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Abstract Heat shock proteins (Hsps) are essential to cell sur-
vival through their function as protein chaperones. The role
they play in kidney health and disease is varied. Hsp induction
may be either beneficial or detrimental to the kidney, depend-
ing on the specific Hsp, type of cell, and context. This review
addresses the role of Hsps in the kidney, including during
development, as osmoprotectants, and in various kidney dis-
ease models. Heat shock transcription factor, activated by a
stress on renal cells, induces Hsp elaboration and separately
regulates immune responses that can contribute to renal injury.
Induced Hsps in the intracellular compartment are mostly ben-
eficial in the kidney by stabilizing and restoring cell architec-
ture and function through acting as protein chaperones. Intra-
cellular Hsps also inhibit apoptosis and facilitate cell prolifer-
ation, preserving renal tubule viability after acute injury, but
enhancing progression of cystic kidney disease and malignan-
cy. Induced Hsps in the extracellular compartment, either cir-
culating or located on outer cell membranes, are mainly det-
rimental through enhancing inflammation pathways to injury.
Correctly harnessing these stress proteins promises the oppor-
tunity to alter the course of acute and chronic kidney disease.
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Introduction

Three decades ago, heat shock proteins (Hsps) were identified as
fundamental to cell survival through their identified functions as
protein chaperones [1]. Thereafter, the role of Hsps has been
explored in a variety of in vitro and in vivo models of kidney
disease, including in human disease. Initially, it was thought by
some investigators that Hsps provided nearly ubiquitous benefit,
providing protection against a wide range of insults to the kid-
ney. Subsequent investigations have confirmed benefit provided
to renal cells by Hsps in a variety of contexts, but have also
found detrimental effects contributed by Hsps in other settings.

Hsps, also called stress proteins, are highly conserved across
species and are found in nearly every organism. They are clas-
sified according to size and apparent function. Each Hsp family
has constitutively expressed members that appear necessary for
routine maintenance functions in cells. Inducible Hsps are reg-
ulated by heat shock transcription factor (HSF) activation, the
most proximal component of the stress response. HSF activa-
tion is rapid after a cellular insult, and significant Hsp induction
soon follows, within minutes to hours. Stress protein induction
was first found in cells after injury caused by heat, anoxia, and a
number of toxic agents. Hsps appear to be essential to basic cell
function and survival by providing routine assistance in intra-
cellular protein handling and trafficking (see Fig. 1) [1]. The
stress protein families most studied in the kidney are the 90-kDa
(Hsp90), 70-kDa (Hsp70), and the small Hsp 25/27 class
(Hsp25 in rodents, Hsp27 in humans). Other Hsps, including
a member of the larger 110-kDa class have been examined in
only a couple of isolated studies in the kidney. Each of these
Hsps acts as a chaperone to newly formed proteins, allowing
proper folding and preventing inappropriate peptide interac-
tions or aggregation. In a like manner, they can assist in the
translocation of proteins across intracellular membranes and
assist denatured proteins in refolding or reassembling into
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Fig.1 Function of heat shock proteins as protein chaperones. Essentially
all Hsps act as protein chaperones. Many have ATP binding domains, and
hydrolyze ATP to complete the specific protein chaperone function.
Constitutively expressed members of each heat shock protein (Hsp)
family (shown here as HSC) routinely process nascent cellular proteins
during production and movement to final correct configuration and
cellular localization. The HSCs can also act to stabilize and repair
denatured proteins, or to chaperone them into disposal pathways as

normal configuration as part of the process of repair (Fig. 1).
Specific functions of the stress proteins in the kidney appear to
have multiple aspects.

While initial reports seemed to suggest that Hsps were promis-
cuous in the target of their protective effects in renal cells, subse-
quent studies have shown that each Hsp interacts with specific
intracellular proteins depending on the renal cell type and the
insult applied. Furthermore, the initial presumption by some that
the stress proteins provide universal benefit, which was fueled by
the glut of such reports, was subsequently shown to be a limited
view. Depending on the kidney disease model, especially with in
vivo models, Hsp induction may, in particular settings, have
adverse effects on cell injury and disease progression.

