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Abstract

Tubulointerstitial fibrosis mediates the development of end-stage renal disease from renal injuries 

of all etiologies and is considered an important predictor of renal survival. Transforming growth 

factor-β (TGF-β) is one of the most important growth factors which promotes tubulointerstitial 

fibrosis, but the mechanisms whereby this occurs are not well-defined. This is because TGF-β has 

pleiotropic effects that depend upon the target cell type. This review discusses how TGF-β 

signaling in each of the relevant cell types (e.g. tubular epithelium, fibroblasts) may contribute to 

tubulointerstitial fibrosis progression and suggests ways in which future research can improve our 

understanding of TGF-β-mediated tubulointerstitial fibrosis.
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Renal fibrosis, characterized by the accumulation of extracellular matrix (ECM), is the final 

common pathway whereby all renal injuries lead to end-stage renal disease. Although 

fibrosis in the kidney can occur as either tubulointerstitial fibrosis or glomerulosclerosis, 

injury to both the tubulointerstitial and glomerular compartments ultimately results in 

tubulointerstitial fibrosis. Exactly how glomerular injury causes tubulointerstitial fibrosis is 

poorly understood, but it is well established that the best predictor of renal survival from 

kidney disease of any etiology is tubulointerstitial fibrosis. Fibrosis in the renal 

tubulointerstitium, like fibrosis in all organs, results from increased ECM synthesis, reduced 

degradation, or a combination of both. Dysregulation of this equilibrium can occur during 

tissue repair due to persistent inflammation, increased reactive oxygen species (ROS) 

production, changes in protease levels as well as altered cell-ECM interactions. These 

cellular events are regulated at the molecular level by numerous proteins including growth 

factors. One of the most important growth factors that plays a role in renal fibrosis is 

transforming growth factor-β (TGF-β).
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TGF-β has 3 mammalian isoforms (TGF-β1, -β2, and -β3) that are a part of the TGF-β 

superfamily which also includes the bone morphogenic proteins (BMPs) and activins. TGF-

β is secreted in a latent form due to non-covalent binding to the latency-associated peptide 

(LAP) and anchored to the ECM by latent TGF-β binding proteins (LTBPs) (Figure 1).1 To 

become active, TGF-β is released from the LAP by numerous mechanisms, including 

proteolytic cleavage (e.g. MMPs, plasmin), ROS, heat, or through conformational change as 

induced by thrombospondin and certain integrins.2 Once activated, TGF-β ligands bind to 

the TGF-β type II receptor (TβRII) which phosphorylates the TGF-β type I receptor leading 

to activation of multiple intracellular signaling pathways.3, 4 Canonical TGF-β signaling is 

mediated by the Smads, but other downstream proteins (e.g. MAPK, PI3K, TAK) can 

modulate Smad signaling and exert Smad-independent effects.5, 6 These complex signaling 

pathways allow TGF-β to regulate multiple cellular events involved in tissue development, 

immune function, wound repair, and cancer biology.

A large body of evidence suggests that TGF-β plays a critical role in the pathogenesis of 

tubulointerstitial fibrosis. The best direct evidence for these effects is that over-expression of 

TGF-β1 by renal tubular epithelial cells resulted in tubulointerstitial fibrosis in the absence 

of any injury,7 and conversely, a blocking antibody to TGF-β ameliorated interstitial matrix 

accumulation after unilateral ureteral obstruction (UUO), a model of severe tubulointerstitial 

fibrosis.8 Despite this compelling evidence that TGF-β promotes tubulointerstitial fibrosis, 

the mechanism whereby it does so remains unclear. This is partly due to the complexity of 

tubulointerstitial fibrosis progression which involves many different cell types: interstitial 

fibroblasts produce matrix components, inflammatory cells generate pro-fibrotic growth 

factors, and tubular epithelial cells are often the initial target of injury (Figure 2). The lack of 

a clearly defined mechanism whereby TGF-β promotes fibrosis is also due to the fact that 

TGF-β receptors are ubiquitously expressed and TGF-β has pleiotropic effects which are cell 

type specific and vary in different forms of injury. In addition to these factors, the role of 

TGF-β in renal injury has been primarily studied by modulating TGF-β activity through 

systemic approaches. This strategy only reveals the aggregate response of the kidney to 

TGF-β and does not elucidate the mechanism whereby TGF-β increases tubulointerstitial 

fibrosis. In this review, we will outline what is known about the specific effects of TGF-β 

signaling on the response to injury by each cell type involved in tubulointerstitial fibrosis 

(Figure 1) in order to define some of the important questions that future research should 

address.

