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Abnormal and exaggerated deposition of extracellular matrix is the
hallmark of many fibrotic diseases, including systemic sclerosis and
pulmonary, liver, and kidney fibrosis. The spectrum of affected
organs, the usually progressive nature of the fibrotic process, the
large number of affected persons, and the absence of effective
treatment pose an enormous challenge when treating fibrotic dis-
eases. Delineation of the central role of transforming growth
factor-� (TGF-�) and identification of the specific cellular receptors,
kinases, and other mediators involved in the fibrotic process have
provided a sound basis for development of effective therapies. The
inhibition of signaling pathways activated by TGF-� represents a

novel therapeutic approach for the fibrotic disorders. One of these
TGF-� pathways results in the activation of the nonreceptor
tyrosine kinase cellular Abelson (c-Abl), and c-Abl inhibitors, includ-
ing imatinib mesylate, diminishing the fibrogenic effects of TGF-�.
Thus, recently acquired basic knowledge about the pathogenesis of
the fibrotic process has enabled the development of novel thera-
peutic agents capable of modifying the deleterious effects of the
fibrotic diseases.
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The fibrotic diseases encompass a wide spectrum of clin-
ical entities, including multisystemic diseases, such as

systemic sclerosis (1–4), multifocal fibrosclerosis (5–7),
sclerodermatous graft-versus-host disease in bone marrow
transplant recipients (8), and the recently recognized neph-
rogenic systemic fibrosis (see Glossary) (9–15), as well as
organ-specific disorders, such as pulmonary, liver, and kid-
ney fibrosis (16–23). Although their etiology and causative
mechanisms differ, the fibrotic diseases share the common
feature of disordered and exaggerated deposition of extra-
cellular matrix (see Glossary) in affected tissues (24–31).
Elevated expression of genes encoding extracellular matrix
proteins is a common and characteristic feature of these
conditions, and the resulting fibrosis disrupts the normal
architecture of the affected organs, which ultimately leads
to their dysfunction and failure. The persistent activation
of fibroblastic cells distinguishes controlled repair, such as
that occurring during normal wound healing, from the
uncontrolled fibrosis that is the hallmark of this group of
diseases. Fibrotic diseases affect a wide spectrum of organs
and a large number of persons, and their devastating effects
cause an enormous burden on health resources with severe
economic consequences. The usually progressive nature of
these diseases and the absence of effective treatment com-
pound the seriousness of the problem.

The recent recognition of novel mechanisms and the
elucidation of crucial regulatory pathways in the develop-

ment of the fibrotic response have provided a rational basis
for the development of novel and effective therapies. The
delineation of the crucial function of transforming growth
factor-� (TGF-�) (see Glossary) in the pathogenesis of tis-
sue fibrosis and the identification of specific cellular recep-
tors, kinases, and intracellular transduction pathways that
participate in the earliest stages of pathologic fibrosis have
been most significant.

MOLECULAR MECHANISMS OF TGF-� INDUCTION OF

TISSUE FIBROSIS

Transforming growth factor-� exerts several cellular
effects and participates in the pathogenesis of many hu-
man diseases (32–34). It is now considered a key mole-
cule in the pathogenesis of tissue fibrosis in the fibrotic
diseases (35– 41). One important effect of TGF-� is the
remarkable stimulation of the production of various col-
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lagens and other extracellular matrix proteins by mesenchy-
mal cells. Transforming growth factor-�1 also decreases the
synthesis of collagen-degrading metalloproteinases and stim-
ulates production of tissue inhibitors of metalloproteinases
(42). It sensitizes fibroblasts to their own effects and main-
tains them in a persistently activated state by an autocrine
mechanism that causes further production of TGF-�
(43, 44).

Various cells, including fibroblasts and macrophages,
produce TGF-�, and most cells in the body have receptors
for TGF-�. Transforming growth factor-� is initially pro-
duced in an inactive form (pro–TGF-�) that is composed
of 2 identical peptides. Pro–TGF-� undergoes complex
proteolytic and conformational events leading to activation
(45–48). Once activated, TGF-� binds to a serine threo-
nine transmembrane kinase known as the TGF-� type II
receptor (TGF-�RII), which is intrinsically active. The sig-
naling events that follow are complex and involve several
intracellular molecules and pathways (49 –53). Figure 1
shows the pathways that are most relevant to this
discussion.