Hsps in kidney development

For several reasons, it seemed likely that Hsps would prove
essential to normal renal development. First, their central
function of chaperoning other proteins through a variety of
intracellular processes would appear crucial for normal cell
differentiation, and by extension to normal organ develop-
ment. Furthermore, it has long been recognized that stress
proteins are critical to developing organisms and that Hsp
regulation and expression varies during development [1, 2].
Knockout models of individual constitutively expressed
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needed. Cellular injury increases the demand on HSCs by increasing
the quantity of denatured proteins. HSCs, primarily from the 70- and
90-kD families, also reversibly bind the heat shock transcription factor
(HSF). HSF is released when HSC demand is increased in injured cells,
rapidly activating the stress response for prompt production of all
inducible heat shock proteins. The induced Hsps then assist stabilization
and recovery of the cell through several mechanisms, as discussed in the
text

chaperones (Hsp cognates) in primitive and unicellular organ-
isms made them highly susceptible to injury from even mild
stress, in some cases proved lethal without an additional stress,
and typically caused impaired growth of the organism. So it
was reasonable to anticipate that knocking out individual
stress proteins or ablating their induction might well cause
significant developmental abnormalities of the kidney. How-
ever, such has not been reported to date. While not explicitly
described, no renal developmental abnormalities have been
reported in the few mouse models where individual inducible
Hsps have been knocked out.

We specifically examined kidneys in the HSF-1 knockout
(KO) mouse for histological signs of abnormal renal develop-
ment, prior to studying acute kidney injury in this model [3].
HSF-1 is the transcription factor responsible for the rapidly
induced expression of all Hsps after a cellular stress is applied.
While litters produced lower-than-expected numbers of HSF-
1 KO animals compared with the wild type, kidneys from
HSF-1 KO animals had no identifiable renal developmental
abnormalities on histological examination. Compared to the
wild type, the HSF-1 KO mice had equivalent baseline renal
expression of Hsp25/27 and Hsp70, but could not induce Hsp
further after the stress of ischemia. So, it may be that consti-
tutive expression of the inducible Hsps or their cognates is
sufficient for normal renal development, so long as no addi-
tional stress is applied in the developing animal.
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Nevertheless, Hsp regulation appears to differ during renal
development compared with later in life. HSF is constitutively
more active in neonatal rat kidneys, which have not completed
development, compared with mature animals. This translates
into increased constitutive and inducible expression of Hsp70
in the immature rat kidney [4, 5]. Furthermore, the cognate of
Hsp70, Hsc70, as well as Hsp90 are constitutively higher, while
Hsp60 is lower in immature rat kidneys compared with the
adult [6]. Therefore, the various Hsps are differentially regulat-
ed in the developing rodent kidney. This finding may speak to
the diverse and specific roles that individual Hsps play, includ-
ing chaperoning other proteins and affecting pathways in cell
differentiation, cell cycle, and apoptosis, all pertinent to renal
development [7-9]. The overlap and occasional redundancy of
function of individual Hsps may also explain why one Hsp
knockout can be embryonic lethal while a different Hsp knock-
out allows for globally normal development, including in the
complex development of the kidney. Regardless, as discussed
below, the differential regulation of Hsps in the developing
kidney appears to contribute significantly to the long-
recognized resistance of the immature kidney to injury.

Osmoprotectant role of stress proteins

The environment of the renal medulla is arguably the most
chronically stressed in the human body. Cells in this region
not only face chronic relative hypoxia compared with other
body compartments, but also are routinely subjected to tenfold
variations in extracellular osmolarity. Rapid changes of such
magnitude would be uniformly lethal to most mammalian
cells, but cells in the renal medulla survive. Since changes in
intracellular organic osmolytes in medullary cells may not
keep pace with the rapid extracellular changes in osmolarity,
it was suspected that other mechanisms protect these cells. It
was not surprising, then, when it was found that the constitu-
tive expression of the cytoprotectant proteins Hsp25 and 70 in
the rat kidney, and Hsp27 in human kidney, were highest in
medullary collecting ducts [10-12].

