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Who we are: 
 
 The Division of Nephrology is a group of 11 clinicians, two clinician-
scientists and 3 PhD scientists based at St. Joseph’s Healthcare in Hamilton 
Ontario Canada.  All members of the Division also hold full-time Academic 
appointments at McMaster University. 
 
Our Clinical Mission: 
 
 The clinical mission of the Division is very substantial, comprising 
care for 600 dialysis patients and 900 transplant patients, with approximately 
100,000 dialysis treatments, 15,000 out-patient visits and 90 new kidney 
transplants per year. 
 
Our Educational Mission: 
 
 The educational mission is also very substantial. Large commitments 
by all Divisional members to both undergraduate and post-graduate medical 
education exist. All members are frequent tutors in the McMaster University 
MD undergraduate programme. Approximately 50 McMaster post-graduate 
internal medicine trainees rotate through Nephrology each year. There are 
currently 5 Nephrology fellows, who will become practicing nephrologists 
between 1 and 2 years from now. 
 
Our Research Mission: 
 
 The research mission has grown exponentially in the past 10 years. 
The basic science (laboratory) programme comprises two PhD Scientists- 
Dr. Rick Austin and Dr. Damu Tang and two Clinician Scientists- Dr. Joan 
Krepinsky and Dr. Peter Margetts.  Dr. Austin currently holds the Amgen 
Chair for Nephrology Research, funded from a $3M endowment provided by 
Amgen Canada to McMaster University and the Division of Nephrology. A 
Junior Scientist position, funded by an ongoing charitable donation, is in the 
process of being filled and will represent a fifth laboratory-based 
investigator. 
 The clinical research programme is led by Catherine Clase and 
pursues both single and multi-centre studies in renal disease and 
transplantation.  
 Further information on the Research Programme follows. 
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Employment and Funding Base 
 

 There are currently approximately 30 people employed by the 
Division of Nephrology research programme. All are based at St. Joseph’s 
Healthcare Hamilton.  
 
 The basic science complement includes 25 people at several levels- 
post-doctoral fellows, PhD students, master’s students, laboratory 
technicians and visiting scientists. All are paid either from peer-reviewed 
operating funds obtained by one or more of the Divisional Investigators or 
from competitive salary awards.  
 
 The clinical research complement includes 5 full and part-time 
research nurses and associates. All are paid through peer-reviewed operating 
funds or from Industry funds to permit conduct of multi-centre trials.  
 
 The following operating grants or salary awards are currently held by 
Divisional members and are active. All are peer-reviewed, competitive 
awards: 
 
1) CIHR MOP-74477  Austin   01/04/08-30/03/11 $106,022/yr  
Title: Role of endoplasmic reticulum stress in the development and progression of 
atherothrombotic disease. 
Role: Principal Investigator 
 
2) CIHR MOP-67116  Austin   01/04/07-30/03/12 $124,627/yr 
Title: Role of TDAG51 in the development and progression of atherothrombotic 
disease. 
Role: Principal Investigator 
 
3) HSFO-T6146  Austin   01/07/07-30/06/10  $84,991/yr 
Title: Inhibition of tissue factor procoagulant activity by GRP78 and its role in 
thrombosis. 
Role: Principal Investigator 
 
4) HSFO-NA6024  Austin   01/07/07-30/06/10  $93,837/yr  
Title: Role of the sterol regulatory element-binding proteins in foam cell formation and 
atherogenesis. 
Role: Principal Investigator 
 
5) HSFO-NA6393  Austin   01/07/08-30/06/11  $79,234/yr  
Title: Contributions of the unfolded protein response pathway to adipogenesis and 
obesity. 
Role: Principal Investigator 



 
6) HSFO-PRG6502  Austin  01/07/08-31/06/13 $250,000/yr 
Title: Identification and Characterization of Novel Targets and Therapeutic Strategies 
that Decrease Atherothrombotic Disease 
Role: Director of the Research Grant. 
 