Classic TGF-� Signaling Pathways
In these pathways, the complex of TGF-� and TGF-

�RII recruits another receptor, TGF-� type I receptor
(TGF-�RI), to form a larger complex. The other receptor
is a member of a family of at least 7 proteins called activin-
like kinase (ALK) proteins (49–51) (see Glossary). The
most important and common protein is ALK-5. It is phos-
phorylated on 3 to 5 serine and threonine residues in a

30–amino acid regulatory sequence. Signaling from the
TGF-� receptor complex to the nucleus then occurs
through proteins called Smads (see Glossary), which medi-
ate the activity of TGF-� (52–57). Smad2 or Smad3 binds
to the activated TGF-� receptor complex, becomes phos-
phorylated, and then forms a complex with Smad4 that
allows the Smad complex to translocate across the nuclear
membrane. In the nucleus, the Smad complex binds to
specific DNA-binding sites in the promoter regions of tar-
get genes with the help of intranuclear transcriptional part-
ners. This binding modulates the transcriptional activity of
genes that encode extracellular matrix proteins, such as the
�1 and �2 chains of type I collagen, or of extracellular
matrix regulatory proteins, such as connective tissue
growth factor.

Fine-tuning of TGF-� activity is achieved through
a balance of positive- and negative-effector molecules.
Smad7 is important because it inhibits TGF-� signaling by
binding to ALK-5. This binding prevents the recruitment
and phosphorylation of other Smads, and it facilitates the
degradation of ALK-5, thus inhibiting Smad signaling
(57–60). Another recently identified mechanism of regu-
lation and fine-tuning of TGF-� activity involves
caveolin-1 (see Glossary). Caveolin-1 is a member of the
family of proteins involved in the formation of caveolae
or lipid rafts, which are cholesterol- and sphingolipid-

Glossary

ALK (activin-like kinase): Serine or threonine kinase receptor for members
of the TGF-� family. ALK-1 and ALK-5 are the cellular receptors for
TGF-�.

c-Abl (cellular Abelson nonreceptor kinase): Nonreceptor tyrosine kinase
implicated in cell differentiation, cell division, cell adhesion, and stress
response. Translocation of the genomic region containing the gene
encoding c-Abl with chromosome 22 causes chronic myelogenous
leukemia and creates the Philadelphia chromosome.

Caveolin-1: Member of the caveolin family of proteins involved in receptor-
independent endocytosis. Caveolin-1 associates with lipid rafts, leading to
the formation of caveolae, 50-nm hairpin loop invaginations of the
plasma membrane that regulate signal transduction.

Extracellular matrix: Interstitial matrix present between cells, composed of
collagens, polysaccharides, and other fibrous proteins.

Imatinib mesylate: Mesylate salt used to treat chronic myelogenous
leukemia, gastrointestinal stromal tumors, and other types of cancer,
which acts by inhibiting c-Abl and specific tyrosine kinase enzymes.

Integrins: Receptors that mediate cell attachment and play a role in cell
signaling, thereby defining cellular shape and mobility and regulating the
cell cycle.

Nephrogenic systemic fibrosis: Recently described disorder characterized by
pathologic fibrosis of skin, joints, tendons, muscles, and numerous internal
organs in patients with renal insufficiency after exposure to gadolinium-
based contrast agents used for magnetic resonance imaging.

PKC-� (protein kinase C-�): Serine- and threonine-specific protein kinase
involved in cell signaling and in the regulation of growth, apoptosis, and
differentiation of various cell types.

Smads: Class of intracellular proteins that mediate the activity of TGF-�
ligands by forming complexes, often with other Smads, and entering the
nucleus to serve as transcription factors.

TGF-� (transforming growth factor-�): Autocrine signaling protein that
controls cell proliferation, differentiation, and several other functions in
most cells. It also plays a role in immunity, cancer, heart disease, diabetes,
the Marfan syndrome, wound healing, and pathologic fibrosis.