 TGF-β signaling and renal fibroblasts

The fibroblast, considered the primary cell responsible for matrix synthesis, is thought to be 

the main mediator of TGF-β’s pro-fibrotic effects. This perception is based on several in 
vitro studies showing increased fibroblast proliferation and matrix production in response to 

TGF-β. Specifically, TGF-β induces a morphologic transformation of human subcutaneous 

fibroblasts into myofibroblasts, potent matrix-producing cells, by increasing expression of 

α-smooth muscle actin (α-SMA).9 TGF-β also stimulates fibroblasts’ transcription of 

collagen I and fibronectin, important components of tubulointerstitial fibrosis.10, 11 In 

addition, TGF-β signaling in fibroblasts promotes matrix accumulation by suppressing its 
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degradation through down-regulation of certain MMPs and increased expression of tissue 

inhibitor of MMP (TIMP).12, 13

There are several reasons why validation of these in vitro findings with in vivo studies is 

critical. First, not all fibroblasts respond equally to TGF-β. Thus, studies on dermal 

fibroblasts may not necessarily predict cellular behavior of renal fibroblasts. Furthermore, 

although many early in vitro studies were performed on renal fibroblasts (NKF-49F cell 

line), heterogeneic responses to TGF-β by subclones of NKF-49F cells have been reported.14 

Perhaps this is because NKF-49F cells are a mixture of cortical and medullary fibroblasts 

which have morphologic and perhaps functional differences. Second, the response of cells to 

TGF-β is determined by the dose; for example, TGF-β can stimulate matrix production in 

renal cortical fibroblasts at one dose (0.2ng/mL) but suppress collagen secretion at higher 

amounts (1ng/mL).15 Whether the concentration of active TGF-β in the injured renal 

tubulointerstitium results in fibroblasts’ suppression or stimulation of ECM is unclear and an 

important reason why in vivo studies are necessary. Finally, TGF-β’s actions are not just 

cell-specific but also dependent upon the surrounding microenvironment and can be 

modulated by other growth factors and cytokines.16 As the cell culture milieu is quite 

different from that of the injured kidney, the fibroblast’s response to TGF-β in vitro may 

poorly predict its actions after injury in vivo.

The intracellular signaling pathways whereby TGF-β mediates its profibrotic effects on renal 

fibroblasts are also not well delineated. Both p21-activated kinase-2 (PAK2) and c-Abl 

kinases have been shown to mediate TGF-β’s proliferative effects on renal fibroblasts but do 

not have this effect on other renal cell types such as mesangial cells.17 The signaling 

pathways whereby TGF-β stimulates matrix production have been investigated in mesangial 

cells,18–20 but have not yet been defined in renal fibroblasts. This is an important area of 

study because one could potentially identify fibroblast-specific TGF-β signaling pathways 

that could be safer and more specific pharmaceutical targets.

 TGF-β signaling and renal tubular epithelial cells

The renal tubular epithelium is often the cellular target of injury, and there is also increasing 

literature supporting its role as an effector of tubulointerstitial fibrosis. Increased expression 

of TGF-β and its receptors have been demonstrated in the damaged epithelium in multiple 

models of glomerular and renal tubular injury.21–23 These include: 1) the UUO injury model, 

the classic rodent model of renal tubulointerstitial fibrosis in which the collecting duct 

epithelium is directly injured by the increased intraluminal pressure from obstruction; 2) 

diabetic models of injury resulting in proteinuria that targets the proximal tubule epithelium 

as an important extraglomerular site of injury; 3) models of acute kidney injury using toxins 

or ischemia/reperfusion which target the proximal tubule due to its high metabolic 

requirements and unique vascular supply. In these settings of injured renal tubules, epithelial 

TGF-β signaling is thought to promote tubulointerstitial fibrosis by affecting tubular cell 

integrity and increasing ECM production by both tubular epithelial cells and neighboring 

fibroblasts.
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TGF-β signaling can impair renal tubule cell integrity leading to tubular atrophy, a hallmark 

of tubulointerstitial fibrosis, by inducing either epithelial apoptosis or autophagy. TGF-β, a 

strong promoter of epithelial apoptosis, has been shown to induce renal tubule cell apoptosis 

in vitro.24 Furthermore, the protective effects of a TGF-β blocking antibody (1D11) on the 

response to UUO were partially attributed to reduced tubular apoptosis in vivo.8 Recently, 

TGF-β was shown to cause tubular destruction as over-expression of TGF-β1 in renal tubules 

in vivo led to autophagy and tubular degeneration.7 One of the problems with this elegant 

model is that the levels of TGF-β1 in these mice were very high (>200ng/mL), which is 

likely much higher than those produced by most chronic disease states.

