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Abstract Intratubular nephrocalcinosis is deWned as the
histological observation of calcium oxalate and/or calcium
phosphate deposits retained within the lumen of the renal
tubules. As the tubular epithelium is the primary interaction
partner of crystals formed in the tubular Xuid, the role of the
epithelial cells in nephrocalcinosis has been investigated
intensively. This review summarizes our current understand-
ing on how the tubular epithelium mechanistically appears to
be involved both in the initiation and in the course of nephro-
calcinosis, with emphasis on in vivo observations.

Keywords Nephrocalcinosis · Tubular epithelium · 
DediVerentiation · Crystal clearance

Introduction

Intratubular nephrocalcinosis is deWned as the histological
observation of calcium oxalate (CaOx) and/or calcium
phosphate (CaP) deposits retained within the lumen of the
renal tubules. This histopathological feature is particularly

associated with a variety of disorders and conditions and
can be found in renal transplant patients [1], preterm infants
[2], patients with either obesity-related jejuno-ileal resec-
tion [3], brushite stones [4] or CaP stones due to hyperpara-
thyroidism [5]. Therefore, intratubular nephrocalcinosis is
considered to be a symptom rather than actually being an
independent pathology. Like any other bio-mineralization
process its initiation and progression is determined by a
complex interplay between physicochemistry and cell biol-
ogy. As intratubular nephrocalcinosis is characterized by
the intimate contact of crystals with the tubular epithelial
cell layer, the question “What is the role of the tubular epi-
thelium in nephrocalcinosis?” has intrigued researchers for
decades. Here, a concise overview of our current under-
standing of this role both in the initiation and in the course
of nephrocalcinosis is presented.

The tubular epithelium during initiation 
of nephrocalcinosis

The development of intratubular nephrocalcinosis is
determined by two key processes, crystal formation and
crystal retention. Driven by the requirement of body Xuid,
electrolytes and acid–base homeostasis, the concerted
actions of the diVerent tubular epithelial cell types along the
functional segments of the nephron drastically modulate
ion composition, pH, osmolarity and volume of the
intratubular Xuid before it is Wnally excreted. These
changing conditions may frequently challenge the solubil-
ity of the urinary calcium salts, calcium oxalate and
calcium phosphate, and crystals may form in the tubular
Xuid as a result of supersaturation [6, 7]. Generally, the
risk of calcium salt crystallization along the nephron is
highest, where ion and water transport are uncoupled,
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i.e. the loop of Henle and the collecting duct [6–9]. Crit-
ical determinants of the probability, extent, location and
type of crystals formed are the active concentrations of
the respective ions and the pH of the tubular Xuid [7, 10–
14]. Pathological conditions or drug (ab)use aVecting
proper tubular calcium, phosphate, oxalate and acid–
base handling may importantly inXuence this risk proWle
and not only signiWcantly increase the propensity of
crystal formation in the tubular Xuid, but may also move
it upstream, even up to the proximal tubules in extreme
cases [14–21]. As crystal formation and excretion (crys-
talluria) is common, but harmless in the healthy popula-
tion [22, 23], the question can be raised whether an
increased level of crystal formation on its own is
suYcient to result in crystal retention. Interestingly,
there are indications that the tubular epithelium, besides
its (patho)physiological contribution to crystal forma-
tion, is also involved in the development of intratubular
nephrocalcinosis on a more profound level, i.e. crystal
retention.