Key Summary Points

Abnormal and exaggerated deposition of extracellular
matrix is the most typical feature of fibrotic diseases.

Fibrotic disorders affect several organs, are usually pro-
gressive, and cause serious functional alterations.

Currently, no effective treatment exists, although recent
elucidation of crucial regulatory pathways involved in the
fibrotic response has provided a sound basis for the devel-
opment of novel therapies.

Transforming growth factor-� (TGF-�) plays a crucial role
in the pathogenesis of tissue fibrosis; thus, components of
its complex signaling pathway represent potentially impor-
tant therapeutic targets.

Activation of the nonreceptor tyrosine kinase c-Abl is an
important TGF-�–dependent profibrotic pathway, and
c-Abl inhibitors markedly diminish the fibrogenic response
to TGF-�.

Inhibition of other tyrosine kinases and other molecular
pathways involved in tissue fibrosis also holds promise for
treatment of the fibrotic diseases.
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enriched microdomains in cell membranes that serve as
organizing centers for the assembly of signaling molecules.
Caveolin-1 plays an important role in TGF-�–signaling
regulation because it is involved in the internalization of
TGF-� receptors (Figure 2). Non–caveolin-associated in-
ternalization increases TGF-� signaling, but caveolin-
associated internalization increases the degradation of
TGF-� receptors, thereby decreasing or abolishing TGF-�
signaling (61, 62). This novel mechanism of regulation of
the activity of TGF-� receptors occurs after TGF-� binds
to its receptors. Thus, caveolin-1 has emerged as a crucial
regulator of TGF-� intracellular signaling and degradation
of TGF-� receptors, and alterations in these mechanisms
play a role in the pathogenesis of idiopathic pulmonary
fibrosis and systemic sclerosis (63–65).

Other Pathways Activated by TGF-�

Signaling cascades independent of Smad2 and Smad3
mediate important TGF-� effects (Figure 1). These path-

ways may become activated in a cell-specific and stimulus-
dependent manner (66–70). The nonclassic pathways ac-
tivated by TGF-� involve various important kinases.
Among these pathways is the one involving the nonrecep-
tor tyrosine kinase cellular Abelson (c-Abl) (see Glossary)
(69, 70). Although the signaling events downstream of
c-Abl need further clarification, c-Abl is required for acti-
vation of Smad1 and for stimulation of collagen produc-
tion through a signaling mechanism independent of
Smad2 and Smad3 (71).

Another TGF-� pathway involves protein kinase C-�
(PKC-�) (see Glossary). In response to TGF-�, PKC-� is
phosphorylated; phosphorylated PKC-� then removes in-
hibitory factors from the collagen gene promoter in the
nucleus, which increases the transcriptional activity of the
collagen gene. These observations are consistent with earlier
studies demonstrating that inhibition of PKC-� by pharma-
cologic or molecular biological techniques diminished the in-

Figure 1. TGF-� signaling pathways critical for the fibrotic response.

This figure illustrates classic and nonclassic pathways originating from 2 representative tetrameric TGF-� receptors. After TGF-� binding, TGF-�RII
recruits a TGF-�RI (either ALK-1 or ALK-5) and activates it by phosphorylation. ALK-5 then specifically phosphorylates receptor-regulated Smad2 and
Smad3, which then complex with co-Smad4, resulting in their transport to the nucleus, where they cooperate with other factors to regulate transcription
of critical genes, here represented by genes encoding CTGF and �1 and �2 type I collagens. Also illustrated are several nonclassic pathways. An important
one involves the phosphorylation and activation of c-Abl by ALK-1, causing activation of several downstream critical factors, including Smad1; the
transcription factor, EgR, and PKC-�, all of which contribute to the fibrotic response. As pictured, imatinib blocks the activity of c-Abl, effectively
inhibiting the fibrotic response by preventing the activation of downstream effectors. ALK � activin-like kinase; c-Abl � cellular Abelson nonreceptor
kinase; CTGF � connective tissue growth factor; EgR � early growth response protein; P � phosphorylation; PKC-� � protein kinase C-�; TGF-� �
transforming growth factor-�; TGF-�RII � TGF-� type II receptor.
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creased collagen gene expression induced by TGF-� and that
of cultured systemic sclerosis fibroblasts (72).