In tubulointerstitial fibrosis, there is concurrent tubular atrophy which raises the question: 

does epithelial apoptosis cause increased matrix accumulation? In the pulmonary literature, 

the increased apoptosis induced in the lungs of TGF-β1 over-expressing mice was mediated 

by the early growth response gene-1 (Egr-1), and inhibiting Egr-1 not only rescued the mice 

from TGF-β-dependent apoptosis but also reduced fibrosis, establishing a link between the 

two.25 A similar connection between TGF-β-dependent apoptosis and fibrosis has not yet 

been proven in the kidney. A putative mechanism whereby apoptosis leads to fibrosis is 

through the phagocytosis of apoptotic cells by macrophages.26 This stimulates the 

production of TGF-β which may induce matrix production by surrounding fibroblasts. The 

tubular atrophy induced by epithelial TGF-β signaling contributes to the injury and impaired 

renal function observed in tubulointerstitial fibrosis even if a causal relationship with ECM 

production has not yet been established.

TGF-β facilitates the de-differentiation of injured renal epithelial cells into more 

mesenchymal-like cells, and it is possible that this process results in increased ECM 

synthesis. During this phenotypic change, tubular cells lose epithelial markers such as 

E.cadherin and ZO-1, express mesenchymal-like proteins such as α-SMA and vimentin, and 

undergo cytoskeletal alterations resulting in dissolution of tight junctions and adaptation of a 

more migratory structure.27 Numerous mechanisms are responsible for this change in 

phenotype. TGF-β mediated the loss of E.cadherin in renal epithelial cells in vitro through 

induction of integrin-linked kinase (ILK) in a Smad-dependent fashion.28 TGF-β also 

induced the expression of α-SMA in renal epithelial cells through pathways involving β-

catenin as well as the GTPase Rho.29, 30 TGF-β can induce all of these morphologic changes 

in renal tubular epithelial cells as well as increase the expression of collagen I, IV, and 

fibronectin in vitro, suggesting that the alteration in phenotype may cause the increased 

matrix production.31, 32 Alternatively, it is possible that these are two independent effects 

induced by TGF-β and there is no causal relationship. TGF-β may also stimulate the de-

differentiation of injured epithelial cells in vivo as Smad3 null epithelial cells had better 

preservation of epithelial markers after UUO.33 Whether these de-differentiated tubular 

epithelial cells in vivo actually migrate through the tubular basement membrane and 

populate the interstitium as matrix-producing fibroblasts is controversial.34, 35 Even if these 

mesenchymal-like epithelial cells never become bona fide interstitial fibroblasts, they still 

may contribute to peritubular fibrosis. Further research is necessary to determine how much 

autocrine ECM production occurs in response to renal tubular TGF-β signaling in vivo.
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TGF-β signaling in injured tubular epithelium may also promote tubulointerstitial fibrosis by 

increasing ECM production of neighboring fibroblasts. TGF-β autoinduces its own 

production in a feedforward process that depends on the coordinated actions of Smad3, 

ERK, and p38 in renal proximal tubules.36, 37 Therefore, injury to tubules results in 

increased epithelial synthesis of TGF-β which can signal on nearby fibroblasts. Such 

paracrine signaling likely accounts for the proliferating fibroblasts and interstitial matrix 

accumulation observed in mice over-expressing TGF-β1 in renal tubules.7

Epithelial TGF-β signaling can also increase the expression of other pro-fibrotic growth 

factors such as connective tissue growth factor (CTGF), which has been shown to stimulate 

matrix production by increasing transcription of collagen I in both renal proximal tubules 

and fibroblasts in vitro. Plasminogen activator inhibitor-1 (PAI-1) is another protein 

downstream of TGF-β with clear pro-fibrotic actions in the kidney.38, 39 Also, in non-renal 

cells, TGF-β signaling has been shown to modify the actions of epidermal growth factor 

receptor ligands, hepatocyte growth factor, and insulin-like growth factor.16, 40, 41 Future 

research is required to define how TGF-β signaling alters these growth factors’ actions in the 

injured renal tubulointerstitium.

