de-
hydrogenase were calculated for each sample and
expressed as the mean � SD.

Statistical Analysis

Data are presented as means � SD; statistical analyses
was performed using one-way analysis of variance with
GraphPad Prism 3.0 or two-way analysis of variance if
appropriate (GraphPad Software, Inc., San Diego, CA).
Post-test Tukey’s analysis was used when appropriate. A
P � 0.05 was considered statistically significant.

Results

Establishment of an Endothelial Lineage-
Traceable Mouse Line (Tie2-Cre;LoxP-EGFP
Mouse)

EndoMT is a process whereby endothelial cells lose their
endothelial cell markers and acquire myofibroblast markers.
To trace endothelial cells and their derivatives, we have
generated an endothelial lineage-traceable mouse line
(Tie2-Cre;LoxP-EGFP mice) through the crossbreeding of
B6.Cg-Tg(Tek-cre)12F1v/J mice with B6.Cg-Tg(ACTB-Bgeo/
GFP)21Lbe/J mice. Tie2 is an endothelial cell marker. In
Tie2-Cre mice, Cre recombinase is under the direction of the
Tie2 promoter/enhancer, which has been shown to provide
uniform expression in endothelial cells during embryogen-
esis and adulthood.21 In Tie2-Cre;LoxP-EGFP mice, EGFP is
expressed by a strong promoter (pCAGGS) on Cre-medi-
ated excision of a loxP stop cassette. Therefore, in this
mouse, EGFP is expressed in endothelial cells as well as in
cells of endothelial origin, despite any subsequent pheno-
typic changes (Figure 1A). To verify that EGFP-positive cells
are endothelial cells, CD31, an endothelial cell marker, was

used for immunostaining kidneys of Tie2-Cre;LoxP-EGFP
mice. Confocal microscopy demonstrated that approxi-
mately 55 � 15% of endothelial cells expressed EGFP,
whereas 97.3 � 1.6% of EGFP-positive cells were endothe-
lial cells in vehicle-treated kidneys (Figure 1, B–D, Supple-
mental Figure S1, see http://ajp.amjpathol.org).

EndoMT Contributes to the Early Development
of Renal Interstitial Fibrosis in STZ-Induced DN
in Tie2-Cre;LoxP-EGFP Mice

To investigate the contribution of EndoMT to the early
development of diabetic renal interstitial fibrosis, diabe-
tes was induced in Tie2-Cre;LoxP-EGFP mice by admin-
istration of STZ. By 1 month after induction of diabetes,
confocal microscopy demonstrated that the number of
renal interstitial myofibroblasts and the expression of col-
lagen type IV in tubulointerstitium (Supplemental Figure
S2, see http://ajp.amjpathol.org) were significantly in-
creased in STZ-induced DN compared with those in ve-
hicle-treated kidneys, suggesting the early development
of renal interstitial fibrosis. Confocal microscopy also
showed that the number of EGFP�/�-SMA� cells in the
interstitium and the percentage of �-SMA� cells in the
interstitium that were EGFP�/�-SMA� were dramatically
higher in STZ-induced DN than in vehicle-treated kidneys
in Tie2-Cre;LoxP-EGFP mice (28.1 � 10.5/ versus 1.4 �
1.1/mm2, p � 0.01; 10.4 � 4.2 versus 0.2 � 0.1%, p �
0.01) (Figure 1, E–I). Further analysis showed that 80% of
EGFP�/�-SMA� cells were CD31-positive, whereas 20%
were CD31-negative (Figure 2, A–F). In vehicle-treated
kidneys, 97% of EGFP� cells were CD31� (Supplemental
Figure S1, see http://ajp.amjpathol.org), suggesting that
some endothelial-origin myofibroblasts may lose expres-
sion of this endothelial marker. By 1 month after induction
of diabetes, there was no significant difference in urine
albumin excretion (the ratio of urine albumin to creatinine)
between vehicle-treated and STZ-induced DN groups
(40.4 � 8.6 versus 70.54 � 37.7 �g/mg, p � 0.05),
suggesting that early EndoMT is independent of albumin-
uria. The EGFP�/�-SMA� cells in glomeruli were located
in afferent and efferent arterioles (Figure 3, A–F), but the
number of such cells was very low (0.2 � 0.1/glomerular
cross section). These findings suggest that EndoMT oc-
curs in the early STZ-induced diabetic kidney and con-
tributes to the early development of diabetic renal inter-
stitial fibrosis. By 6 months after induction of diabetes in
Tie2-Cre;LoxP-EGFP mice, confocal microscopy demon-
strated that the number of EGFP�/�-SMA� cells in the
interstitium and the percentage of �-SMA� cells in the
interstitium that were EGFP�/�-SMA� further increased to
76.3 � 21.8/mm2 and 23.5 � 7.4%, respectively (Figure
1, J–L, Figure 2, G–L, and Figure 3, G–I), suggesting the
contribution of endothelial-origin myofibroblasts to inter-
stitial fibrosis in the development and progression of DN.

