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Abstract

Background: A wide variety of kidney diseases ultimately
lead to tubulointerstitial damage. The initial site of injury is
usually the renal tubules, with activation of fibroblasts oc-
curring later. Self-limited disease is characterized by tran-
sient cellular activation with timed deactivation and ulti-
mately a return to normal functioning, whereas sustained
responses characterize chronic disease and the develop-
ment of irreversible fibrosis. The underlying molecular and
cellular mechanisms of this cascade of events remain an area
of active research. Current data overwhelmingly support a
role for crosstalk between the tubular epithelium and the
interstitial fibroblast that mediates both repair/regeneration
and progressive disease. This epithelial-mesenchymal com-
munication (EMC) is regulated by a variety of soluble ligands
binding to cell surface receptors to induce intracellular sig-
naling events. Summary: EMC is an important mechanism
whereby tubular epithelium and fibroblasts/mesenchymal
cells crosstalk to affect renal physiology and pathology. Nu-
merous soluble factors such as sonic hedgehog, Wntligands,

transforming growth factor-f, hepatocyte growth factor,
connective tissue growth factor, and angiotensin Il all par-
ticipate in bidirectional EMC. Recent studies have also identi-
fied exosomes as a vehicle to mediate EMC during kidney
injury. In general, while the short-term activity of EMC factors
isrenoprotective, prolonged activation of these factors leads
to chronic disease and fibrosis. Key Messages: The discovery
of a complex and intricate system of communication be-
tween tubular cells and fibroblasts is a new paradigm in our
understanding of renal fibrosis. An appreciation of both their
regenerative and pathologic functions will inform the devel-
opment and use of targeted therapeutic interventions.

© 2016 S. Karger AG, Basel

Introduction

Prevention of chronic kidney disease (CKD) and end-
stage renal disease remains a major priority of health care
worldwide. CKD is gaining in prevalence worldwide and
has a strong negative effect on an individual’s quality of
life, morbidity, and mortality [1]. CKD is common, af-
fecting 14% of the US population and 10.8% of the Chi-
nese population. Beyond the health implications for an
individual patient, end-stage renal disease also incurs an
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immense economic burden, accounting for over 30 bil-
lion USD in yearly expenditures in the USA alone [2, 3].

Kidney injury on the molecular level involves complex
interactions between all of the resident cell types as well
as infiltrating cells from the circulation. While tubular
cells are often the initial site of injury, fibroblasts are sub-
sequently recruited and activated. Initial responses are
likely an attempt at kidney repair and recapitulate em-
bryologic developmental pathways. However, should re-
pair processes persist, a profibrotic environment is pro-
moted, leading to the replacement of normal kidney with
scar tissue composed of a variety of extracellular matrix
(ECM) components, including collagens and fibronectin
[4]. Fibrosis is seen in virtually all types of progressive
CKD and likely represents irreversible damage. As such,
it is imperative to prevent fibrosis in order to improve
patient outcomes.

The Key Players: Tubular Epithelial Cells and
Fibroblasts

In the tubulointerstitium, it is the renal tubules that are
the epicenter of early disease. While it is believed that
these epithelial cells have excellent regenerative capacity
after mild acute kidney injuries (AKI), data now indicate
that severe or repeated injuries have lasting effects. Tu-
bules can exhibit cell death, cell cycle arrest, mitochon-
drial dysfunction, and defects in fatty acid oxidation, to
name a few, leading to proinflammatory and profibrotic
phenotypic changes [5-7].

The development of fibrosis after epithelial injury is
highly dependent on fibroblasts and myofibroblasts. Fi-
broblasts are mesenchymal cells that are normally present
in the kidney interstitium, responsible for the generation
of the scaffold required to maintain renal structures. In
contrast, myofibroblasts are ‘activated’ cells associated
with pathology and possessing a vastly increased capacity
for ECM production and a contractile phenotype associ-
ated with a-smooth muscle actin (a-SMA) expression.
Identification of the myofibroblast precursor has been an
area of active research, with at least five possible source
cells identified: resident interstitial fibroblasts, pericytes,
circulating fibrocytes, endothelial cells, and the tubular
epithelium. However, the concept of a complete epitheli-
al-to-mesenchymal transition (EMT) during renal fibro-
sis has been difficult to prove definitively [4].