Renal tubular epithelium also plays an important role in TGF-β activation. Abundant TGF-β 

is sequestered in its LAP-bound latent form anchored to the matrix, so activation is a critical 

rate-limiting step in controlling TGF-β signaling.1 The αv integrins are important in vivo 
activators of TGF-β.42 In particular, integrin αvβ6 has been shown to mediate TGF-β-

dependent tubulointerstitial fibrosis following UUO injury.43 The expression of integrin 

αvβ6 is restricted to epithelial cells where it binds the LAP of TGF-β1 and –β3 which are 

tethered to the ECM. In order for integrin αvβ6 to induce the conformational change 

necessary to activate TGF-β, there must be an intact actin cytoskeleton as well as integrin 

activation, presumably causing traction on the matrix via binding to TGF-β/LAP.44, 45 

Furthermore, latent TGF-β must be anchored to the ECM through one of the LTBPs for 

integrin αvβ6-mediated activation to occur.46 As such, integrin αvβ6’s interaction with latent 

TGF-β that is anchored to the ECM may be one way for epithelial cells to transmit 

mechanical stress and/or cytoskeletal changes to the surrounding matrix.47 The cellular 

stress from UUO-induced stretch imposed on collecting duct epithelial cells may activate 

integrin αvβ6 leading to TGF-β activation. This mechanical strain from increased 

intraluminal pressure may not be limited to obstructive nephropathy. Reduction in nephron 

number, as occurs in the 5/6 nephrectomy model or chronic kidney disease, has been shown 

to increase single nephron glomerular filtration rate (GFR) and, consequently, induce fluid 

shear stress to the tubules.48 This intratubular shear stress can activate TGF-β independent of 

proteinuria or hypertension.49 Therefore, changes in intratubular fluid pressure caused by 

declining renal function may promote TGF-β-mediated tubulointerstitial fibrosis through 

effects on tubular epithelium.50

As discussed above, injured renal tubular epithelium has been shown to contribute to TGF-β-

dependent tubulointerstitial fibrosis by inducing apoptosis/autophagy, increasing TGF-β and 

other growth factor production and through augmented TGF-β activation. Paradoxically, 

when our group injured mice lacking TGF-β signaling in the collecting duct tubular 

epithelium, the conditional knockout mice sustained greater fibrosis and injury.51 These 
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results suggest that, though excessive TGF-β signaling is deleterious, some TGF-β signaling 

is necessary for maintenance of the normal epithelial structure. Consistent with this, reduced 

epithelial TGF-β activity in lung epithelia resulted in emphysematous changes,52 and 

dominant negative TβRII expression in the exocrine pancreas perturbed epithelial 

homeostasis.53

 TGF-β signaling and inflammatory cells

Inflammation plays an important role in the pathophysiology of tubulointerstitial fibrosis.54 

Most renal injuries have some component of an inflammatory infiltrate composed of T cells, 

macrophages, and neutrophils with varying distribution based upon the nature of injury. In 

chronic renal injury, the macrophage is the predominant immune cell and though it exerts 

beneficial effects by phagocytosis of cellular debris and apoptotic cells, macrophages are 

also associated with worsened tubulointerstitial injury.55 Macrophages’ detrimental actions 

may be mediated, in part, by augmenting TGF-β activity. Macrophages directly increase 

TGF-β activity by both producing large amounts of TGF-β as well as generating ROS which 

activate latent TGF-β. Also, macrophages produce inflammatory cytokines such as IL-6 

which alters TGF-β receptor trafficking leading to heightened signaling.56

Not only do inflammatory cells modulate TGF-β activity, but TGF-β affects immune 

responses as evidenced by the early death of TGF-β1 null mice from overwhelming 

inflammation.57 Although this finding implies that TGF-β has an immunosuppressive effect, 

the precise effect of TGF-β on immune responses is complicated and likely depends upon 

the cellular milieu (Table 1). TGF-β’s effects on monocytes/macrophages vary depending 

upon cellular differentiation: this growth factor stimulates monocyte migration and adhesion 

but suppresses inflammatory cytokine production by tissue macrophages (Figure 3).58 The 

effect of TGF-β signaling on inflammation may also vary depending upon the cell type 

where signaling is altered: TGF-β signaling in macrophages may decrease the production of 

proinflammatory growth factors and cytokines whereas TGF-β signaling within injured 

epithelium likely heightens the inflammatory response.59, 60 For example, Smad3 deficient 

mice have attenuated macrophage infiltration following injury by UUO,33 suggesting that 

TGF-β may promote inflammation in injured kidneys. One possible explanation for this 

increased macrophage infiltration is that TGF-β can stimulate monocyte chemoattractant 

protein-1 (MCP-1) expression in renal proximal tubules.61 Thus, it is likely that TGF-β 

signaling in injured tubular epithelium results in increased macrophage infiltration which, if 

prolonged, can lead to synthesis of growth factors such as TGF-β that stimulates neighboring 

fibroblasts to produce matrix components (Figure 2,3).