NOVEL ANTIFIBROTIC APPROACHES

Transforming growth factor-� signaling is an attrac-
tive therapeutic target for controlling fibrosis because of its
prominent role in extracellular matrix regulation. How-
ever, the number and complexity of the TGF-� pathways
make selection of appropriate therapeutic targets difficult;
furthermore, targeting a single component in any one
pathway may not be effective. Various strategies have been
developed to block TGF-� effects, including the use of
soluble TGF-�RII fragments; TGF-�–neutralizing anti-
bodies; TGF-�RII kinase inhibitors; RNA expression in-
hibitors, such as antisense and small inhibitory RNA; and
blocking oligonucleotides. However, intensive investiga-
tions applying these strategies in vitro as well as in vivo,
including some human studies, have not been effective or
are still in development, which makes them unavailable for
clinical use.

Inhibition of TGF-� Signaling With Tyrosine Kinase
Inhibitors

Protein kinase inhibitors are a relatively new class of
therapeutic agents shown to be effective in several onco-
logic and chronic inflammatory diseases. Of particular in-
terest is the recent demonstration that c-Abl is a critical
participant in TGF-� signaling. The initial observations
leading to this important discovery described a remarkable
reduction of bone marrow fibrosis in patients who received
treatment for chronic myelogenous leukemia with imatinib
mesylate (see Glossary) (73–75). Imatinib mesylate is a
small molecule that specifically inhibits several tyrosine ki-
nases, including c-Abl, by blocking the binding of adeno-
sine triphosphate to the active kinase site (Figure 3). As
seen in Figure 1, inactivating c-Abl blocks several down-
stream effector molecules required for the full TGF-�
fibrotic response, an effect documented in vitro in systemic
sclerosis fibroblasts (76). In addition, imatinib mesylate has
been shown to effectively prevent the development of or-
gan fibrosis in the kidney, lung, liver, and skin in several

Figure 2. Model for involvement of caveolae in TGF-� signal transduction and downregulation resulting in fibrosis and caveolin-1
downregulation.

Receptors activated by TGF-� can be internalized through 2 distinct endocytic pathways. The nonlipid raft pathway (green) increases TGF-�–related
signal transduction, leading to tissue fibrosis and simultaneous transcriptional downregulation of Cav-1 gene expression, thus generating a vicious cycle
that increases and perpetuates tissue fibrosis. In contrast, the Cav-1–positive lipid raft compartment (red) drives TGF-� receptor degradation, which
prevents tissue fibrosis. Cav-1 � caveolin-1; CTGF � connective tissue growth factor; P � phosphorylation; TGF-� � transforming growth factor-�;
TGF-�R � TGF-� receptor.
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animal models (77–84). More recently, it has been used
for treating fibrotic diseases, including systemic sclerosis,
nephrogenic systemic fibrosis, and sclerodermatous graft-
versus-host disease (85–91) and may represent a truly novel
therapeutic approach for these diseases (92). However, this
promising outlook is tempered by a wide spectrum of side
effects, including congestive heart failure, edema, muscle
cramps, diarrhea, anemia, neutropenia, and thrombo-
cytopenia. Furthermore, a recent clinical trial of ima-
tinib in patients with idiopathic pulmonary fibrosis
(ClinicalTrials.gov registration number: NCT00131274) did
not accomplish the primary outcome goals. Because a sub-
stantial number of patients with fibrotic diseases might not
tolerate imatinib treatment, second-generation inhibitors
with similar mechanisms of action but improved adverse
effect profiles, such as dasatinib and nilotinib, are currently
under investigation.

Blocking TGF-� Production and Activation
Pirfenidone has been studied in both experimental

models of pulmonary fibrosis and clinical therapeutic trials
of idiopathic pulmonary fibrosis (93–99). In experimental
models of lung fibrosis, pirfenidone significantly reduced
the influx of inflammatory cells, levels of TGF-� in lavage
fluid, and tissue levels of TGF-� mRNA by suppressing
TGF-� gene expression at the transcriptional level. In clin-
ical trials of idiopathic pulmonary fibrosis, pirfenidone
treatment produced a statistically significant improvement
in the decline of vital capacity, although no difference was
found between the pirfenidone and placebo groups in total
lung capacity, diffusing capacity, or resting arterial oxygen
levels.