Ever since Finlayson and Reid mathematically inferred
that crystals generally cannot grow large enough during
their short (3–4 min) transit time through the renal tubules
to be retained by their size (i.e. a “free particle” mecha-
nism), it was concluded that the development of intratubu-
lar nephrocalcinosis primarily depends on adhesion of
urinary crystals to the tubular epithelium (i.e. a “Wxed par-
ticle” mechanism) [24] (Fig. 1). It should be noted that for
the majority of patients with nephrocalcinosis the precise
nephron segments presenting crystal deposition have not
been identiWed. However, as suggested by the (patho)phys-
iological crystallization risk proWle and already conWrmed
by a few histopathological studies in patients with acute
phosphate nephropathy or renal stones of diVerent aetiol-
ogy [4, 5, 18, 25], the tubular epithelia of the distal neph-
ron segments generally are considered the main crystal
interaction partners. Although it has now been established
that crystal retention by size may occur in pathologies pre-
senting extreme crystal formation and/or aggregation (i.e.
acute phosphate nephropathy and primary hyperoxaluria),
intratubular crystals (with diameters smaller than that of
the tubular lumen) are frequently found adhering to the
tubular epithelium, particularly in pathologies presenting
moderate to even normal physiological levels of crystal
formation as seen in transplant patients and preterm infants
[1, 25–32]. These observations, therefore, suggest an
important direct role for the tubular epithelium in the initi-
ation of intratubular nephrocalcinosis. The main questions
posed in this area of research are: (1) “What is the (molec-
ular) phenotype of the crystal-binding epithelia?” and (2)
“If this epithelial phenotype is aberrant from the normal
situation, is its presence cause or consequence of crystal
adhesion?”

The (molecular) phenotype of crystal-binding epithelia

Histopathological observations in patients with nephrocal-
cinosis or nephrolithiasis of diVerent aetiology reported an
association between intratubular crystal deposits and renal
injury [33–38]. More detailed examination of the tubulo-
interstitial changes in the vicinity of intratubular crystals in
animal models of nephrocalcinosis further illustrated this
association and demonstrated that crystals can be found in
contact with the surface of injured/regenerating epithelial
cells, apoptotic and/or necrotic cells and even denuded
basement membranes [39–42]. Likewise, in vitro, exposure
of primary or immortalized tubular epithelial cells to CaOx
crystals, showed that these preferentially adhere to either
injured, apoptotic, depolarized, immature, migrating or pro-
liferating tubular epithelial cells and not to fully diVerenti-
ated epithelia [43–47]. In this context it is important to note
that literature data indicate that proximal tubular cells bind
crystals regardless of their diVerentiation status, whereas
distal tubular cells, which physiologically are more likely
to encounter crystals, only bind crystals when they are
dediVerentiated [48]. The capacity not to bind crystals thus
is acquired by the distal tubular epithelium upon diVerentia-
tion. Although the speciWc diVerences between proximal
and distal tubules in this respect have not been investigated,
mechanistic insight in crystal adhesion was particularly
obtained by identifying the luminal membrane characteristics
and molecular composition of the crystal-binding (distal)
epithelia and led to the discovery of several crystal-binding
molecules.

Crystal-binding molecules, in the context of nephrocal-
cinosis, are considered cell-surface molecules with aYnity
for crystals that are expressed or produced by renal tubular
epithelial cells and allegedly are capable of anchoring crys-
tals to the luminal membrane of those cells. Importantly,
these molecules are not or only scarcely present at the lumi-
nal membrane of fully diVerentiated epithelia, however, are
upregulated or redistributed to the apical membrane under
conditions of cellular dediVerentiation, i.e. injury and repair
[46, 47, 49–52]. Currently, four categories of crystal-bind-
ing molecules have been identiWed in vitro: (1) terminal
sialic acid residues [53, 54], (2) phospholipids, i.e. phos-
phatidylserine [52, 55], (3) membrane bound proteins, i.e.
collagen IV [56], osteopontin (OPN) [57–59], annexin 2
(ANX2) [60, 61] and nucleolin-related protein (NRP)
[47, 51, 62] and (4) glycosaminoglycans, of which hyaluronan
(HA) appears to be the most potent crystal-binding polysac-
charide [49]. The variety in the nature of these molecules
and the fact that no unique crystal-binding molecule has
been identiWed so far indicates that the molecular composi-
tion of the crystal-binding membrane may depend on
variations in pathophysiological and/or experimental condi-
tions. It is intriguing, however, that all currently known
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crystal-binding molecules contribute to a negative cell-sur-
face charge, i.e. a feature which has been shown to be
important in crystal adhesion to renal epithelial cells [53,
54, 63]. Therefore, it can be suggested that a spectrum of
aberrant phenotypes may bind crystals as long as a suY-
cient amount and/or properly orientated negative charges
are present on the luminal membrane. Investigating the
molecular pathways leading to the luminal presentation of
these crystal-binding molecules may one day provide
potential targets for prevention of crystal adhesion.