TGF-�1 Induces EndoMT in Vitro

TGF-�1 plays a pivotal role in the development and pro-
gression of renal fibrosis. To investigate whether TGF-�1
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Figure 1. A: Gene constructs in Tie2-Cre;LoxP-EGFP mice. The LoxP-EGFP transgene consists of the strong pCAGGS promoter, directing expression of a
loxP-flanked �geo (lacZ/neomycin-resistance) fusion gene followed by the coding sequence of EGFP. EGFP is expressed after Cre excision. B–D: Confocal images
of a normal glomerulus (B) and cortical (C) and medullary (D) peritubular capillaries in Tie2-Cre;LoxP-EGFP mouse kidneys. Confocal microscopy demonstrates
EGFP�/�-SMA� cells in 6-month vehicle-injected kidney (E) and in 1-month (F) and 6-month (J–L) STZ-induced DN. DAPI, blue; EGFP, green; CD31 and �-SMA,
red. Yellow indicates colocalization. F: Arrows indicate EGFP�/�-SMA� cells. Three EGFP�/�-SMA� double-labeled cells are enlarged in insets (G–I) from F.
J–L: Arrows indicate EGFP�/�-SMA� cells in 6-month STZ-induced DN. Original magnification: �1800 (B–D); �600 (E–F); �3600 (G–I); �600 (J–L).
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Figure 2. Confocal microscopy demonstrates �-SMA (red, A and G), EGFP (green, B and H), CD31 (red, C and I), overlapping (DAPI, blue, D–F and J–L) in
1-month (A–F) and 6-month (G–L) STZ-induced DN. Arrows indicate �-SMA�/EGFP�/CD31� cells; arrowheads indicate �-SMA�/EGFP�/CD31� cells and
asterisks indicate an �-SMA�/EGFP�/CD31� cell. Original magnification: A through D, �1200; G through L, X600.
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can induce EndoMT in vitro, MMECs were cultured in the
presence of TGF-�1. Confocal microscopy (Figure 4, A–C)
and real-time PCR (Supplemental Figure S3, A and B, see
http://ajp.amjpathol.org) demonstrated that TGF-�1 induces

de novo expression of �-SMA and loss of expression of the
endothelial cell markers VE-cadherin (Figure 4, A–C) and
CD31 (Supplemental Figure S3, A and B, see http://ajp.
amjpathol.org) in a dose- and time-dependent fashion.