The integrin (see Glossary) �v�6 expressed on epithe-
lial cells is capable of activating matrix-bound latent
TGF-� in the local environment (48, 100). Antibodies to
�v�6 blocked the activation of TGF-� and prevented the
development of experimental lung fibrosis (101–103). If
this approach proved to be effective in humans, it would
have the advantage of confining the blocking activity to
sites of injury where �v�6 integrin is expressed without
compromising the more general homeostatic effects of
TGF-�.

Inhibition of PKC-� and Other Kinases
The demonstration of an important role of PKC-�

and other kinases in the exaggerated production of collagen
and other extracellular matrix proteins in tissue fibrosis
indicates that specific inhibitors of their functional activi-
ties may be effective therapeutic agents for the fibrotic dis-
eases. Although still in the experimental stage, specific
inhibitors of PKC-�, such as cell-permeable peptides
(104–107), or small-molecule inhibitors of other kinases
that participate in tissue fibrosis (108–111) may prove to
be highly selective and effective antifibrotic drugs in the
future. Furthermore, these inhibitors may synergistically
potentiate the antifibrotic effects of imatinib mesylate, as
already shown in malignant cells (112).

Angiotensin Inhibitors
In certain circumstances, angiotensin II has remark-

able profibrotic properties, acting at least in part through
stimulation of TGF-� production (113–115). Although
angiotensin-converting enzyme and inhibitors of the
angiotensin-I receptor can block experimental models of

Figure 3. Model illustrating the inhibition of c-Abl by imatinib.

In the absence of imatinib, c-Abl binds ATP and activates substrate effector molecules by phosphorylation. Imatinib blocks the ATP binding site of c-Abl,
effectively inhibiting its kinase activity. ADP � adenosine diphosphate; ATP � adenosine triphosphate; P � phosphorylation.
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lung fibrosis, to our knowledge no published studies on the
use of these drugs in humans with pulmonary fibrosis exist.
Therefore, it is still unclear whether angiotensin-II inhibi-
tion would have beneficial effects on lung fibrosis or other
fibrotic conditions, although the complex interactions be-
tween TGF-� and the angiotensin system (116, 117) sug-
gest that pharmacologic inhibition of both pathways may
yield synergistic effects in the treatment of fibrotic diseases.