While constitutively higher levels of Hsps in kidney med-
ullary cells may protect them from their routinely hostile en-
vironment, these proteins are also acutely induced by changes
in that environment. Vasopressin administration activates HSF
and increases Hsp70 specifically in the kidney, in the medulla,
an effect prevented by V, receptor blockade [13]. Hsp70 is
induced in response to changes in medullary sodium and urea
concentration, and water restriction induces Hsp60 and Hsp25
in the papilla of rat kidneys [14, 15]. Furthermore, impairment
of the normal adaptive efflux of organic osmolytes from med-
ullary cells subjected to a hypotonic environment increased
the expression of Hsp25 and Hsp70.

Understanding the uniquely stressed environment of the re-
nal medulla afforded the opportunity to discover new stress

proteins. These included several putative protein chaperones
isolated from inner medullary collecting duct cells in
hyperosmolar conditions. The common features of the newly
identified proteins included the ability to bind to denatured
proteins with release by the addition of ATP, typical character-
istics of several Hsps (see Fig. 1). One such protein isolated was
identified to be the mitochondrial chaperone mtHsp-70 [16].

Osmotic stress protein 94 (Osp94) was separately discov-
ered and characterized in mouse kidney, primarily in the renal
medulla [17]. Its homology to the Hsp70 family, including
amino terminal ATP binding domain and C-terminal probable
peptide binding domain, made it a suspected additional pro-
tein chaperone that could provide protection to osmotically
challenged medullary cells. Indeed, Osp94 expression in-
creases in the inner medulla in response to water restriction,
and in cultured inner medullary collecting duct cells subjected
to hyperosmotic stress, concomitant with increased expression
of Hsp70 isoforms and increased phosphorylation of Hsp27
[17-20]. Furthermore, the regulatory region of the Osp-94
gene, along with a tonicity response element, contains the
consensus heat shock element (HSE) to which HSF binds
[21]. Finally, Osp-94 has been found to be induced in the brain
following ischemia, and in the cochlea in an acute endolym-
phatic hydrops model [22]. These findings, combined with the
several other characteristics that this protein shares with pre-
viously defined stress proteins, suggests that Osp-94 may play
a broader role as a stress protein in response to insults other
than merely osmotic, and in other organs than the kidney.

In sum, several stress proteins, both classical Hsps and
novel stress proteins first identified in the context of
hyperosmotic conditions, appear to protect cells in the highly
stressed environment of the renal medulla. Constitutively
higher levels, along with further rapid induction of these sev-
eral stress proteins in response to acute changes in tonicity,
appear to work together to provide supplemental protection to
cells in the renal medulla beyond that provided by regulation
of intracellular organic osmolytes.

Acute kidney injury

By far the most intensely studied role of inducible Hsps in the
kidney has been in models of acute kidney injury (AKI), and
mostly in models of ischemic injury. Heat shock transcription
factor-1 (HSF-1) activation is rapid after onset of renal ische-
mia, and significant induction of inducible Hsp72 and Hsp25/
27 in the kidney soon follows [10, 23-25]. Furthermore, pro-
gressive activation of HSF-1 is tightly linked to progressive
alterations in intracellular calcium and disruption of cell struc-
ture in renal cells subjected to graded reductions in cellular
ATP [26]. Renal tubule cells that suffer loss of structural in-
tegrity in AKI regain their normal architecture and polarity
through remodeling [27]. Recycling of damaged proteins is
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a primary mechanism of cellular repair following ischemia
in vivo or ATP depletion in vitro [28, 29]. The chaperone
capacity of Hsps may be central to this repair process.
Hsp72 binds specifically to disrupted Na/K-ATPase, and
Hsp25/27 binds specifically to disorganized actin filaments
in renal epithelial cells injured by ischemia or ATP depletion
[30-32]. Furthermore, both Hsp72 and Hsp25/27 have been
shown to be protective against injury from in vitro ischemia in
proximal tubule cells [31-33]. Hsp72 and 25/27 appear to
work synergistically to preserve renal cell structure [34].