It may be more likely that epithelia undergo a ‘partial
EMT’ in which epithelia acquire mesenchymal traits
without a full EMT conversion. Recently, two studies
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demonstrated that tubular-specific expression of Snail or
Twistl1, previously implicated in EMT, led to partial EMT
and the expression of profibrotic factors [8, 9]. These fac-
tors are likely to have paracrine effects on fibroblasts to
promote myofibroblast conversion and renal fibrosis,
suggesting the importance of crosstalk between these cells
and tubules.

Epithelial-Mesenchymal Communication

While EMT remains controversial, there is little doubt
that some form of ‘epithelial-mesenchymal communica-
tion’” (EMC) occurs in damaged kidneys. EMC is medi-
ated by soluble factors acting at short or long distances by
binding to cell surface receptors. This leads to intracellu-
lar signaling activation and/or increased transcription of
target genes. While many factors are implicated in renal
injury, we will focus here on those supported by an abun-
dance of experimental data as well as being specific for
EMC.

Transforming Growth Factor-f3

Transforming growth factor-p; (TGF-f,) is the single
most important soluble mediator of renal fibrosis. The
most abundant of the three known mammalian TGF-f
isoforms, active TGF-B; binds to the type II TGF-p recep-
tor, which in turn recruits the type I receptor. This com-
plexleads to the phosphorylation and activation of Smad2
and Smad3, which translocate to the nucleus to upregu-
late target genes such as collagens. Interestingly, a latent
form of TGF-P; exists which can upregulate Smad7 to
inhibit this pathway and may be antifibrotic [10].

Renal tubules produce TGF-B; during disease. Both
angiotensin II exposure and Snail overexpression induce
TGEF-B, production in tubular cells [9, 11]. After hypoxic
injury, epithelial cells undergo cell cycle arrest, and dur-
ing the prolonged time in the G,/M phase these cells pro-
duce large amounts of TGF-B; [6]. Increased tubular
stretch, which may occur in obstructive renal injuries, is
another inducer [12]. It should be noted that fibroblasts
and inflammatory cells also produce TGF-f; [12].

Increased TGF-[; expression leads to a variety of para-
crine and autocrine effects on target cells. TGF-p, is a po-
tent mitogen for fibroblasts and causes myofibroblast
transformation [10]. TGF-B; also causes tubular cell
apoptosis [13, 14] and potently induces the EMT pro-
gram, leading to the production of an increased matrix
[13]. It also causes tubular cell hypertrophy, which may
be closely linked to increased matrix production [15].
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Fig. 1. The role of TGF-f; in EMC. Both tubules and fibroblasts
can produce TGF-B; under pathologic conditions, and this can act
on either type of cell, leading to autocrine and paracrine effects. In
the acute phase, TGF-B; plays an anti-inflammatory role which
may be protective. In the chronic phase, TGF-p; is a strong induc-
er of fibrosis, leading to tubular cell apoptosis and hypertrophy as
well as increased ECM generation and a partial EMT phenotype.
In fibroblasts, TGF-p; is a potent mitogen and stimulates myofi-
broblast conversion and the acquisition of a contractile phenotype
along with greatly enhanced expression of ECM components.

Overall, the potent effects of TGF-f; make it one of the
most profibrotic substances known. However, anti-
TGF-p; therapies have not been universally successful in
preventing fibrosis. TGF-B; has an anti-inflammatory
role which may itself be antifibrotic, and blocking this
may abrogate any positive effects [10]. Nonetheless, its
role in progressive CKD is not to be underestimated, and
it may yet be a target of successful therapeutic interven-
tion in the future. The bidirectional effects of TGF-p; on
epithelia and fibroblasts are summarized in figure 1.

Whnt/B-Catenin

Anabundance of evidence supports the Wnt/f-catenin
pathway in the development of renal fibrosis. Wnt/p-
catenin is a critical developmental signaling pathway that
is necessary for normal kidney organogenesis. Although
quiescent in normal adult kidneys, this pathway is reacti-
vated after a variety of injuries [16].