 TGF-β and the microvasculature

Capillary degeneration is integrally linked to tubulointerstitial fibrosis, and endothelial cell 

dropout may play a causal role in the progression of fibrosis.62 Loss of postglomerular 

capillaries creates a hypoxic environment which further stimulates fibrosis.63 Exactly how 

TGF-β signaling in the endothelium promotes fibrosis in vivo is unclear. Endothelial injury 

can stimulate TGF-β production as shown in animal models of increased salt intake and salt-

sensitive hypertension in which TGF-β production was upregulated by endothelial cells of 

Gewin and Zent Page 6

Semin Nephrol. Author manuscript; available in PMC 2016 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



renal arterioles.64, 65 Conversely, TGF-β may have adverse effects on the renal 

microvasculature by promoting both endothelial apoptosis and de-differentiation leading to 

increased matrix production.66, 67 TGF-β may also modulate angiogenesis, a pivotal event in 

the restoration of healthy renal vasculature after injury. TGF-β signaling on endothelial cells 

in vitro has been shown to have a net anti-angiogenic effect.68 However, TGF-β’s in vivo 
effect on angiogenesis is complicated as this growth factor induces renal proximal tubular 

expression of both VEGF-A and thrombospondin-1 which have pro-angiogenic and anti-

angiogenic effects, respectively, in vivo69–71 These findings suggests that TGF-β signaling 

on injured epithelium may affect the adjacent vasculature and that divergent effects on 

angiogenesis may occur. Interestingly, a neutralizing TGF-β antibody protected against the 

vascular loss that occurred 5 wks after ischemia-reperfusion, implying that TGF-β may 

mediate chronic microvascular changes that result from acute kidney injury.72 Whether these 

changes were due to TGF-β-mediated anti-angiogenesis or due to other effects on the 

endothelium (e.g. apoptosis) is unclear. To better define the role of TGF-β in the endothelial 

response to injury, future studies should examine endothelial-specific TGF-β signaling in 
vivo as well as analyze the TGF-β-mediated crosstalk between injured tubular epithelium 

and the surrounding vasculature.

 Conclusions

TGF-β clearly plays a key role in the progression of tubulointerstitial fibrosis, but the 

mechanisms whereby this occurs remain undefined. Understanding how TGF-β mediates 

tubulointerstitial fibrosis is challenging because multiple cell types are involved in fibrosis 

and the responses to TGF-β vary dependent upon cell type and cellular milieu. Fortunately, 

the advent of Cre/lox technology allows for selective inhibition of TGF-β signaling in 

specific compartments of the kidney. This tool will improve our understanding of cell-

autonomous TGF-β signaling, providing important information regarding the effects of 

inhibiting TGF-β activity in targeted cell types in vivo. Another important direction for 

future studies is elucidating cell-specific downstream pathways of TGF-β. These pathways 

likely mediate the divergent effects of TGF-β, and defining how these pathways differ in 

epithelial cells and fibroblasts may identify pharmacologic targets with safer profiles than 

TGF-β. Also, a better understanding of how inhibiting TGF-β signaling alters the activity of 

other growth factors following renal injury is crucial and could have important therapeutic 

implications. As the population with chronic kidney disease continues to expand, a safe and 

effective way to modulate TGF-β-dependent tubulointerstitial fibrosis would make a huge 

medical and economic impact.
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Figure 1. 
TGF-β’s effects vary depending upon target cell type. TGF-β ligands are secreted as mature 

homodimers non-covalently bound to the LAP. This latent complex is anchored to the ECM 

by LTBP, and the mature TGF-β homodimer must be separated from the LAP to become 

active and bind to the TGF-β type II receptor. TGF-β has pleiotropic effects that vary 

depending upon the target cell type. Shown above are the different cellular responses to 

TGF-β by various cell types involved in tubulointerstitial fibrosis (tubular epithelium, renal 

fibroblast, macrophage, and endothelium). Many of these cellular responses were 

determined by in vitro studies, and validation of these effects in vivo has yet to be 

confirmed.