In addition to the in vitro kidney cell studies, proximal tubule
cells isolated from transgenic mice that overexpress human
Hsp27 are resistant to hydrogen peroxide injury. However,
these same mice are more susceptible to ischemic AKI
in vivo [35]. The more severe renal outcome in vivo appeared
to be due to increased pro-inflammatory gene expression, along
with increased neutrophil and lymphocyte infiltration into the
kidney early after ischemia. Selective renal overexpression of
Hsp27 protected against ischemic AKI in vivo, in direct con-
trast to the finding in animals with systemic Hsp27 overexpres-
sion [36]. With renal-specific Hsp27 overexpression, protection
against AKI was attributed to decreased neutrophil infiltration
of kidneys and reduced pro-inflammatory gene expression.

Long recognized by clinicians is that the immature kidney
appears to be resistant to insults that produce profound AKI in
older patients. A more actively primed stress response may
contribute to this phenomenon. As observed in patients, im-
mature rat kidneys are more resistant to an ischemic insult
than are their mature counterparts. The neonatal rat kidney
has increased constitutive activity of HSF-1 compared with
mature animals, with accompanying increased expression of
Hsp72 [4, 5]. Blocking HSF-1 function with decoy heat shock
element, the target of HSF-1, reduces Hsp72 expression and
the tolerance of isolated immature renal tubules to anoxia [4,
5, 37]. Stress proteins, then, appear to be central players in the
resistance of immature kidneys to ischemic or anoxic injury.

That these basic science studies might be translatable to the
clinical realm was suggested by a study of human neonates.
Specific genetic polymorphisms of Hsp72 were found to be
associated with neonatal susceptibility to develop AKI. The
Hsp72 (1267) GG allele has low inducibility of the Hsp72
protein. Neonates carrying the Hsp72 (1267) GG variation
were found to have increased risk of AKI [38, 39].

So, it was widely thought that the cellular stress response
regulated by HSF-1 would also be essential to providing resis-
tance against in vivo AKI in mature animals. It was a surprise,
then, when it was found that HSF-1 knockout mice, with absent
Hsp induction following renal ischemia, are resistant to devel-
oping AKI after an ischemic insult [3]. HSF-1 knockout mice
were found to have an increased baseline level of immunomod-
ulatory Foxp3+ regulatory T cells resident in the kidney, which
appears to prevent development of usual features of AKI. First,
the pro-inflammatory environment that develops in wild-type
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mice kidneys shortly following an ischemic insult does not
develop in the HSF-1 knockout. Second, the typical medullary
vascular congestion seen in wild-type kidneys after ischemia
was nearly absent in the HSF-1 knockout.

Thus, stress proteins regulated by HSF-1 clearly provide
protection at the cellular level in renal tubules, but the system-
ic effect of inducible Hsps may instead be harmful in the
setting of an in vivo ischemic insult. Detrimental effects of
inducible Hsps, outside of the renal tubule and in the micro-
vasculature, may conflict with their beneficial effects within
renal tubule cells subjected to ischemia. The inducible stress
response appears to augment an ischemic insult in vivo by
facilitating pro-inflammatory mechanisms of renal injury.
The most recent studies, then, uniquely connect the rapidly
inducible cellular stress response, regulated by HSF-1, to
pathways of inflammation in ischemia-induced AKI.

Hsps in malignancy

Resistance to apoptotic cell death and unregulated cell prolif-
eration are characteristic of malignancy. The finding of in-
creased expression of Hsps in a variety of cancers is sugges-
tive that their role as cytoprotectants may bolster the endur-
ance of malignant cells. Treatment of a renal carcinoma cell
line with 17-allylamino-17-demethoxygeldanamycin (17-
AAQG), an inhibitor of the chaperone function of Hsp90, in
combination with the HIV protease inhibitor Ritonavir sup-
pressed expression of Hsp27, 70, and 90 in addition to HSF-1,
similar to treatment with siRNA against HSF-1 [40]. Further-
more, suppression of the stress response with this combination
of agents resulted in increased apoptosis and decreased prolif-
eration of the renal carcinoma cells. This suggests that overall
inhibition of Hsps, through impeding function of HSF-1, is a
potential therapeutic approach in renal cell cancer. However, it
is not yet evident on which specific pathway, apoptosis or cell
proliferation, that altering HSF-1 function has its primary im-
pact in malignant renal cells.

On the other hand, increased immunogenicity of cells in the
presence of overexpression of Hsps can be used as a basis for
immunotherapy. This could be a strategy for treatment of ma-
lignancy. For example, Hsp72 overexpression induced by hy-
perthermia causes a renal carcinoma cell line to be more sus-
ceptible to injury from IL-2 stimulated NK cells [41].