There are 19 different known Wnt, and all of them can
bind any one of 10 frizzled (Fz) receptors at the cell sur-
face. Low-density lipoprotein receptor-related protein 5
or 6 (LRP5/6) co-receptors are critical for activation of
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intracellular signaling. Wnt/Fz ligation leads to the acti-
vation of B-catenin in this so-called canonical pathway.
B-Catenin normally resides in the cytoplasm as part of a
multiprotein complex consisting of axin, glycogen syn-
thase kinase 3p, dishevelled, and adenomatous polyposis
coli. As part of this complex, B-catenin is phosphorylated
and directed for proteasomal degradation. During active
Whnt signaling, the complex dissociates via interactions
with Fz and LRP5/6, leading to release of -catenin, its
escape from degradation, and subsequent cytoplasmic ac-
cumulation. This leads to nuclear translocation, where
B-catenin fulfills one of its roles as a transcription factor
regulator by recruiting T-cell factor and lymphoid en-
hancer-binding factor to upregulate target genes [16].

Wnt proteins can be expressed in both tubular cells
and interstitial fibroblasts, and both cell types can re-
spond to Wnt signaling, leading to paracrine and auto-
crine effects. However, at least some injury models lead
to preferential upregulation of Wnt in activated myo-
fibroblasts and not the epithelium, indicating predomi-
nantly unidirectional communication [17]. Supporting
this, the majority of B-catenin activity appears to be in-
duced in tubular cells during injury [18, 19].

B-Catenin effects are numerous. Wnt/B-catenin sig-
naling allows entry into the cell cycle via the upregulation
of cyclin D1 and cyclin A [20]. This has important impli-
cations depending on whether the target cell is an epithe-
lial cell attempting tubular repair, or a fibroblast promot-
ing fibrosis. p-Catenin also enhances the expression of
matrix metalloproteinase 7 (MMP-7), fibronectin, fibro-
blast-specific protein 1, plasminogen activator inhibitor
1, Snaill, and even the components of the renin-angio-
tensin system (RAS; see below) [16].

In the acute phase of kidney injury, Wnt/p-catenin is
likely to be protective. A variety of nephrotoxic events
lead to marked accumulation of B-catenin in renal tu-
bules [20, 21]. In both folic acid nephropathy and isch-
emia-reperfusion, tubule-specific ablation of B-catenin is
harmful, leading to increased mortality, renal injury, and
tubular cell apoptosis [18]. Ablation of either Fz or the
LRP5/6 co-receptors leads to increased tubular injury
after ischemia-reperfusion [22]. Via effects on cell cycle
progression, Wnt/B-catenin is critical for tubular cell re-
population and repair [20]. It has also been suggested that
a population of endogenous progenitor cells help to re-
populate the tubular compartment after injury. These
progenitor cells require activation of the Wnt/p-catenin
pathway [23].

Interestingly, interstitial fibroblasts are activated and
proliferate during AKI, with numbers dissipating after
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Fig. 2. Bidirectional EMC via Wnt/Shh signaling. In kidney injury,
Wnt are predominantly expressed in activated proliferating fibro-
blasts and lead to increased p-catenin activity in tubular epithelial
cells. This leads to increased cell survival as well as cell cycle pro-
gression to repair and regenerate injured tubules in the acute
phase. Once the damage has been repaired, MMP-7 (itself a target
of B-catenin) is secreted from tubules to induce apoptosis and re-
turn fibroblast numbers back to normal basal levels (negative feed-
back). However, during severe, repeated, and progressive injury,

injury resolution [24]. The exact function of these fibro-
blasts during AKI is unknown, but it has been proposed
that they are reparative. Wnt/B-catenin may help to regu-
late this response through the upregulation of tubular
MMP-7 [25]. This protease is capable of upregulating Fas
ligand on fibroblasts, which would lead to regulated re-
moval of fibroblasts after AKI via apoptotic cell death
[26]. In this instance, fibroblasts proliferate after injury to
promote renal repair, but subsequent increases in Wnt
lead to enhanced expression of tubule-derived MMP-7.
This protease, in turn, acts to remove fibroblasts via apop-
tosis as the AKI resolves, allowing the kidney’s micro-
environment to return to normal. As such, Wnt/B-catenin
forms a self-regulatory negative feedback loop to allow
for the transient activation of fibroblasts to promote
short-term repair after AKI.