7) HSFO-CI-5959  Austin   01/07/06-30/06/11  $85,000/yr 
Title: Role of endoplasmic reticulum stress in atherothrombotic disease. 
Salary support for Richard Austin 
 
8) CDA    Krepinsky 2008-2011   75,000/yr  
Title: SREBP in the pathogenesis of diabetic nephropathy 
Role: Principal Investigator 
 
9) CIHR   Krepinsky 2007-2010    $88,603/yr  
Title: EGFR-Akt Signaling in the Pathogenesis of Diabetic Nephropathy 
Role: Principal Investigator 
 
10) KFoC   Krepinsky 2007- 2010   $50,000/yr   
Title: Caveolae in Mesangial Cell Signaling in Response to Mechanical Stress 
Role: Principal Investigator 
 
11) CIHR   Krepinsky 2005-2010   $50,000/yr 
Title: Salary support for J Krepinsky 
 
12) ORF   Krepinsky 2007    $310,000 
Title: equipment grant  
 
13) CIHR   Margetts 2006-2009   $80,000/yr 
Title: Is hypoxia the cause of blood vessel growth in fibrosis? 
Role: Principal Investigator 
 
14) Ministry Res & Innov  Margetts 2006-2009   $50,000/yr 
Title: Early events in fibrosis 
Role: Principal Investigator 
 
15) Industry   Margetts 2008-2009   $25,000 
Title: Interaction between mycophenolate and fibrogenesis 
Role: Principal Investigator 
 
16) Industry   Margetts 2008-2009   $50,000 
Title: Interaction between rapamycin and TGFß induced angiogenesis and T 
regulatory cells 
Role: Principal Investigator 
 
17) KFoC   Margetts 2006-2008   $50,000/yr 
Title: What is the role of tubular hypoxia in progressive renal disease? 
Role: Principal Investigator 
 
18) CIHR   Margetts 2005-2008   $50,000/yr 
Title: salary support for P Margetts 



19) Industry   Margetts 2004-2008   $70,000/yr 
Title: Novel cytokines in peritoneal fibrosis 
Role: Principal Investigator 
 
20) CIHR   Tang  2007-2010   $139540/yr 
Title: Investigation of the mechanisms responsible for MEK-ERK 
mediated DNA damage response. 
Role: Principal Investigator 
 
21) Can Cancer Res  Tang  2007-2009   $60,000/yr 
Title: Characterization of P10NRGL2 (a novel PTEN negative 
regulator) mediated PTEN inactivation in prostate cancer tumorigenesis 
Role: Principal Investigator 
 
22) HSFO   Tang  2008-2011   $81500/yr 
Title: Characterization of a novel Insig binding protein 
(InsigBP1) 
Role: Principal Investigator 
 
23) CDA   Tang  2008-2010   $80000/yr 
Title: Investigating RL-HSD-mediated inhibition of SREBP 
signaling 
Role: Principal Investigator 
 
24) McMaster Univ  Gangji  2006-2009   $30000/yr 
Title: Watson Buchanan salary support award for A Gangji 
 
 

Total yearly operating and salary support:  2,003,354 
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26)  Wu D, Zhang B, Peng F, Gao B, Ingram AJ, Krepinsky JC.  EGFR-PLCã1 Signaling 
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27)  Wu D, Zhang B, Peng F, Gao B, Ingram AJ, Krepinsky JC.  EGFR-PLCã1 Signaling 
Mediates High Glucose-Induced PKCâ1-Akt Activation in Mesangial Cells.  Can Soc 
Nephrol 2A; 39, 2008.  Free Communication, Top Ten Trainee Abstracts 
 
28)  Wu D, Zhang B, Peng F, Gao B, Ingram AJ, Krepinsky JC.  PKCâ1 Mediates High 
Glucose-Induced Akt Activation and TGFâ Upregulation in Mesangial Cells: 
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Publications 2007-2008 
 
Following are the first pages (including summary abstracts) of 
peer-reviewed publications from Divisional members in 2007-
2008. 

 
 
  



TGF�-induced RhoA activation and fibronectin production in mesangial cells
require caveolae

Fangfang Peng,* Baifang Zhang,* Dongcheng Wu, Alistair J. Ingram, Bo Gao, and Joan C. Krepinsky
Division of Nephrology, McMaster University, Hamilton, Ontario, Canada