Abbreviations: TGF-β, Transforming growth factor-β; LAP, latency associated peptide; 

ECM, extracellular matrix; LTBP, latent TGF-β binding protein
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Figure 2. 
Proposed cellular interactions that lead to TGF-β-mediated tubulointerstitial fibrosis. Various 

forms of injury (e.g. mechanical stretch, hypoxia) target the renal tubular epithelium leading 

to production of inflammatory cytokines such as MCP-1 which recruits macrophages. The 

infiltrating macrophages are potent sources of TGF-β which can signal on neighboring 

epithelial cells or renal fibroblasts. TGF-β from either macrophages or injured tubular 

epithelium stimulates fibroblasts to produce matrix components such as collagen I and 

fibronectin. The increased TGF-β production by injured epithelium can signal in an 

autocrine fashion leading to further TGF-β production, de-differentiation, and possibly 

increased collagen IV production. Tubular injury may also increase integrin αvβ6 expression 

and activation of latent TGF-β.

Abbreviations: MCP-1, monocyte chemoattractant protein-1
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Figure 3. 
TGF-β’s effects on monocytes/macrophages. TGF-β promotes monocyte migration by 

increasing chemoattractant cytokines such as MIP-1α and MCP-1. Cell/cell and cell/matrix 

interactions of monocytes are also enhanced by TGF-β through upregulated expression of 

integrins. In contrast to these stimulatory effects on monocytes, TGF-β suppresses activation 

of macrophages as evidenced by decreased iNOS and TNF-α expression. TGF-β signaling 

reduces macrophage production of inflammatory cytokines such as IFN-γ but increases the 

synthesis of pro-fibrotic factors like TGF-β.

Abbreviations: MIP-1α, macrophage inflammatory protein-1α; MCP-1, monocyte 

chemoattractant protein-1; iNOS, inducible nitric oxide synthase; TNF-α, tumor necrosis 

factor-a; IFN-γ, interferon-γ
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Table 1

TGF-β has been described as a pro-inflammatory and anti-inflammatory growth factor, and its specific effect 

depends upon the target cell and microenvironment. This table shows seemingly contradictory effects of TGF-

β in modulating renal inflammation. TGF-β can have immunosuppressive effects on immune cells but pro-

inflammatory effects on renal parenchyma.73 This is consistent with the study by Cao et al where only 

macrophages ex vivo were treated with TGF-β.74 Also, the global deletion of TβRII produced multi-organ 

inflammation, likely as a result of altered signaling in inflammatory cells. The conflicting reports of the other 

studies listed may be due to how their models differentially affected the activity of Smad7, a known modulator 

of inflammation and NF-κB.75, 76 Overexpressing latent TGF-β1 as well as deleting Smad4 both appeared to 

have dramatic effects on Smad7 activity which may explain the inflammatory effects.74, 77

TGF-β as pro-inflammatory TGF-β as anti-inflammatory

TGF-β1 increased
inflammatory cytokine
(MCP-1, IL-8) production by
proximal tubule cells in vitro

Qi W, et al. Am J
Physiol Renal Physiol
290: F703-F709,
2006.

TGF-β1-treated
macrophages attenuated
inflammation following
adriamycin nephrosis

Cao Q et al. J Am
Soc Nephrol 21:933-
942, 2010.

Smad3−/− mice had
attenuated macrophage
infiltration after UUO

Sato M. et al. J Clin
Invest 12:1486-
1494, 2003.

Overexpression of latent
TGF-β1 prevented
inflammation in UUO model

Wang W et al. J Am
Soc Nephrol
16:1371–1383,2005.

Smad3−/− mice had less IL-6
after acute kidney injury

Nath et al. Am J
Physiol Renal Physiol
301 :F436–442, 2011.

Deletion of Smad4 in renal
tubules enhanced renal
inflammation after UUO

Meng X, et al.
Kidney Int Nov 2011.

ALK5 inhibitor targeted to
proximal tubule reduced
inflammation after UUO

Prakash J et al.
Pharm Res 10:2427-
39, 2008.

Deletion of TβRII caused
increased inflammation in
kidney and other organs

Leveen P, et al.
Blood 100 (2) 560–8,
2002.
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