In contrast to the beneficial transient activity in acute
injuries, it appears that sustained Wnt/p-catenin activa-
tion is detrimental and drives the fibrotic response in
chronic injuries. For instance, in mice with forced over-
expression of Wntl in proximal tubules, robust intersti-
tial fibrosis developed, associated with the activation of
myofibroblasts and increased ECM generation [27]. In
obstructive injury, Wnt4 potently induced myofibroblast
differentiation [17]. The profibrotic cytokines TGF-f and
connective tissue growth factor (CTGF) are also capable
of directly upregulating Wnt/(-catenin activity [28, 29].

Epithelial-Mesenchymal Communication

the tubules remain injured and secrete Shh, which causes pro-
fibrotic changes including further fibroblast proliferation, myo-
fibroblast differentiation, and the increased generation of ECM.
Meanwhile, these fibroblasts continue to produce Wnt, which ac-
tivates B-catenin activity in tubular cells and causes EMT, ECM
generation, Shh production, and upregulation of RAS (positive
feedback). The resulting angiotensin II can further enhance the
profibrotic changes in fibroblasts (not shown). Fn = Fibronectin;
Col = collagen.

The hypothesis that the duration of Wnt/-catenin sig-
naling is a key aspect to its role as either beneficial or patho-
logic has been tested experimentally. In moderate, self-
resolving AKI due to ischemia-reperfusion, Wnt/B-catenin
undergoes a transient upregulation associated with recov-
ery and a ‘good’ renal outcome. Meanwhile, after inducing
more severe AKI with a longer ischemic period, Wnt/f-
catenin activity persists, and this leads to the development
of renal fibrosis, an undeniably ‘bad’ outcome [30].

Many of these detrimental effects are the result of Wnt
signaling on tubular epithelia. B-Catenin can upregulate
nearly all components of the intrarenal RAS in the tubular
compartment. RAS activation is a known profibrotic
stimulus, and Wnt/p-catenin blockade in one study led to
protection from activation as well as decreased myofibro-
blast activation and renal fibrosis [31]. In addition, the
same MMP-7 which is protective in AKI appears to be
detrimental in CKD, since MMP-7 can cleave E-cadherin
in tubular cells, leading to disruption of epithelial cell lay-
er integrity and acquisition of a more mesenchymal phe-
notype. The prolonged MMP-7 exposure also seemed to
self-upregulate B-catenin activity in both renal epitheli-
um and fibroblasts, forming a positive feedback loop
leading to more injury (manuscript under review). The
EMT inducer Snaill is also a target of B-catenin, and
pharmacologic blockade of B-catenin abrogates Snail
activity and renal fibrosis [32].
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These data collectively suggest that Wnt/B-catenin
mediates EMC between epithelial cells and fibroblasts in
all stages of renal injury. In AKI, fibroblasts are activated
and begin to secrete Wnt. These Wnt act predominantly
on renal tubular cells, where there is strong activation of
B-catenin after kidney injury, leading to upregulation of
MMP-7. The MMP-7 in mild injury would negatively
regulate fibroblasts through apoptosis and lead to repair
and resolution. However, if the injury is severe enough to
cause sustained fibroblast activation, Wnt secretion, and
B-catenin activity, persistent MMP-7 expression induces
EMT and increases B-catenin activity in both tubular cells
(further promoting a more mesenchymal phenotype) and
fibroblasts (inducing myofibroblast differentiation). RAS
components would also be upregulated and promote
fibrosis. Ultimately, this ‘feed-forward” cycle promotes
fibrosis and the progression of CKD. Therefore, Wnt/f3-
catenin is an active mediator of epithelial-fibroblast
crosstalk, and increased understanding will help in the
development of appropriately timed and targeted thera-
peutic interventions. These effects are summarized in
figure 2.