Figure 3. EndoMT occurs in glomeruli of Tie2-Cre;LoxP-EGFP mice with 1-month DN (A–F). Confocal microscopy demonstrates DAPI (blue), EGFP (green), and �-SMA
(red) in normal kidney (A) and 1-month STZ-induced DN (B) in glomeruli. In B arrow indicates an EGFP�/�-SMA� cell in an afferent/efferent arteriole in mouse with
DN. The EGFP�/�-SMA� cell is enlarged in insets (C–E). F: Z-sections of the EGFP�/�-SMA� cell in B. Step size � 1 �m. Confocal microscopy demonstrates �-SMA
(red, G), EGFP (green, H), and DAPI (blue, merged image, I) in 6-month STZ-induced DN. Original magnification: �1800 (A and B); �3600 (C–F); �600 (G–I).
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Figure 4. TGF-�1 induces EndoMT in vitro. A and B: Confocal microscopy demonstrates DAPI (blue), VE-cadherin (VE-cad, green), and �-SMA (red) in MMECs
cultured with 0.5 ng/ml TGF-�1 (B) or without TGF-�1 (A) for 7 days. Original magnification, �600. C: Quantitation of VE-cadherin� and �-SMA� cells. One-way
analysis of variance: a, versus control (CTL), P � 0.05; b, versus 0.1 ng/ml TGF-�1, P � 0.05; c, versus control or 0.1 ng/ml TGF-�1, P � 0.05. D: Isolation of
CD31�/EYFP� endothelial cells from �-SMA/EYFP mouse kidneys by fluorescence-activated cell sorting. APC, allophycocyanin. Epifluorescent (E and H) and
bright-field (F and I) microscopy demonstrates that 0.5 ng/ml TGF-�1 induces expression of EYFP (H and I). Original magnification, �400. G: Quantitation of
percentages of EYFP� cells in total cells. One-way analysis of variance: d, versus control, P � 0.05; e, versus control or 0.1 ng/ml TGF-�1, respectively, P � 0.05.
J and K: Confocal microscopy demonstrates DAPI (blue), VE-cadherin (green), and �-SMA (red) in MMECs with TGF-�1 � dimethylsulfoxide (DMSO) (J) or
TGF-�1 � 2 �mol/L SIS3 (K). L: Percentages of VE-cadherin� and �-SMA� cells in control, 0.5 ng/ml TGF-�1, 0.5 ng/ml TGF-�1 � DMSO, and 0.5 ng/ml TGF-�1
� 2 �mol/L SIS3. One-way analysis of variance: f, versus control or TGF-�1 � SIS3, P � 0.05; g, versus control or TGF-�1 � SIS3, respectively, P � 0.05.
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Next, we investigated whether TGF-�1 can induce
EndoMT in primary cultures of renal endothelial cells. To
exclude the possibility that these cultures were contam-
inated with small numbers of mesenchymal cells, fluores-
cence-activated cell sorting was used to select CD31�/
EYFP� cells from normal adult �-SMA/EYFP mouse
kidneys (Figure 4D). Seven days after culture with TGF-
�1, epifluorescent microscopy demonstrated that renal
endothelial cells also express EYFP in a dose-dependent
fashion (Figure 4, E–I). To investigate whether blockade
of the TGF-�1/Smad3 signaling pathway can inhibit TGF-
�1-induced EndoMT in MMECs, a specific inhibitor for
Smad3, SIS3, was used. As expected, confocal micros-
copy (Figure 4, J–L) and real-time PCR (Supplemental
Figure S4, A and B, see http://ajp.amjpathol.org) demon-
strated that culture in the presence of SIS3 abrogated
TGF-�1-induced EndoMT in MMECs. Taken together,
these data demonstrate that TGF-�1 induces EndoMT in
vitro, and blockade of TGF-�1/Smad3 signaling abolishes
TGF-�1-mediated EndoMT.

Discussion

It is generally believed that podocytes and mesangial
cells are the major cellular mediators in DN. In this study,
we used an endothelial-lineage traceable mouse line, the
Tie2-Cre;LoxP-EGFP mouse, to investigate the role of en-
dothelial cells in the development of DN. Our study
clearly demonstrated that the number of endothelial-ori-
gin myofibroblasts as well as the percentage of myofibro-
blasts of endothelial origin was significantly higher in
STZ-induced DN than normal kidneys. These findings
suggest that endothelial cells may undergo EndoMT and
thereby contribute to the initiation of interstitial fibrosis in
the development of DN. Our study also demonstrated the
existence of endothelial-origin myofibroblasts in afferent/
efferent arterioles in glomeruli of mice with STZ-induced
DN, although in a very low number, suggesting that en-
dothelial-origin myofibroblasts not only contribute to the
early development of interstitial fibrosis but also possibly
to glomerulosclerosis.