Hsps in polycystic kidney disease

Similar to the concept that Hsp90 may enhance cell survival and
proliferation of malignant cells, supporting the use of anti-Hsp90
agents in cancer treatment, such agents may also be effective in
polycystic kidney disease (PKD). Several of the proteins that are
effectors of the pathological changes in autosomal dominant
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polycystic kidney disease (ADPKD) are also clients of Hsp90.
Therefore, it is not surprising that treatment of animals with
STA-2842, a specific Hsp90 inhibitor, results in early and late
inhibition of renal cyst development in ADPKD models [42].
Primary cilia have a significant role in normal embryonic
development and differentiation of kidney epithelia. Ciliary
dysfunction has been linked to multiple developmental anom-
alies, including PKD, and is associated with abnormal chemical
and mechanical signals. The actin cytoskeleton mediates many
of these signals, and Hsp27 is integral in maintaining normal
actin cytoskeletal structure and function. Disruption of primary
cilia structure or function, as seen in PKD, is associated with
suppression of Hsp27-dependent actin organization, and is re-
stored by overexpression of Hsp27 [43]. Therefore, the role of
stress proteins in PKD appears to depend on the specific stress
protein studied. Hsp90 function appears to facilitate disease
progression in PKD, whereas enhancing Hsp27 expression
and function potentially could inhibit development of PKD.

Tubulointerstitial diseases

Mutations in the gene for Tamm-Horsfall protein (THP) have
been described in a group of hereditary tubulointerstitial dis-
eases encompassing familial juvenile hyperuricemic nephropa-
thy, medullary cystic kidney disease type II, and
glomerulocystic kidney disease that progress to end-stage renal
disease. The mutation results in decreased cytosolic transport of
this protein in cells of the thick ascending limb of the loop of
Henle to the luminal surface. This effect appears to be associ-
ated with decreased cytosolic Hsp70. In vitro studies have re-
stored the transport of THP to the cell surface by chemically
increasing the cytosolic abundance of Hsp70 [44]. So, enhanc-
ing the function of these protein chaperones could be an impor-
tant therapeutic approach in THP mutation-associated renal dis-
eases, which have otherwise relatively limited options.

Glomerular disease

While initial studies focused on Hsp effects in the
tubulointerstitial compartment of the kidney, it has become ap-
parent that a variety of Hsps have a role in glomerular disease.
In contrast to findings in osmotic stress and AKI, where the
actions of Hsps appear to be largely beneficial, their role in
glomerular disease is more varied, and have often been impli-
cated to contribute to the disease process. Hsp25/27 has been
most studied in models of glomerular disease. Already highly
expressed in normal glomerular epithelial cells compared with
tubule cells, Hsp25 expression was significantly enhanced fur-
ther in rat glomeruli in the puromycin aminonucleoside model
of nephrotic syndrome [45]. Furthermore, phosphorylation of
Hsp25 in glomeruli was also increased after puromycin

treatment. In an in vitro model of podocyte injury, Hsp27
protected against puromycin-induced microfilament disruption
[46]. Toxic metals also induce and alter phosphorylation of
Hsp25/27 in podocytes, along with induction of Hsp70 [47].
Induction of the stress proteins was correlated in this model with
resistance to injury from the toxicants. Because of its known
function in regulating actin polymerization, these studies sug-
gest a role for Hsp25/27 in the maintenance of normal foot
process structure through modulating cytoskeletal changes that
occur in glomerular epithelial cells subjected to toxicant injury,
or during development of the nephrotic syndrome. Finally, pro-
teomic analysis found that dexamethasone increased the expres-
sion of several proteins in cultured podocytes, including Hsp25/
27, indicating a potential therapeutic pathway mediated by Hsps
in glomerular disease [48].