Hedgehog Signaling

Hedgehog (Hh) signaling, much like Wnt/p-catenin,
is a key mammalian developmental pathway and regu-
lates tissue patterning and organogenesis, among other
functions. The three Hh ligands present in humans and
mice are sonic Hh (Shh), desert Hh, and Indian Hh [33].
Of these three, the most is known about Shh.

Once Shh is secreted from cells, it binds to the cell sur-
face receptor patched 1 (Ptchl). Binding results in de-
repression of smoothened (Smo) and downstream activa-
tion of Gli transcription factors. Shh signaling leads to
upregulation of Snaill, collagen, desmin, fibronectin, and
a-SMA. Target genes also include members of the path-
way itself, including upregulation of Ptch1 and Glil, pro-
moting further Shh signaling [34].

Several studies from independent laboratories have
demonstrated that Hh ligands are predominantly pro-
duced by tubular cells, and that fibroblast or fibroblast-
like cells are the targets. After ureteral obstruction, Shh
and Indian Hh were upregulated in renal tubules. Using
mice expressing LacZ under the control of the Glil or
Gli2 promoter, it was found that interstitial fibroblasts,
not tubules, were the cells that responded to these ligands
[33, 34]. Pericytes were also identified as target cells.
These are mesenchymal cells surrounding the microvas-
culature and identified by positivity for platelet-derived
growth factor receptor-f, and their proliferation was in-
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Fig. 3. Shh is produced by renal tubules but acts on interstitial fi-
broblasts. a Immunohistochemistry for Shh after ischemia-reper-
fusion injury is shown with red indicating positive staining. Note
the strong staining within injured tubules. b Inset showing an en-
larged image of the boxed area in a. Shh staining is specific for
renal tubules (black arrow) but not interstitial cells (open arrow).
¢ Mice with the LacZ reporter under control of the Gli promoter
show that only interstitial cells exhibit increased -galactosidase
activity (denoted as blue staining). d Inset showing an enlarged
image of the boxed area in c. Gli reporter activity is specific for in-
terstitial cells (black arrow) but is not present in tubular cells (open
arrow).

creased after Gli activation [33]. Shh also induces myo-
fibroblast transformation, manifested as expression of
a-SMA, fibronectin, collagen, and desmin. Blockade of
Gli was capable of attenuating renal fibrosis in vivo and
preventing fibroblast activation in vitro [34].

These findings were later extended to show that renal
tubular cells upregulate Shh after a number of kidney in-
juries, including ischemia-reperfusion, 5/6 nephrectomy,
and adriamycin exposure. Again, interstitial fibroblasts
were identified as the responding cells (fig. 3). Fibroblasts
were again shown to have enhanced proliferation in re-
sponse to Shh. Furthermore, Shh overexpression hastened
fibrotic development, while the Smo inhibitor cyclopa-
mine reduced both fibroblast proliferation and renal fi-
brosis in vivo [35]. Specific blockade of Gli2 activation,
rather than Glil, appeared to be the key to preventing
myofibroblast proliferation and renal fibrosis [36].
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Interestingly, although the Hh-responding cells have
consistently been shown to be interstitial fibroblasts or
pericytes, Hh signaling still had an indirect effect on tu-
bular cells. By blocking Hh signals, macrophage infiltra-
tion after ureteral obstruction was decreased. As macro-
phages are a major source of Wnt, this action ablated the
usual increase in B-catenin in renal tubular cells, and ul-
timately led to increased tubular apoptosis [37].

It is also possible that Shh/Gli activity in fibroblasts or
pericytes would directly lead to the induction and release
of Wnt from these cells. Hh signaling is capable of in-
creasing Wnt in cancer cells [38], although validation of
this phenomenon in renal fibroblasts is lacking. Concep-
tually at least, increased Wnt secretion would act on renal
tubular cells, which in turn would be stimulated to secrete
more Shh to activate fibroblasts, creating an injurious
profibrotic signaling cycle (fig. 2). This type of EMC
makes sense considering the evidence supporting a role
for prolonged Wnt and Shh signaling in CKD. It also sug-
gests that interruption of this cycle could be an effective
treatment for chronic disease, a promising hypothesis
that requires further investigation.