Submitted 10 September 2007; accepted in final form 17 April 2008

Peng F, Zhang B, Wu D, Ingram AJ, Gao B, Krepinsky
JC. TGF�-induced RhoA activation and fibronectin production in
mesangial cells require caveolae. Am J Physiol Renal Phys-
iol 295: F153–F164, 2008. First published April 23, 2008;
doi:10.1152/ajprenal.00419.2007.—Glomerular sclerosis of diverse
etiologies is characterized by mesangial matrix accumulation, with
transforming growth factor-� (TGF�) an important pathogenic factor.
The GTPase RhoA mediates TGF�-induced matrix accumulation in
some settings. Here we study the role of the membrane microdomain
caveolae in TGF�-induced RhoA activation and fibronectin upregu-
lation in mesangial cells (MC). In primary rat MC, TGF�1 time
dependently increased RhoA and downstream Rho kinase activation.
Rho pathway inhibition blocked TGF�1-induced upregulation of
fibronectin transcript and protein. TGF�1-induced RhoA activation
was prevented by disrupting caveolae with cholesterol depletion and
rescued by cholesterol repletion. Compared with wild types, RhoA/
Rho kinase activation was absent in MC lacking caveolae. Reexpres-
sion of caveolin-1 (and caveolae) restored these responses. Phosphor-
ylation of caveolin-1 on Y14, effected by Src kinases, has been
implicated in signaling responses. Overexpression of nonphosphory-
latable caveolin-1 Y14A prevented TGF�1-induced RhoA activation.
TGF�1 also activated Src, and its inhibition blocked RhoA activation.
Furthermore, TGF�1 led to association of RhoA and caveolin-1. This
was prevented by Src or TGF� receptor I inhibition, and by caveolin-1
Y14A overexpression. Last, fibronectin upregulation by TGF�1 was
blocked by Src inhibition, not seen in caveolin-1 knockout MC, and
restored by caveolin-1 reexpression in the latter. TGF�1-induced
collagen I accumulation also required caveolae. TGF�1-mediated
Smad2/3 activation, however, did not require caveolae. We conclude
that RhoA/Rho kinase mediates TGF�-induced fibronectin upregula-
tion. This requires caveolae and caveolin-1 interaction with RhoA.
Interference with caveolin/caveolae or RhoA signaling thus represents
a potential target for the treatment of fibrotic renal disease.

extracellular matrix; glomerular sclerosis; caveolin-1

RENAL FIBROSIS OF diverse etiology is associated with progres-
sive decline of renal function. Transforming growth factor-�1
(TGF�1), through its role in matrix accumulation, is thought to
play a central role in the pathogenesis of glomerular sclerosis
(44). Mesangial cells (MC), the primary producers of glomer-
ular extracellular matrix, increase the production and secretion
of matrix proteins such as collagen and fibronectin in response
to TGF�1 (13, 54).

Signaling is initiated by TGF� binding to its type II receptor,
which then associates with, phosphorylates, and thereby acti-
vates the type I receptor. This receptor subsequently phosphor-
ylates Smad2 and -3, which then associate with Smad4. The
complex translocates to the nucleus where it regulates the

expression of target genes containing Smad binding elements
(2, 27). Smads generally require the cooperation of other
transcription factors such as Sp1, ATF/CREB, and AP-1 to
effect gene transcription (1, 42, 48, 59, 63). TGF�1 has also
been shown to activate non-Smad signaling pathways. The
small GTPase RhoA and its downstream effector Rho kinase
have been implicated in TGF� matrix responses in some cells
(13, 57). In breast cancer cells, RhoA activation by TGF� was
shown to be independent of Smads, whereas some studies
conversely suggest a potential regulation of Smad signaling by
RhoA/Rho kinase (13, 15). The mechanism of RhoA activation
by TGF�, however, has not been well defined.

Recently, membrane microdomains rich in glycosphingolipids
and cholesterol, termed rafts, have been implicated in regulat-
ing TGF� signaling. Caveolae are a type of raft and appear as
noncoated 50- to 100-nm omega-shaped invaginations of the
plasma membrane by electron microscopy (36). They are
defined by the presence of caveolin, a 24-kDa integral mem-
brane protein essential for their formation (30). Caveolae are
found in most cells, including MC (30, 52). Three isoforms of
caveolin exist; caveolin-1 (cav-1) has wide expression and is
required for caveolar formation in nonmuscle cells (23, 35, 36).
Numerous signaling molecules have been localized to rafts/
caveolae, with these domains playing an important regulatory
role in their function (24, 30). We have shown that RhoA partly
localizes in rafts/caveolae in MC (32), and a proportion of
cellular TGF� receptors as well as Smad2 have also been
found to reside in these microdomains (5, 38, 46).