SUMMARY AND FUTURE DIRECTIONS

Abnormal and exaggerated deposition of extracellu-
lar matrix is the hallmark of many fibrotic diseases, in-
cluding systemic sclerosis and pulmonary, liver, and kid-
ney fibrosis. The spectrum of affected organs, the
usually progressive nature of the fibrotic process, and
the large number of affected persons pose an enormous
challenge and a serious economic burden to health care
systems worldwide. Although no effective treatment ex-
ists at this time, recent research has uncovered an im-
portant and promising approach dependent on the role
that TGF-� plays in pathways involving specific recep-
tors and signaling molecules to stimulate extracellular
matrix production. Studies have identified several po-
tential targets, especially in nonclassic TGF-� signaling
pathways, which are particularly attractive because their
inhibition may downregulate the fibrotic response with-
out impairing other important TGF-� functions. The
best example of this approach is the use of imatinib
mesylate to inhibit c-Abl. Recently acquired basic
knowledge about the pathogenesis of the fibrotic process
may lead to identification of novel drugs capable of
affecting other elements of the complex pathways that
lead to tissue fibrosis, such as inhibitors of PKC-� or
activators of caveolin-1 function, which could promptly
translate into effective therapies for fibrotic diseases.
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92. Rosenbloom J, Jiménez SA. Molecular ablation of transforming growth fac-
tor beta signaling pathways by tyrosine kinase inhibition: the coming of a prom-
ising new era in the treatment of tissue fibrosis [Editorial]. Arthritis Rheum.
2008;58:2219-24. [PMID: 18668575]
93. Shimizu T, Kuroda T, Hata S, Fukagawa M, Margolin SB, Kurokawa K.
Pirfenidone improves renal function and fibrosis in the post-obstructed kidney.
Kidney Int. 1998;54:99-109. [PMID: 9648068]
94. Iyer SN, Gurujeyalakshmi G, Giri SN. Effects of pirfenidone on transform-
ing growth factor-beta gene expression at the transcriptional level in bleomycin
hamster model of lung fibrosis. J Pharmacol Exp Ther. 1999;291:367-73.
[PMID: 10490926]
95. Shihab FS, Bennett WM, Yi H, Andoh TF. Pirfenidone treatment decreases
transforming growth factor-beta1 and matrix proteins and ameliorates fibrosis in
chronic cyclosporine nephrotoxicity. Am J Transplant. 2002;2:111-9. [PMID:
12099512]
96. Dosanjh A, Ikonen T, Wan B, Morris RE. Pirfenidone: A novel anti-fibrotic
agent and progressive chronic allograft rejection. Pulm Pharmacol Ther. 2002;
15:433-7. [PMID: 12406665]
97. Garcı́a L, Hernández I, Sandoval A, Salazar A, Garcia J, Vera J, et al.
Pirfenidone effectively reverses experimental liver fibrosis. J Hepatol. 2002;37:
797-805. [PMID: 12445421]
98. Brook NR, Waller JR, Bicknell GR, Nicholson ML. The experimental agent
pirfenidone reduces pro-fibrotic gene expression in a model of tacrolimus-
induced nephrotoxicity. J Surg Res. 2005;125:137-43. [PMID: 15854665]
99. Antoniu SA. Pirfenidone for the treatment of idiopathic pulmonary fibrosis.
Expert Opin Investig Drugs. 2006;15:823-8. [PMID: 16787145]