Angiotensin II

The RAS has long been known to be a pathologic me-
diator of chronic disease and fibrosis. Traditionally, it was
understood as a multiorgan system involving multiple
components, including angiotensinogen, renin, angio-
tensin-converting enzyme, and the two angiotensin re-
ceptors (AT1R and AT2R). Evidence now reveals that the
diseased kidney can also express all of these components
by itself. The overall effect is profibrotic and damaging
and appears to be mediated by upregulation of TGF-f,
[39]. The TGF-p; cofactor CTGF is also a target of this
pathway [40].

Several studies have shown the upregulation of key
RAS components in both renal tubules and fibroblasts. As
discussed above, it was shown that angiotensinogen, re-
nin, angiotensin-converting enzyme inhibitor, and AT1R
were upregulated in renal tubules during mouse kidney
injury in a Wnt/p-catenin-dependent manner [41]. The
ATIR is also expressed on renal fibroblasts, suggesting
that angiotensin I mediates EMC. Indeed, in vitro stud-
ies have revealed that fibroblasts exposed to angiotensin
IT or IIT have increased matrix generation and prolifera-
tive capacity [39, 42, 43]. Signaling through ATIR also
leads to increased fibrocyte infiltration in injured kidneys
[43]. Finally, the identification and characterization of a
prorenin receptor on distal tubular epithelia which can
bind renin indicate autocrine signaling from the RAS as

Epithelial-Mesenchymal Communication

well. Interestingly, the RAS may interact with other path-
ways, as prorenin receptor activity enhances Wnt signal-
ing [44].

Hepatocyte Growth Factor

Hepatocyte growth factor (HGF) is a renoprotective
protein that also plays a role in the organogenesis of the
liver, placenta, and skeletal muscles. In adult tissues, it is
primarily produced in mesenchymal cells [45]. HGF
binds to a single receptor, c-met, present on both tubular
cells and fibroblasts, leading to receptor autophosphory-
lation and signal transduction. The downstream effects of
this include cell survival, proliferation, differentiation,
and migration [46].

Numerous studies show that HGF is protective against
a variety of renal insults. In AKI, paracrine signaling oc-
curs, as c-met is dramatically induced in renal tubules,
and tubule-specific knockdown of this receptor leads to
enhanced injury [47]. In chronic disease and fibrosis,
HGF was capable of reducing proinflammatory cytokine
release from tubular cells [48].

HGF also has autocrine effects on fibroblasts that are
antifibrotic, primarily by effects on TGF-p signaling.
HGF was capable of inducing fibroblast apoptosis, sup-
pressing TGF-{; and collagen expression in fibroblasts,
and blocking Smad2/3 activity [49-52]. In addition, ad-
ministration of HGF in vivo led to reduced renal fibrosis
after obstruction, subtotal nephrectomy, angiotensin II
infusion, and diabetes, and in some cases it could abro-
gate fibrosis even after it had started [49, 53-55].

Connective Tissue Growth Factor

CTGEF lacks a dedicated receptor but appears to inter-
act with other proteins to promote a profibrotic environ-
ment. CTGF is a necessary cofactor for TGF-f signaling
via direct interactions with the TGF-p receptor, down-
regulation of Smad7 activity, and inhibition of bone mor-
phogenetic protein 7. CTGF can also bind LRP6, leading
to B-catenin activity [29].