An increasing number of studies have demonstrated
associations between microalbuminuria and endothe-
lial dysfunction in both type I and type II diabetes.22–25

Stehouwer et al25 demonstrated that endothelial dysfunc-
tion precedes development of microalbuminuria in insu-
lin-dependent diabetes mellitus. Recent studies from
several groups have shown that endothelial nitric oxide
synthase deficiency in both type I and type II diabetic
mouse models is associated with the develop of lesions
similar to those observed in human diabetic renal dis-
ease.26–28 Taken together, the above studies suggest
that endothelial dysfunction may play a pivotal role in the
pathogenesis of DN. Our study showed that by 1 month
after STZ-induced diabetes, renal endothelial cells un-
derwent EndoMT and contributed to the accumulation of
renal myofibroblasts. EndoMT occurred independently of
albuminuria, suggesting that renal endothelial cells may
play a role in the initiation of renal interstitial fibrosis
through the process of EndoMT.

Recently, Zeisberg et al29 analyzed kidneys 6 months
after injection of STZ in CD1 mice. They demonstrated
that approximately 40% of all fibroblast-specific protein
1-positive cells and 50% of the �-SMA-positive cells in
STZ kidneys were also CD31 positive, reasoning that
these fibroblasts are probably of endothelial origin. In our
experiments, we studied EndoMT in an endothelial lin-
eage-traceable mouse line (the Tie2-Cre;LoxP-EGFP
mouse) in 1-month STZ-induced diabetic kidneys, dem-
onstrating that EndoMT occurs and contributes to early
development of diabetic renal interstitial fibrosis. We also
demonstrated EndoMT in MMECs and primary cultures of
renal endothelial cells. Our results, together with those of
Zeisberg et al29, strongly indicate the existence of endo-
thelial-origin myofibroblasts/fibroblasts in diabetic ne-
phropathy and suggest that EndoMT may be a pathway
leading to interstitial fibrosis in DN. Further studies are
needed to confirm whether blockade of this pathway can
retard or even reverse the development and progression
of diabetic renal interstitial fibrosis.

It is clear that TGF-�1/Smad signaling plays an impor-
tant role in the pathogenesis of DN. The TGF-�1-induced
epithelial-myofibroblast transition has been extensively
explored. Smad3-null mice are protected from tubuloin-
terstitial fibrosis induced by unilateral ureteral obstruc-
tion30 and are resistant to STZ-induced renal fibrosis.
Culture of primary renal tubular epithelial cells from wild-
type or Smad3-null mice demonstrates that the Smad3
pathway is essential for the TGF-�1-induced epithelial-
myofibroblast transition and autoinduction of TGF-�1.30

Our findings demonstrated that a specific inhibitor for
Smad3, SIS3, abrogates TGF-�1-induced EndoMT in
MMECs and renal endothelial cells. This suggests that
Smad3 is a potential target for inhibition of EndoMT and
that the therapeutic potential of SIS3 warrants further
investigation in animal models of DN.

In the present study, only 55% of endothelial cells
expressed EGFP. The activation of EGFP requires the
deletion of loxP sites. The latter is determined by the
activity of Cre recombinase, which is driven by the Tie2
promoter. The incomplete expression of EGFP in endo-
thelial cells under the control of the Tie2 promoter frag-
ment may be due to site-specific effects such as close
proximity to the centromere,31 condensation of chroma-
tin,32,33 transgene orientation, or the methylation state of
the inserted genes.34 More than 97% of EGFP-positive
cells expressed CD31 whereas fewer than 3% of EGFP�

cells were CD31�. These latter cells may be tubular
epithelial cells, fibroblasts in the tubulointerstitial com-
partment, podocytes or mesangial cells in the glomeru-
lus, or bone marrow-derived cells. The mechanisms
causing this nonspecific expression are largely un-
known,35 but may include developmental staging, other
environmental factors, and unspecified genetic interac-
tions affecting the activity of the Tie2 promoter. However,
the fewer than 3% unspecific EGFP�/CD31� cells do not
influence our results or conclusions.

The present study demonstrated that EndoMT contrib-
utes to the early development and progression of renal
interstitial fibrosis in STZ-induced diabetic renal disease.
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Inhibition or reversal of EndoMT may be a potential target
for the treatment and prevention of DN.
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