100. Wipff PJ, Hinz B. Integrins and the activation of latent transforming
growth factor beta1—an intimate relationship. Eur J Cell Biol. 2008;87:601-15.
[PMID: 18342983]
101. Horan GS, Wood S, Ona V, Li DJ, Lukashev ME, Weinreb PH, et al.
Partial inhibition of integrin alpha(v)beta6 prevents pulmonary fibrosis without
exacerbating inflammation. Am J Respir Crit Care Med. 2008;177:56-65.
[PMID: 17916809]
102. Puthawala K, Hadjiangelis N, Jacoby SC, Bayongan E, Zhao Z, Yang Z,
et al. Inhibition of integrin alpha(v)beta6, an activator of latent transforming
growth factor-beta, prevents radiation-induced lung fibrosis. Am J Respir Crit
Care Med. 2008;177:82-90. [PMID: 17916808]
103. Hahm K, Lukashev ME, Luo Y, Yang WJ, Dolinski BM, Weinreb PH,
et al. Alphav beta6 integrin regulates renal fibrosis and inflammation in Alport
mouse. Am J Pathol. 2007;170:110-25. [PMID: 17200187]
104. Kheifets V, Bright R, Inagaki K, Schechtman D, Mochly-Rosen D. Pro-
tein kinase C delta (deltaPKC)-annexin V interaction: a required step in
deltaPKC translocation and function. J Biol Chem. 2006;281:23218-26.
[PMID: 16785226]
105. Budas GR, Koyanagi T, Churchill EN, Mochly-Rosen D. Competitive
inhibitors and allosteric activators of protein kinase C isoenzymes: a personal
account and progress report on transferring academic discoveries to the clinic.
Biochem Soc Trans. 2007;35:1021-6. [PMID: 17956268]
106. Kheifets V, Mochly-Rosen D. Insight into intra- and inter-molecular inter-
actions of PKC: design of specific modulators of kinase function. Pharmacol Res.
2007;55:467-76. [PMID: 17580120]
107. Churchill EN, Qvit N, Mochly-Rosen D. Rationally designed peptide
regulators of protein kinase C. Trends Endocrinol Metab. 2009;20:25-33.
[PMID: 19056296]
108. Ding H, Han C, Guo D, Wang D, Duan W, Chen CS, et al. Sensitivity
to the non-COX inhibiting celecoxib derivative, OSU03012, is p21(WAF1/
CIP1) dependent. Int J Cancer. 2008;123:2931-8. [PMID: 18798266]
109. Zhu J, Huang JW, Tseng PH, Yang YT, Fowble J, Shiau CW, et al. From
the cyclooxygenase-2 inhibitor celecoxib to a novel class of 3-phosphoinositide-
dependent protein kinase-1 inhibitors. Cancer Res. 2004;64:4309-18. [PMID:
15205346]
110. Deacon SW, Beeser A, Fukui JA, Rennefahrt UE, Myers C, Chernoff J,
et al. An isoform-selective, small-molecule inhibitor targets the autoregulatory
mechanism of p21-activated kinase. Chem Biol. 2008;15:322-31. [PMID:
18420139]
111. Viaud J, Peterson JR. An allosteric kinase inhibitor binds the p21-activated
kinase autoregulatory domain covalently. Mol Cancer Ther. 2009;8:2559-65.
[PMID: 19723886]
112. Tseng PH, Lin HP, Zhu J, Chen KF, Hade EM, Young DC, et al.
Synergistic interactions between imatinib mesylate and the novel phosphoinositide-
dependent kinase-1 inhibitor OSU-03012 in overcoming imatinib mesylate
resistance. Blood. 2005;105:4021-7. [PMID: 15665113]
113. Wolf G. Angiotensin II is involved in the progression of renal disease:
importance of non-hemodynamic mechanisms. Nephrologie. 1998;19:451-6.
[PMID: 9857383]
114. Marshall RP, Gohlke P, Chambers RC, Howell DC, Bottoms SE, Unger
T, et al. Angiotensin II and the fibroproliferative response to acute lung injury.
Am J Physiol Lung Cell Mol Physiol. 2004;286:L156-64. [PMID: 12754187]
115. Naito T, Masaki T, Nikolic-Paterson DJ, Tanji C, Yorioka N, Kohno N.
Angiotensin II induces thrombospondin-1 production in human mesangial cells
via p38 MAPK and JNK: a mechanism for activation of latent TGF-beta1. Am J
Physiol Renal Physiol. 2004;286:F278-87. [PMID: 14583433]
116. Wolf G. Renal injury due to renin-angiotensin-aldosterone system activa-
tion of the transforming growth factor-beta pathway. Kidney Int. 2006;70:
1914-9. [PMID: 16985515]
117. Tower CL, Chappell SL, Morgan K, Kalsheker N, Baker PN, Morgan LJ.
Transforming growth factor beta1 regulates angiotensin II type I receptor gene
expression in the extravillous trophoblast cell line SGHPL-4. Mol Hum Reprod.
2005;11:847-52. [PMID: 16339777]

Review Fibrotic Diseases

166 2 February 2010 Annals of Internal Medicine Volume 152 • Number 3 www.annals.org

Downloaded From: http://annals.org/ by a Penn State University Hershey User  on 02/04/2015



Current Author Addresses: Drs. Rosenbloom, Castro, and Jimenez:
Jefferson Institute of Molecular Medicine, Thomas Jefferson University,
233 South 10th Street, Room 509, Bluemle Life Science Building, Phil-
adelphia, PA 19107-5541.

Author Contributions: Conception and design: J. Rosenbloom, S.V.
Castro, S.A. Jimenez.
Analysis and interpretation of the data: J. Rosenbloom, S.A. Jimenez.
Drafting of the article: J. Rosenbloom, S.V. Castro, S.A. Jimenez.
Critical revision of the article for important intellectual content: J.
Rosenbloom, S.A. Jimenez.
Final approval of the article: J. Rosenbloom, S.V. Castro, S.A. Jimenez.
Obtaining of funding: S.A. Jimenez.
Administrative, technical, or logistic support: S.V. Castro.
Collection and assembly of data: J. Rosenbloom, S.A. Jimenez.

Annals of Internal Medicine

W-38 2 February 2010 Annals of Internal Medicine Volume 152 • Number 3 www.annals.org

Downloaded From: http://annals.org/ by a Penn State University Hershey User  on 02/04/2015