Cav-1, through its association with signaling proteins, may
impart a specific functional role to caveolae that is distinct from
rafts. Caveolin is a transmembrane noncatalytic protein with both
NH2 and COOH termini facing the cytoplasm (30). Interactions
with caveolin are believed to sequester proteins within caveolae
and modulate or suppress their catalytic activities (36, 37). The
further modification of cav-1 through phosphorylation on ty-
rosine-14 has been demonstrated in response to various stimuli
including osmotic and shear stress and growth factor receptor
activation (17, 34, 39, 56). The full functional significance of
cav-1 phosphorylation is not yet known, but it has been shown
to modulate cav-1 association with other proteins (4, 17, 34). In
MC, we have shown that mechanical stretch-induced RhoA
activation depends on RhoA association with cav-1, and that
this requires cav-1 to be phosphorylated at Y14 (32). Con-
versely, cav-1 phosphorylation in response to other stimuli
such as angiotensin II has been shown to release proteins such
as the epidermal growth factor receptor from cav-1 binding,
with a resultant increase in its activation (55). Responses to
cav-1 phosphorylation are thus dependent on the stimulus.

* F. Peng and B. Zhang contributed equally to this work.
Address for reprint requests and other correspondence: J. C. Krepinsky, St.

Joseph’s Hospital, 50 Charlton Ave. E., Rm. T3311, Hamilton, ON L8N 4A6,
Canada (e-mail: krepinj@mcmaster.ca).

The costs of publication of this article were defrayed in part by the payment
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Caveolin-1 phosphorylation is required for stretch-induced EGFR
and Akt activation in mesangial cells

Baifang Zhang, Fangfang Peng, Dongcheng Wu, Alistair J. Ingram, Bo Gao, Joan C. Krepinsky ⁎

Division of Nephrology, McMaster University, Hamilton, Canada

Received 27 December 2006; received in revised form 7 March 2007; accepted 7 March 2007
Available online 19 March 2007

Abstract

Increased glomerular hydrostatic pressure is an important determinant of glomerulosclerosis and can be modeled in vitro by exposure of
mesangial cells (MC) to cyclic mechanical strain. We have recently shown that Akt mediates the stretch-induced production of type I collagen, an
important contributor to sclerosis, in MC. Here we studied the upstream mediators of Akt activation.

Primary rat MC were exposed to 1 Hz cyclic strain for 10 min, previously shown to induce maximal Akt activation. Neither the integrin
inhibitor GRDGSP nor cytoskeletal disruptors had any effect on stretch-induced Akt activation. Akt activation was, however, mediated by
transactivation of the epidermal growth factor receptor (EGFR), and this required receptor kinase activity since Akt activation did not occur in
cells expressing kinase-dead EGFR (K721A). Src was further shown to be upstream of the EGFR, with its inhibitor SU6656 preventing both
EGFR and Akt activation. The membrane microdomains caveolae were found to be required for this signaling to occur. Chemical disruption of
caveolae with cyclodextrin or filipin prevented Akt activation, and both EGFR and Akt activation were lost in caveolin-1 (cav-1) knockout MC.
The latter was rescued with reexpression of cav-1. Further, Src-mediated phosphorylation of cav-1 on Y14 was required for stretch-induced EGFR
and Akt activation, since these were abrogated in MC expressing the nonphosphorylatable cav-1 Y14A mutant.

Thus, mechanical strain-induced activation of Akt in MC is independent of integrin activation and the actin cytoskeleton, but depends upon
EGFR transactivation. EGFR transactivation requires intact caveolae and the Src-mediated phosphorylation of cav-1 on Y14. These studies define
a novel function for cav-1 and caveolae in EGFR transactivation leading to Akt activation by mechanical stress.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Mechanical stress; Akt; Caveolae; EGFR; Mesangial cell

1. Introduction

Elevated glomerular capillary pressure (Pgc) is an important
determinant of progression in chronic renal diseases of diverse
etiologies [1]. In the partially nephrectomized rat, a well-
characterized model of chronic renal failure, a rise in Pgc
precedes an increase in glomerular extracellular matrix
production, the pathologic hallmark of glomerulosclerosis [2].
Experimentally and clinically, interventions which normalize
Pgc, such as interruption of the renin–angiotensin system,
protect from glomerular injury and matrix expansion [3,4]. The

mechanisms translating glomerular capillary hypertension to
glomerular injury, however, have not been fully elucidated.