CTGF can be found in both tubular epithelial cells
and fibroblasts in normal kidneys, but upregulation oc-
curs after injury. In diseased histological tissue, CTGF
largely colocalizes with a-SMA [56]. This suggests that
fibroblasts/myofibroblasts are a major source, and this
has been confirmed in vitro [57]. However, tubular epi-
thelia can be stimulated to produce CTGF after exposure
to injurious stimuli [6, 58]. As CTGF is a cofactor for
TGEF-B, it is expected to be capable of promoting all of
the TGF-f profibrotic effects in both fibroblasts and
epithelial cells.
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Table 1. Selected factors mediating EMC during kidney disease

Factor Capacity for production Cellular response to acute and chronic injury
tubule Fibro/Mes tubule fibroblast/mesenchymal cell
TGF-B, ++ ++ Acute: anti-inflammatory Acute: anti-inflammatory
Chronic: profibrotic Chronic: profibrotic
Apoptosis Proliferation
ECM generation Myofibroblast conversion
Hypertrophy ECM generation
Wnt + ++ Acute: repair/regeneration Acute: injury resolution
Cell survival/proliferation/progenitor recruitment Apoptosis (via MMP-7)
Chronic: profibrotic Chronic: profibrotic
Partial EMT (via Snail, Fn, MMP-7) Myofibroblast conversion
T RAS ECM generation
Shh +++ + No direct effect via canonical pathway Chronic: profibrotic
Proliferation
Myofibroblast conversion
ECM generation
HGF - ++ Acute: repair/regeneration Acute: unknown
Reducing tubular injury Chronic: antifibrotic
Chronic: repair/regeneration Antagonizing TGF-f,
Tubular recovery Apoptosis
Anti-inflammatory | ECM generation
CTGF + ++ Same as TGF-f; (cofactor) Same as TGF-f; (cofactor)
Angll ++ - Chronic: profibrotic Chronic: profibrotic

1 TGE-p,

T TGF-p,
Proliferation
T ECM generation

PDGEF = Platelet-derived growth factor; Fibro/Mes = fibroblast/mesenchymal cell; Fn = fibronectin; AnglII = angiotensin II.

Exosomes

Exosomes are small, ~40- to 100-nm vesicles con-
tained within multivesicular bodies that are released from
cells when these bodies fuse with the plasma membrane.
These exosomes can then travel short or long distances
and can be found in blood and urine, where they may be
used as biomarkers. However, the exosomes can also be
picked up by another cell with incorporation of its con-
tents, typically consisting of the donor cell’s cytoplasm,
proteins, mRNA, and microRNAs. This transfer of infor-
mation is another form of intercellular communication
[59]. It is known that injured tubular cells pass exosomes
containing TGF-f; (and possibly other substances) to fi-
broblasts, which respond by proliferation, myofibroblast
conversion, and matrix generation [60]. Exosomes could
also enhance tubular cell (and animal) survival after AKI
via downregulation of tubular apoptosis [61], and have
been shown to mediate EMT [62].
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Conclusions

It is now clear that there exists a complex EMC medi-
ated by soluble factors in the diseased adult kidney.
TGEF-B, Wnt, Shh, angiotensin II, HGF, CTGF, and exo-
somes are all capable of inducing cellular changes in an
autocrine and/or paracrine manner and can either pro-
mote repair or worsen injury. Their effects are summa-
rized in table 1. The current evidence clearly supports a
pivotal role for EMC in kidney disease.

Additional themes emerge from this discussion. One
is that the factors involved in EMC are also important
in developmental pathways. This is intuitive in that in-
jury would require a return to embryologic origins in
order to regenerate and repair. This also reinforces the
concept that understanding normal and aberrant renal
development will provide key insights into kidney dis-
ease.
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Another theme is the dual role that EMC plays in en-
abling repair as well as promoting injury. AKI leads to the
elaboration of soluble factors that can lead to kidney re-
pair. As part of this response, there are effective mecha-
nisms in place to limit and ultimately turn off the produc-
tion of these factors and prevent deleterious effects of
overstimulation. However, if the injury is severe or pro-
longed, persistent signaling occurs and becomes mal-
adaptive, leading to progressive CKD and fibrosis. This is
an example of having ‘too much of a good thing’.

In conclusion, the continued dissection of these path-
ways, their interrelationships, and the way they influence
different cell types will be crucial for understanding the
molecular pathogenesis of renal disease. This knowledge
will be pivotal in facilitating the development of appro-
priately timed and targeted therapies that can improve
the care of renal disease in the future.
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