The crystal-binding phenotype: cause or consequence 
of crystal adhesion?

In the literature the question frequently arises whether crys-
tal adhesion either is the consequence or the cause of the
phenotypical alterations associated with epithelial injury

and repair. The fact that in vitro adhesion of crystals partic-
ularly occurs at injured/regenerating epithelia and not at
normal cells [43–45] suggests that a dediVerentiated pheno-
type causes crystal adhesion. However, crystals (and/or
concomitant high concentrations of calcium, oxalate or
phosphate) have been found to induce injury, proliferation,
production of inXammatory mediators and oxidative stress
upon contact with epithelial cells in vitro, suggesting that
epithelial dediVerentiation is a consequence rather than a
cause of crystal adhesion [64–68]. Although these Wndings
appear to contradict each other, they actually challenge our
deWnition of crystal adhesion compelling us to consider that
crystal adhesion is not the only type of crystal–cell interac-
tion. In fact, three types of crystal–cell interactions can be
envisioned (Fig. 1): (1) adhesion to cell-surface crystal-
binding molecules which are expressed by injured/regener-
ating cells, (2) weak, transient interactions as expected

Fig. 1 Types of crystal–cell interactions. The scheme provides an
overview of the diVerent types of crystal–cell interactions and possible
scenarios which are currently thought to be relevant to the role of the
tubular epithelium in the development (and clearance) of intratubular

nephrocalcinosis and/or nephrolithiasis. Although this Wgure has limi-
tations it is an attempt to visually integrate our current understanding
of intratubular crystal deposition processes
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during crystalluria when crystals passing with the tubular
Xuid Xow shortly get in contact with the tubular wall and
(3) a forced crystal–cell contact as expected during obstruc-
tion of the tubular lumen. As crystals do not adhere to nor-
mal epithelial cells, it is highly unlikely that crystal
adhesion is the primary cause of cellular injury and pheno-
typical alterations. Rather, forced contacts and transient
interactions, which may occur to epithelia with a normal
phenotype, are to be considered as crystal–cell interactions
with initial injury inducing potential. Although the exact
mechanical and/or chemotoxic nature of crystal-induced
epithelial injury remains to be determined, non-adhesive
interactions may direct the normal epithelium towards a
crystal-binding phenotype in such a way that a crystal may
induce its own adhesion or that of a subsequently passing
crystal (Fig. 1).

Thus, with respect to the “cause versus consequence”
issue, it can be inferred that crystal adhesion is a consequence
and not the initial cause of epithelial injury in vitro. How-
ever, progress in our understanding of the pathophysiological
mechanisms underlying intratubular nephrocalcinosis neces-
sitates veriWcation of these results in animals and humans.
Therefore, as the answer to the question “Is crystal adhesion
a consequence of an altered epithelial phenotype?” has been
evidenced in vitro, the next question should be “Can
evidence also be provided for this mechanism in vivo?”.

A Wrst indication hereto is provided by experiments
investigating the eVect of deliberately induced epithelial
injury on crystal retention. Kumar et al. [69] observed that
hyperoxaluric rats developed markedly more crystal depo-
sition upon induction of renal injury by administration of
gentamycin. Likewise, in a more relevant clinical setup,
Xue et al. [70] demonstrated that shock wave induced renal
injury resulted in more crystal retention in the injured kid-
ney than in the contralateral unshocked kidney upon admin-
istration of ethylene glycol (EG).

A second line of indirect support comes from studies
aiming at diminishing or abolishing crystal deposition by
treating the animals with compounds that tend to prevent
renal injury. As production of reactive oxygen species has
been identiWed as an important aspect of renal injury
[71–75], prevention particularly focussed on restoring the
normal oxidation status of the renal tissue. For example,
treatment with Vitamin E, a fat-soluble anti-oxidant, pre-
vents EG-induced CaOx crystal deposition in the kidney by
attenuation of tubular injury [76, 77]. In analogy, the cho-
lesterol lowering drug Atorvastatin, which has anti-inXam-
matory and anti-oxidant activities, reduces both tubular
injury and crystal deposition in the EG model [78].
Likewise, Ito et al. [79] reported that the anti-oxidative
eVect of green tea decreased renal CaOx crystal retention in
rat kidneys challenged with EG and vitamin D. Furthermore,
reduction of angiotensin II production via inhibition of

angiotensin converting enzyme or blocking of angiotensin
receptors has been shown to signiWcantly reduce renal
CaOx crystal deposition as well as the development of
interstitial inXammation and the level of oxidative stress
[80–82]. Finally, treatment with taurine, a naturally occur-
ring sulfonic acid with renoprotective and anti-oxidant
capacities, has been found to diminish crystal deposition in
kidneys of the rat [83].