Increased Pgc transmits to mesangial cells (MC), which
provide architectural support for the glomerular capillary tuft, as
mechanical strain [5]. In vitro, MC subjected to cyclic strain/
relaxation increase extracellular matrix protein synthesis [6–8],
thus providing a relevant model system to study mechanical
strain-induced signaling in MC. Several signaling pathways
have been implicated in the strain-induced production of matrix
proteins, including RhoA and the mitogen-activated protein
kinases (MAPKs) Erk, JNK and p38 [9–11]. We have shown an
important role for the serine-threonine kinase Akt in stretch-
induced collagen I synthesis in MC [12]. The upstream events
leading to its activation by mechanical forces, however, have
not been fully characterized.

Caveolae, 50–100 nm plasma membrane omega-shaped
invaginations, have been shown to play an important role in cell

Cellular Signalling 19 (2007) 1690–1700
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RhoA/Rho-Kinase Contribute to the Pathogenesis of
Diabetic Renal Disease
Fangfang Peng,
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OBJECTIVE—Accumulation of glomerular matrix proteins is
central to the pathogenesis of diabetic nephropathy, with resi-
dent mesangial cells (MCs) known to upregulate matrix protein
synthesis in response to high glucose. Because activation of the
GTPase RhoA has been implicated in matrix upregulation, we
studied its role in induction of the matrix protein fibronectin in
diabetic MCs and in vivo in diabetic nephropathy.

RESEARCH DESIGN AND METHODS—Glucose (30 mmol/l)-
induced RhoA/Rho-kinase, AP-1 activation, and fibronectin
upregulation were assessed by immunoblotting, luciferase, elec-
trophoretic mobility shift assay, enzyme-linked immunosorbent
assay, real-time PCR, Northern blots, and immunofluorescence.
Streptozotocin-induced diabetic rats were treated with the �-kinase
inhibitor fasudil, which was compared with enalapril, and functional
and pathologic parameters were assessed.

RESULTS—Glucose led to RhoA and downstream Rho-kinase
activation. Mannitol was without effect. Activity of the transcrip-
tion factor AP-1, increased in diabetic MCs and kidneys, is
important in the profibrotic effects of glucose, and this was
dependent on Rho-kinase signaling. Upregulation of fibronectin
by glucose, shown to be mediated by activator protein-1 (AP-1),
was prevented by Rho-kinase inhibition. RhoA siRNA and dom-
inant-negative RhoA also markedly attenuated fibronectin up-
regulation by high glucose. Applicability of these findings were
tested in vivo. Fasudil prevented glomerular fibronectin upregu-
lation, glomerular sclerosis, and proteinuria in diabetic rats, with
effectiveness similar to enalapril.

CONCLUSIONS—High glucose activates RhoA/Rho-kinase in
MCs, leading to downstream AP-1 activation and fibronectin
induction. Inhibition of this pathway in vivo prevents the patho-
logic changes of diabetic nephropathy, supporting a potential
role for inhibitors of RhoA/Rho in the treatment of diabetic renal
disease. Diabetes 57:1683–1692, 2008

T
he kidney is a major site of diabetic microvascu-
lar complications, with diabetes being the lead-
ing cause of renal failure in the Western world.
Glomerular matrix accumulation is the patho-

logic hallmark of diabetic nephropathy, and hyperglyce-
mia is a primary pathogenetic factor in diabetic renal
disease (1). Although maintenance of normoglycemia as
well as interruption of angiotensin II signaling are effective
in delaying onset of renal failure, these interventions at
best only delay disease progression (1,2). Consequently,
there is a need to identify new therapeutic strategies for
diabetic nephropathy.

Elaboration of matrix proteins by glomerular mesangial
cells (MCs) is an important factor in the development and
progression of glomerular sclerosis (3). In elevated glu-
cose concentrations, MCs synthesize extracellular matrix
proteins including fibronectin (4). Increased fibronectin
expression is also found in diabetic glomeruli in both
humans and animal models (3). Recent studies have
suggested a potential role for RhoA/Rho signaling in the
elaboration of matrix proteins. In MCs, this pathway was
required for the fibrotic response to transforming growth
factor (TGF)-� and mechanical stress (5,6), but whether
RhoA/Rho-kinase mediate the hyperglycemic effects on
matrix elaboration by MCs and in diabetic nephropathy
has not been addressed.