Heat shock proteins have a diverse effect in glomerulone-
phritis, which depends on the cause of the lesion and also the
class of stress protein involved. In an animal model of prolifer-
ative glomerulonephritis, MK2 and MK3 genes mediate an
MK2/MK3 genotype-specific stress response within the renal
cortex, without a systemic stress response [49]. The study sug-
gested that protein kinases MK2/MK3 regulate the renal stress
response, and play a crucial role in development of glomerulo-
nephritis. Hsp60 is known to stimulate T cell-mediated immune
response in vitro. In a rat model of immune-mediated glomer-
ulonephritis, Hsp60 administration aggravated the renal pathol-
ogy [50]. The pathway through which Hsp60 contributes to this
detrimental effect is yet to be clarified, but appears to be T-cell-
mediated though not associated with a systemic Th1/Th2 shift.
Hsp90 is upregulated in mesangial cells in a rat model of
mesangial proliferative glomerulonephritis. Hsp90 appears to
control the proliferative capacity of mesangial cells by facilitat-
ing cell cycle progression, such that upregulated Hsp90 exac-
erbates the glomerulonephritis [51]. Hsp47 is a collagen
synthesis/assembly regulating stress protein. Hsp47 co-
expression with collagen is increased in kidneys of patients with
diabetic nephropathy and IgA nephropathy compared with con-
trol specimens that have minor renal abnormalities [52]. Taken
together, these studies indicate that Hsps may be responsible for
aggravating glomerulonephritis either via inflammatory or non-
inflammatory pathways.

There is a close linkage between the Hsp70-2B allele and
HLA haplotype carrying systemic lupus erythematosus (SLE)
susceptibility [53]. Hsp90 and its endoplasmic reticulum homo-
logue HSPgp96 are also closely associated with autoimmune
diseases including SLE [54, 55]. Hsp90 has been found to be
deposited in glomeruli of lupus patients [56]. MRL/Ipr mice
with lupus nephritis have elevated Hsp90 expression in kidneys
[54]. Inhibition of Hsp90 in this model decreased proteinuria,
anti-dsDNA titer, and was associated with altered T cell differ-
entiation. This indicates that Hsp90 may well have a direct det-
rimental effect in facilitating the nephritis in lupus, primarily
through immune mechanisms. In the same model, another study
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demonstrated that treatment with Hsp10, an innate and adaptive
immunity suppressor, improved renal function, albuminuria,
and scores of disease activity and chronicity [57]. CD24, the
receptor for exogenous Hsps, though an inhibitor of inflamma-
tory cytokines appears to mediate autoimmune diseases [58, 59].
In a mouse model of SLE by forced expression of HSPgp96,
deletion of CD24 led to augmented T regulatory cells and de-
creased nephritis [59]. Thus, CD24 appears to be a key player in
SLE-related inflammation mediated by Hsps and should be
evaluated as a therapeutic target for autoimmune diseases, in-
cluding lupus nephritis. Collectively, most Hsps appear to initi-
ate or augment autoimmune and inflammatory responses that
aggravate glomerulonephritis, but certain classes, such as
Hsp10, can be anti-inflammatory and thereby beneficial.

So in sum, the role that stress proteins play in glomerular
disease is not straightforward. In isolated glomerular cell injury
as in nephrotic syndrome, the small Hsp25/27 appears to have
primarily a beneficial function in preserving podocyte architec-
ture. In glomerulonephritis, however, the story appears more
complex. While some Hsps may afford benefit in glomerulo-
nephritis, it appears that most of the stress proteins enhance
injurious inflammatory pathways to glomerular injury.

Hypertension

A role for autoimmunity in contributing to the pathophysiology
of essential hypertension was proposed following findings of
increased autoantibodies in patients with essential hypertension
[60, 61]. Animal studies of salt-sensitive and spontaneous hy-
pertension have found increased renal expression of Hsps and
antibodies against Hsp70 in the serum of affected animals, giv-
ing rise to the speculation that Hsps play an important but yet
undefined pathological role in hypertension [62—64]. Consistent
with this hypothesis, patients with hypertension have also been
found to have elevated serum anti-Hsp70 and anti-Hsp65 [65].
Identifying the exact pathophysiological role Hsps may play in
the development of hypertension might then provide additional
targets for treating established or intractable hypertension.