A third approach is to verify whether the crystal-binding
molecules identiWed in vitro are also expressed in animal
and human renal tissue. In this context, our laboratory (in
collaboration with the laboratory of Experimental Urology
of C. Verkoelen) investigated the tubular epithelial pheno-
typical changes during the development of intratubular
nephrocalcinosis both in rats [42, 84] and in humans [26].
These studies not only demonstrated luminal expression of
HA, OPN, ANX2 and NRP in kidneys with nephrocalcino-
sis, but also illustrated that alteration of the tubular epithe-
lial phenotype can precede the onset of nephrocalcinosis.
First, in EG-treated rats, CaOx crystals are readily formed
and excreted within 24 h of EG-administration. Interest-
ingly, both intratubular crystal retention and epithelial phe-
notypical changes were negligible at that time [42, 84],
thereby corroborating the in vitro well-documented Wnding
that a normal diVerentiated monolayer of renal epithelial
cells does not bind crystals [43, 45]. Second, despite contin-
uous crystal formation and excretion during a 4-day
EG-administration period, crystal retention only gradually
increased, in parallel with the extent of epithelial changes
[84]. This suggests that crystal retention progresses at the
rate at which the tubular epithelium is altered, rather than
being solely dependent on the presence of crystals in the
tubular Xuid. Third, at 2 days after arrest of a 4-day
EG-administration period, crystal retention markedly
increased, while crystal excretion had completely stopped
[84]. Although crystal formation in the tubular Xuid
appeared to have decreased at that time, the observation
that the number of regenerating epithelial cells had clearly
increased, suggested that, after withdrawal of the toxic
pressure of EG (and its metabolites), the kidney fully
unfolds its natural regenerating ability, leading to an
increased presentation of dediVerentiated cells capturing
nearly every crystal passing by [84]. Finally, in humans, by
investigating the luminal expression of HA and OPN in
renal tissue obtained from renal transplant patients and pre-
term infants at two consecutive time points, i.e. prior to and
during intratubular nephrocalcinosis, it was found that these
epithelial alterations precede the onset of intratubular neph-
rocalcinosis [26]. Interestingly, preterm infants, always
born without nephrocalcinosis, may develop it after birth
due to clinical treatment [29], suggesting that epithelial
changes even precede the onset of crystal formation in the
tubular Xuid. This indicates that crystals are to be considered a
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potential, but not a strictly necessary cause of the epithelial
alterations known to be associated with intratubular
nephrocalcinosis.

The tubular epithelium during the course 
of nephrocalcinosis

The eVect of intratubular nephrocalcinosis on renal func-
tion, besides inXuencing tubular Xuid Xow, is further deter-
mined by the reaction of the tubular epithelium towards
intraluminal immobilized crystals. Numerous in vitro stud-
ies show that exposure of the tubular epithelium to CaP
and/or CaOx crystals induces the production of inXamma-
tory mediators (MCP-1, PGE-2) and excess reactive
oxygen species, and release of lactate dehydrogenase
(LDH) [27, 67, 85–87]. These Wndings suggest that, once
prolonged crystal–cell contact is established, crystal-
induced tubulo-intersitial injury and inXammation may pro-
gress to permanent loss of tubular function. However,
observations in several patient groups with nephrocalcino-
sis, i.e. preterm infants [88], children with hypophosphata-
sia and X-linked hypophosphatemic rickets [89], and
patients with obesity-related jejunoileal bypass-induced
enteric hyperoxaluria [90], show that, as soon as excessive
delivery of crystal constituents like calcium, oxalate or
phosphate to the tubular system is decreased or prevented,
nephrocalcinosis (acute or chronic) tends to disappear from
the kidney and renal function, if impaired, either improves
or stabilizes. These intriguing observations suggest that the
tubular epithelium, besides its putative undesirable role as
crystal binder when dediVerentiated, may also present a
crystal clearing role during the course of nephrocalcinosis.