Rho GTPases are 20- to 24-kDa proteins that are essen-
tial in the regulation of diverse cellular functions. They
cycle between an active GTP-bound and an inactive GDP-
bound form, with their intrinsic hydrolytic activity affected
by various Rho regulators. Membrane localization through
posttranslational modification is a requirement for Rho
activation (7). The best characterized Rho GTPases are
Rac1, Cdc42, and RhoA. Recent studies have shown
changes in RhoA activation in diabetes. In streptozotocin
(STZ)-treated diabetic rats, an increase in membrane-
bound RhoA was seen in the renal cortex (8,9). Similar
observations, preceding overt pathologic changes, were
made in the basilar artery and aorta (10,11). High glucose
also led to RhoA membrane localization in MCs and to
RhoA activation, as assessed by GTP binding in rat aortic
smooth muscle cells (12,13).

RhoA is known to regulate the formation of F-actin
stress fibers and focal adhesion complexes (7). A major
role for RhoA in transcriptional gene regulation, however,
is also increasingly recognized. Through activation of
serum response factor, RhoA affects transcription of genes
containing the serum response element (SRE) (14). The
downstream RhoA effector Rho-kinase was shown to
mediate this effect in some settings (15). The most well
characterized genes upregulated through the serum re-
sponse element are c-fos and c-jun, components of the
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Collagen I induction by high glucose levels is mediated
by epidermal growth factor receptor and phosphoinositide
3-kinase/Akt signalling in mesangial cells

D. Wu & F. Peng & B. Zhang & A. J. Ingram & B. Gao &

J. C. Krepinsky

Received: 13 November 2006 /Accepted: 3 May 2007 / Published online: 11 July 2007
# Springer-Verlag 2007

Abstract
Aims/hypothesis Glomerular matrix accumulation is a hall-
mark of diabetic nephropathy. Recent data have linked the
serine/threonine kinase protein kinase B (Akt) to matrix
modulation. Here, we studied its role in high glucose-
induced collagen elaboration by mesangial cells.
Methods Primary rat mesangial cells were treated with high
glucose levels (30 mmol/l) or mannitol as osmotic control.
Western blots, northern blots, ELISA and immunohisto-
chemistry were used for assessment. Diabetes was induced
in rats by streptozotocin.
Results Phosphorylated Akt at S473 (pAktS473),
corresponding to Akt activation, was seen in diabetic
glomeruli. In mesangial cells, high glucose levels induced
pAktS473 by 20 min. This was sustained to 72 h, while
mannitol had no effect. Akt activation by kinase assay and
phosphorylation on threonine 308 was also observed.
Phosphoinositide 3-kinase (PI3K) inhibitors LY294002
(20 μmol/l) and wortmannin (100 nmol/l) prevented
pAktS473. Collagen IA1 transcript and collagen I protein
upregulation by high glucose levels were inhibited by PI3K
blockade, as was collagen I secretion into the medium
(ELISA). Dominant-negative Akt overexpression also

inhibited high glucose-induced collagen IA1 transcript and
collagen I protein production. Since signalling through the
epidermal growth factor receptor (EGFR) can activate
PI3K–Akt, we studied its activation by high glucose levels.
EGFR was correspondingly activated by 10 min; mannitol
had no effect. EGFR activation was also seen in glomeruli
from diabetic rats and co-localised with collagen IA1 in
diabetic glomeruli. Specific EGFR inhibition (AG1478,
5 μmol/l or dominant-negative EGFR) blocked high
glucose-induced pAktS473, phosphorylation on threonine
308 and activation of the EGFR downstream target p44
extracellular signal-regulated kinase (Erk) mitogen-activated
protein kinase. Finally, EGFR inhibition also blocked high
glucose-induced collagen I upregulation at transcriptional
and protein levels.
Conclusions/interpretation We conclude that EGFR–PI3K–
Akt signalling mediates high glucose-induced collagen I
upregulation in mesangial cells and that this pathway is
activated in diabetic glomeruli. Targeting its components
may provide a new therapeutic approach to diabetic kidney
disease.

Keywords Akt . Collagen . Diabetic nephropathy .