Chronic kidney disease

The role of heat shock proteins in chronic kidney disease
(CKD) need be considered from two aspects. The first aspect
is whether a specific Hsp has a role in either the pathophysi-
ology of progression of the disease to CKD or improvement of
the disease such that no progression to CKD occurs. The sec-
ond aspect is whether therapeutic modulation of either the
beneficial or detrimental effects of a specific Hsp in a partic-
ular disease is possible and might alter the expected course of
the disease toward or away from CKD. As such, the etiology
of the chronic kidney disease will likely determine the role of
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Hsps in prevention or augmentation of chronicity. For exam-
ple, ischemia reperfusion injury induces Hsp25/27, Hsp72,
and Hsp90, and each play a role in protecting against injury
at a cellular level (see AKI section above). All studies to date
that examine the role of these stress proteins in ischemia re-
perfusion injury are during the acute phase of the disease
process, thereby giving no definitive indication of their role
during recovery and progression to the chronic phase after the
acute insult. The presumption is, if an Hsp provides benefit
during the acute phase to limit the injury, that there will ac-
company later benefit with less progression to chronic kidney
disease. The answer, however, may not be so simple.

Selective Hsp72 activation has been shown to slow the devel-
opment of fibrosis in an animal model of obstructive nephropa-
thy [66]. On the contrary, systemic suppression of Hsp induction
following renal ischemia reperfusion injury resulted in decreased
inflammatory cells in the kidney after the insult, along with pro-
tection against the acute injury (see AKI section above). Since
inflammation pathways contribute significantly to the pathophys-
iology of progression to chronic injury in many disease process-
es, the immediate cellular benefit provided by induction of the
stress proteins might then have detrimental longer-term effects if
they then contribute to the resulting inflammation. Pertinent is the
different effect Hsps appear to have depending on location. In-
tracellular Hsps act as protein chaperones and typically are pro-
tective, but extracellular or cell membrane-bound Hsps are im-
munogenic, resulting in an inflammatory response [67].

Several reports indicate that the stress proteins can influence
systemic manifestations of chronic kidney disease. Animal stud-
ies suggest that Hsp25/27 limits the development of atheroscle-
rosis following subtotal nephrectomy [68]. There is limited re-
search on Hsps in humans with CKD. The profile of serum Hsps
and anti-Hsp antibodies along with factors known to predispose
to atherosclerosis such as hyperlipidemia, endothelial cell activa-
tion, and inflammation have been examined in children with
CKD compared with healthy control children. Anti-Hsp60,
known to be associated with increased risk for dyslipidemia and
coronary disease, is elevated in CKD. Hsp90«x levels were also
elevated in the serum of CKD patients along with soluble E-
selectin, a marker of endothelial dysfunction. The findings of
elevated Hsp90«x, anti-Hsp60, sE-selectin, and dyslipidemic pro-
file in CKD patients suggest a potential role for these proteins as
markers of atherosclerosis in CKD patients [69]. Finally, de-
creased Hsp72 expression has been described in peripheral mono-
cytes of adult CKD patients. It was suggested that this finding is a
manifestation of exhausted adaptive mechanisms, leading to in-
creased apoptosis and poor immunity in CKD patients [70].

Supportive care for severe CKD includes hemodialysis, peri-
toneal dialysis, and kidney transplantation. Stress proteins have
been examined in each of these contexts. Studies of Hsps in
hemodialysis focus mainly on Hsp72. These studies demon-
strate decreased constitutive expression and also decreased in-
duction of Hsp72 in peripheral monocytes in adult
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hemodialysis patients, but not in pediatric patients. In addition,
hemodialysis patients had higher anti-Hsp60 levels compared
with patients on peritoneal dialysis, suggesting worse long-term
effects in patients treated with chronic hemodialysis, especially
on the cardiovascular system [69]. Exposure of peritoneal me-
sothelial cells in vivo to peritoneal dialysis solution causes both
disruption of the cytoskeleton and induction of Hsps [71]. Phar-
macological manipulation of dialysis solution or heat precondi-
tioning to induce Hsps results in less mesothelial detachment in
that same animal model and in an in vitro model, but needs
validation in the chronic setting and in humans [71, 72].
Kidney transplantation from deceased donors commonly re-
sults in variable levels of ischemic injury to the transplanted
kidney. It was found that Hsp72 could be detected in the urine
of children shortly after kidney transplantation, but not in the
urine of children with normal renal function or with various
forms of CKD. Therefore, it appears that Hsp72 could be used
as a urinary marker for acute tubule cell injury in patients [73].
While studies remain consistent in showing that at the cellular
level Hsp72 and 25/27 have a protective role against various
insults, as discussed above, in vivo studies of acute kidney injury
show that systemic activation of HSF-1 or overexpression of
Hsps is not beneficial against ischemia-induced AKI, likely
due to an increased inflammatory response. This latter fact is