Rat studies from our laboratory and De Bruijn et al.
[91, 92] aimed at isolating this role by speciWcally follow-
ing the morphological tubulo-interstitial changes during the
recovery of EG-induced intratubular nephrocalcinosis, in
the absence of continuous crystal deposition. It is well
known that the tubular epithelium, in vitro, is capable of
clearing crystals by endocytosis and subsequent lysosomal
disintegration as long as crystal diameters are smaller than
that of the epithelial host cells they contact [93–96]
(Fig. 1). In our in vivo study, however, as intracellular
crystals were not unequivocally observed, endocytosis by
epithelial cells did not appear to be the main crystal clearing
mechanism. Either dediVerentiated cells with crystal-binding
properties are no longer capable to endocytose crystals or
the size of the observed intratubular crystal deposits, which
was generally larger than an individual cell, prevents this
process to take place. Nonetheless, the presence of these
larger deposits revealed an alternative and performant
tubulo-interstitial crystal clearing mechanism, termed
“exotubulosis” [91, 92] (Fig. 1).

The key aspect of “exotubulosis” involves epithelial
coverage of the crystalline deposit by proliferation and
migration of epithelial cells neighbouring the crystal attach-
ment site (Fig. 1). Although CaOx crystals have been
shown to induce cellular proliferation [68], it is remarkable
that diVerent crystal types, such as CaP, cystine [97], ade-
nine [98] and melamine [99], can be overgrown as well
[92]. This indicates that not the crystal type per se but,
rather a conserved reaction of the tubular epithelium
towards contact with a solid material drives this process.
Most likely, as viable dediVerentiated epithelial cells, by
default, strive to maximize cell–cell contact, overgrowth of
crystals is intuitively the result of the natural ability of the
tubular epithelium to restore epithelial integrity and func-
tionality. After epithelial overgrowth, the basement mem-
brane of the crystal deposition site degrades and crystals are
directed to the interstitium (Fig. 1). At this time, the tubules
are already resealed as the young epithelium, which covers
the crystals, matures and produces a new basement mem-
brane adjacent to the crystals. Once exposed to the intersti-
tial environment, crystals are being degraded and dissolved.
As crystal deposits actually are conglomerates of mineral
material and an organic matrix, and in addition, can be dis-
solved in vitro in solutions with low pH, it is currently
hypothesized that crystals are cleared by the combined and
local action of proteases and proton secretion [92, 96].
Importantly, the identiWcation of similar tubulo-interstitial
structures in diVerent human pathologies with nephrocalci-
nosis, i.e. acute phosphate nephropathy, transplant patients,
preterm infants and patients with primary hyperoxaluria,
provides strong evidence for the existence of an active renal
post-adhesion crystal clearing mechanism, both in rat and
in man [92].

As to whether and which cell types mediate these pro-
cesses, monocytes, macrophages and multi-nucleated giant
cells have been identiWed in the vicinity of interstitial crystals
in EG-treated rats and glyoxylate-injected mice [100–102].
Although in our study only a moderate association with
macrophages was observed, it is important to note that in
general there was an increased association of leukocytes
both with crystal containing tubules and interstitial crystals
during the course of renal crystal clearance [92]. Whether,
leukocyte inWltration is merely due to a local crystal-
induced inXammation or whether they are actively recruited
to participate in crystal clearance remains to be determined.

Conclusion

The role of the tubular epithelium in nephrocalcinosis
appears to be dual. Whereas there is increasing evidence
that its dediVerentiation is a prerequisite for retention of
relatively small intratubular crystals, it is also capable of
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translocating these crystals to the interstitium, where they
are subsequently dissolved. In particular, the presence of an
active renal crystal clearing mechanism puts our under-
standing of the course and progression of intratubular neph-
rocalcinosis into a new perspective. Whether a patient
either or not develops renal insuYciency attributed to neph-
rocalcinosis may depend on the delicate balance between
the extent, duration and rate of crystal deposition on the one
hand and the eYciency of crystal clearance on the other
hand.
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