Epidermal growth factor receptor . Extracellularmatrix . High
glucose .Mesangial cell . Phosphoinositide 3-kinase . Protein
kinase B . Transactivation
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EGFR epidermal growth factor receptor
Erk extracellular signal-regulated kinase
GSK-3 glycogen synthase kinase-3
MAPK mitogen-activated protein kinase
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RhoA Activation in Mesangial Cells by Mechanical Strain
Depends on Caveolae and Caveolin-1 Interaction

Fangfang Peng, Dongcheng Wu, Alistair J. Ingram, Baifang Zhang, Bo Gao, and
Joan C. Krepinsky
Division of Nephrology, McMaster University, Hamilton, Ontario, Canada

Increased intraglomerular pressure is an important hemodynamic determinant of glomerulosclerosis and can be modeled in
vitro by exposing mesangial cells to cyclic mechanical strain. A previous study showed that RhoA mediates strain-induced
production of fibronectin; herein is investigated the role of caveolae in RhoA activation. Cyclodextrin and filipin, agents that
disrupt caveolae, abrogated strain-induced RhoA activation in mesangial cells. Caveolin-1 (cav-1), the defining protein of
caveolae, was Y14 phosphorylated by strain, and this was inhibited by PP1, showing Src dependence. Strain also induced
c-SrcY416 phosphorylation and hence activation. Strain increased RhoA association with cav-1, which was blocked by PP1.
Cyclodextrin and filipin inhibited the strain-induced RhoA/cav-1 association, indicating dependence on caveolar structural
integrity. Restoration of caveolae by coincubation of cyclodextrin with cholesterol rescued both RhoA activation and
RhoA/cav-1 association in response to strain. Sucrose gradient detected a significant portion of RhoA in caveolae, with Src
located exclusively in these domains. Finally, in cells that were infected with retrovirus that encodes the nonphosphorylatable
cav-1 Y14A, RhoA/cav-1 association, RhoA activation, and fibronectin secretion in response to strain were abrogated. It is
concluded that strain-induced RhoA activation depends on the integrity of caveolae and on physical association of cav-1 and
RhoA. The phosphorylation of cav-1 at Y14 by Src kinases is required for this to occur. These studies define a novel function
for cav-1 and caveolae as positive effectors of RhoA activation. Targeting caveolae thus may provide a new therapeutic option
for glomerular sclerosis that is associated with elevated intraglomerular pressure.

J Am Soc Nephrol 18: 189–198, 2007. doi: 10.1681/ASN.2006050498

E levated glomerular capillary pressure (Pgc) is an im-
portant hemodynamic determinant of progression in
chronic renal diseases of diverse causes (1). Interven-

tions that normalize Pgc, such as interruption of the renin-
angiotensin system, reduce glomerular injury and matrix ex-
pansion (2,3). The mechanisms that translate glomerular
capillary hypertension to glomerular injury, however, have not
been elucidated fully.

Increased Pgc transmits to mesangial cells (MC), which pro-
vide architectural support for the glomerular capillary tuft, as
mechanical strain (4). MC that are subjected to cyclic strain/
relaxation increase extracellular matrix protein synthesis (5–7).
We have shown that activation of the small GTPase RhoA and
its downstream mediator Rho-kinase are important mediators
of strain-induced production of the matrix protein fibronectin
in MC (8). Recently, RhoA was localized to the plasma mem-
brane microdomains caveolae in cardiomyocytes, astrocytes,
and endothelial cells (9–12).

Caveolae are 50- to 100-nm plasma membrane omega-shaped
invaginations that function in endocytosis and have been

shown to play an important role in cell signaling (13). Caveolae
are found in most cell types, including MC (14,15). They are
defined by the presence of caveolin, a 21- to 24-kD integral
membrane protein that is essential for their formation (14).
Three isoforms of caveolin exist, with only caveolin-1 (cav-1)
and -2 showing wide coexpression (16). MC express cav-1 (15).
In cells that lack cav-1 either naturally or through genetic
manipulation or downregulation, caveolae are not present (16–
18). Conversely, expression of cav-1 can induce the de novo
formation of caveolae in these cells (17). The role of cav-2 is less
clear, possibly functioning to stabilize the cav-1 protein (19).