especially pertinent in the setting of kidney transplantation.
Acute induction of stress proteins may be important to the res-
toration of renal tubule cell architecture disrupted by the ische-
mia a transplanted kidney suffers, but may then have detrimental
effects later. Specifically, local induction of Hsps from the tran-
sient renal ischemia, or systemic activation of the broad stress
response mediated by HSF-1, may then facilitate immune mech-
anisms injurious to the kidney, including precipitation of acute
allograft rejection. This putative mechanism may then be an
explanation for the long-known relationship that a kidney trans-
plant patient who suffers delayed graft function, an ischemia-
induced injury to the kidney transplant, has a significantly in-
creased risk of subsequently developing early acute rejection.

Conclusions

The role that heat shock proteins play in kidney health and
disease is varied. Defining the precise localization and specific
function of individual stress proteins in the kidney is beginning
to clarify why this variation exists, why in certain contexts Hsps
are beneficial but in others are harmful to the kidney. On review
of the studies outlined above, themes of stress protein function
in the kidney are developing (see Fig. 2). HSF-1 activation,

Activation of HSF-1

l

Hsp Induction

—> Regulate immune response

!

Intracellular
Regulate
cell cycle
Nascent protein
Apoptosis folding,
inhibition assembly and
v transport
Restorative
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Unrepairable
protein
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Fig. 2 The role of stress response in the kidney. Heat shock transcription
factor 1 (HSF-1), activated by a variety of cellular insults, induces heat
shock protein (Hsp) elaboration and separately regulates immune
responses that can contribute to renal injury. Induced Hsps in the
intracellular compartment are mostly beneficial in the kidney by
stabilizing and restoring cell architecture and function through acting as

Cell membrane
Extracellular

Y

Anlizanie anf?aurm?;
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response

protein chaperones. Intracellular Hsps also inhibit apoptosis and facilitate
cell proliferation, preserving renal tubule viability after acute injury, but
enhancing progression of cystic kidney disease and malignancy. Induced
Hsps in the extracellular compartment, either circulating or located on
outer cell membranes, are mainly detrimental to the kidney through
enhancing inflammation pathways to injury
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essential to stress response induction, has recently been found
separately to regulate immune responses that can lead to detri-
mental effects in the kidney. Once induced by HSF-1, the role of
Hsps appears to be largely driven by location. Hsps located in
the intracellular compartment appear mostly to be beneficial.
Through their action as protein chaperones, they can stabilize
and repair the structure and function of acutely, sublethally in-
jured renal cells. In more severely injured cells, stress proteins
can contribute to tubule survival by inhibiting progress to apo-
ptotic cell death, and regulating the cell cycle to facilitate pro-
liferation and repopulation of the nephron. However, while the
latter two functions are beneficial in the acute setting, they may
be detrimental to patients in the contexts of kidney malignancy
and PKD.

Inducible Hsps that are extracellular, either circulating or
found on the outer cell membrane, for the most part have been
found to be harmful to the kidney. This appears to be from Hsp
contribution to injurious inflammatory pathways. Stress pro-
teins may directly augment the broad inflammatory response,
or an individual Hsp may be part of the specific antigenic
stimulus. The latter mechanism, while harmful in inflamma-
tory and autoimmune kidney disease, might be turned into
another tool to treat kidney malignancy.

Harnessing and directing these fundamental cellular pro-
teins, then, promises the opportunity to alter significantly the
course of a variety of kidney diseases. Doing so will require
continuing to define precisely the individual Hsp function in
each specific form of renal disease. As shown in the studies
outlined in this review, this clear vision is needed. Blindly
inducing or directing these potent proteins may cause harm
instead of help, and we must first do no harm.
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