Caveolin is a transmembrane noncatalytic protein with both
N- and C-termini facing the cytoplasm (14). A growing and
varied list of signaling molecules have been identified as resid-
ing in caveolae, and interactions with caveolin are believed to
sequester these proteins within caveolae and modulate or sup-
press their catalytic activities (16,20). Signaling proteins clus-
tering within these microdomains may facilitate rapid interac-
tion and thereby signal transduction (14,21,22). Both Src family
tyrosine kinases and Rho family members have been found in
caveolae (16,20). Cav-1 phosphorylation on tyrosine 14 (Y14) in
the N terminus first was identified in v-Src–transformed cells
(23). The functional consequences of this are not fully known,
but phosphorylation at this site has been demonstrated in re-
sponse to various stimuli, including osmotic and shear stress
and growth factor receptor activation (24–27).

Mechanical stress in vascular smooth muscle and endothelial
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Role of Endoplasmic Reticulum Calcium Disequilibria in the
Mechanism of Homocysteine-Induced ER Stress

JEFFREY G. DICKHOUT, SUDESH K. SOOD, and RICHARD C. AUSTIN

ABSTRACT

Our laboratory demonstrated that hyperhomocysteinemia accelerates atherosclerosis in mouse models through
ER stress and activation of the unfolded protein response (UPR). In this study, we tested the hypothesis that
homocysteine-induced ER stress may arise from ER-Ca2� disequilibria. We found that homocysteine-induced
cytosolic Ca2� transients in T24/83 cells and human aortic smooth muscle cells (HASMCs). These calcium ef-
fects occurred at concentrations of homocysteine in the external medium (1–5 mM) that increase intracellu-
lar homocysteine in these cell types. Prolonged homocysteine treatment (5 h) at these exogenous concentra-
tions reduced ER-Ca2� emptying evoked by thapsigargin. However, these homocysteine-induced effects on
ER-Ca2� emptying were of a much smaller magnitude than those evoked by A23187 or thapsigargin (ER
stressors known to induce ER stress through ER-Ca2� depletion). T24/83 cells stably overexpressing the Ca2�-
binding ER chaperone GRP78 showed diminished cytosolic Ca2� transients induced by homocysteine and re-
duced ER-Ca2� emptying evoked by thapsigargin. Prevention of the homocysteine-induced UPR by cyclo-
heximide pretreatment normalized GRP78 expression and ER-Ca2� emptying evoked by thapsigargin. These
results are inconsistent with a mechanism of ER stress induction by homocysteine through ER-Ca2� deple-
tion. Antioxid. Redox Signal. 9, 1863–1873.
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INTRODUCTION

THE ENDOPLASMIC RETICULUM (ER) is the cellular organelle
primarily responsible for the production of secretory, trans-

membrane, and ER-resident proteins (21). This production in-
volves the proper folding of the polypeptide chain with the aid
of molecular chaperones into its tertiary structure. However, im-
paired folding of proteins causes ER stress and leads to an evo-
lutionary conserved response, the unfolded protein response
(UPR), involving the upregulation of protein-folding chaperones,
including GRP78 (19). One critical aspect of maintaining the
three-dimensional structure of proteins transiting the ER is the
formation of disulfide bonds. This occurs in the ER because the
luminal environment allows the oxidation of proteins in the pres-
ence of specific enzyme foldases, including protein disulfide iso-
merase (13). A sustained UPR in response to an inadequate pro-
tein-folding capacity within the ER leads to the accumulation of
reactive oxygen species and apoptotic cell death (3).

As well as being of importance in protein folding, the ER is
also the site of intracellular calcium storage and the origin and
regulator of intracellular calcium signaling (8). Cellular calcium
signaling modulates numerous cellular functions, including the
release of secretory proteins (34). However, release of calcium
from the ER sufficient to impair protein folding leads to ER
stress and activation of the UPR (5). Cytoplasmic calcium lev-
els are much lower than the extracellular fluid, and prolonged
cytoplasmic calcium elevation leads to cytotoxicity (31). Fur-
ther, ER calcium depletion leads to ER stress-induced UPR ac-
tivation and apoptosis (18).

The thiol-containing amino acid homocysteine has been im-
plicated as an independent risk factor for cardiovascular dis-
ease (9, 25). Elevated levels of plasma homocysteine, as seen
in patients with cystathionine �-synthase deficiency, can be re-
duced in many cases by B-vitamin therapy and methionine di-
etary restriction, thereby reducing the risk of cardiovascular dis-
ease (27, 37). The mechanism by which homocysteine increases
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