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Proximal convoluted tubule (PCT) cells are mote sensitive than other nephron tubular cells to
injury induced by ischemia and nephrotoxins. After injury, some PCT cells die and disconnect

from basal lamina and finally shed in tubular lumen. In this article, we reviewed effect of
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ischemia on PCT cells, regeneration and origin of newly formed PCT cells and then tight
junction assembly between regenerating cells. PCT cells originate from any tubular differentiated
cells that survived after injury. Survived cells dedifferentiate to scatter tubular cells (STCs) that

proliferate and renew epithelial tubule. STCs are present in human PCT in normal healthy
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condition but do not exist in normal rodents. A question has remained unclear, if the STCs are
transient cells in regenerating PCT, why these cells are present in normal human PCT.

Core tip: Proximal convoluted tubule (PCT) cells are more sensitive than other nephron tubular cells to injury induced by ischemia
and nephrotoxins. After injury, some PCT cells die and disconnect from basal lamina and finally shed in tubular lumen.
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Introduction

Proximal convoluted tubules (PCTs) are functionally the
masterpiece of reabsorption from glomerular filtrate.
PCTs cells carry out the reabsorptive role for NaCl,
NaHCO3, completes the reabsorption of glucose, amino
acids, and important anions, including phosphate and
citrate, because it is the exclusive site of transport of these
filtered solutes (1). PCTs are responsible for reabsorbing
about 65% of filtered load and most, if not all, of filtered
amino acids, glucose, solutes, and low molecular weight
proteins. Proximal tubules also play a key role in regulating
acid-base balance by reabsorbing about 80% of filtered
bicarbonate (1,2). PCT is also a metabolic organ. For
example, within the proximal tubule, 25-hydroxy-vitamin
D convert to 1,25-dihydroxy-vitamin D and convert
25-hydroxy-vitamin D and 1,25-dihydroxy-vitamin D to
their inactive forms (3). In addition, the proximal tubule is
an important site of gluconeogenesis (4). Unfortunately,
many harmful factors induce PCT cells injury that maybe
leads to acute renal failure (ARF).

Materials and Methods
This review article discusses mechanisms by which
ischemia (ATP depletion) leads to renal PCT cells injury,
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and then explains origins of regenerated tubular cells after
ischemia and finally tight junction formation between
these cells. For this review, we used a variety of sources
by searching through PubMed, EMBASE, Scopus and
directory of open access journals (DOAJ). The search
was conducted using combinations of the following
key words and or their equivalents; PCT, regeneration,
ischemia, tight junction, scatter tubular cells.

Discussion

Acute kidney injury (AKI) is the leading cause of PCTSs
injury and is associated with high mortality rates. Acute
tubular necrosis (ATN) is the term used to assign AKI
consequential from damage especially to the PCTs. The
primary and important causes of AKI are ischemia
(hypoxia) and nephrotoxins.

Sensitivity of PCTs to pathogens

In the most animal models of AKI, the proximal tubule
is considered the most sensitive renal tubular cells to
ischemic, hypoxic or nephrotoxins (5,6). Proximal tubule
cell is particularly sensitive to injury specially ischemia
because it relies mostly on aerobic ATP production
from mitochondria via Krebs cycle and it cannot use
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the ischemic rescue pathway of glycolysis efficiently (7).
Furthermore, the proximal tubule reabsorbs most of the
filtered substances including toxins, in part by endocytosis.
For example, gentamycin is taken up by the cubilinmegalin
complex and gentamycin toxicity is increased in a water-
retaining kidney induced by preservation liquids, salt or
volume depletion (8-10). Proximal tubule cells within
the S1 and S2 segment manifest a largely reversible
injury; if cell death occurs, it localized primarily in the
S3 segment (11). Proximal tubule sensitivity relates
largely to high metabolic rate and a strong dependence
on oxidative phosphorylation. The intact mammalian
kidney reabsorbs neatly 80-meq Na/g kidney/day across
the renal tubules and accounts for nearly 70% of oxygen
consumption by the kidney (12). To meet this demand,
tubule cells generate a significant amount of ATP. The
preferential energy substrate are non-esterified free fatty
acids, primarily palmitate, and to a lesser degree, lactate,
citrate and pyruvate. Proximal tubules do not use glucose,
but rather are gluconeogenic (12).

PCT cells in ischemic condition

Renal ischemia occurs in kidney surgeries such as partial
nephrectomy, renal artery angioplasty, transplantation and
elective urological operations. Because of renal vessels
ligation during the procedures, ischemia (tissue hypoxia)
occurs and leads to renal damages specially PCTs injuries
(13-15).

PCTs cells ate affected by ATP depletion especially in
renal ischemia. ATP depletion leads to Rho GTPase
inactivation that makes activation of ADF (actin
depolymerizing factor) or cofilin in the apical brush
border of proximal tubules (16-18). Activated cofilin
(ADF) rapidly depolymerizes apical actin cytoskeleton
and redistribution. Deterioration of microvillar structure
leads to formation of membrane blebs, which maybe
either internalized or shed into the tubular lumen. Brush
border membrane components that release into the
lumen give to cast formation and tubular occlusion (19).
oteins such as tropomyosin and ezrin (20), permitting
the activated cofilin to bind and then depolymerize actin,
which finally leads to microvillar breakdown.
Activation of cofilin also can induce apoptosis in
PCT cells by inducing release of cytochrome C from
mitochondria to cytoplasm (21). PCT cells death occurs
from at least two cell death mechanisms, necrosis and
apoptosis. ATP depletion activates cofilin that induce
apoptosis by activating intrinsic and extrinsic pathways
(22). Deterioration of the apical cytoskeleton via ATP
depletion also results in loss of tight junctions and
adherents junctions between tubular cells and leads to
tubular cells separation (23).

Ischemia leads to disruption of at least two important
proteins, Na, K-ATPase and integrins. Deterioration of
basolateral Na, K-ATPase in PCTs is the major cause of
increasing in excretion of sodium in tubular lumen (10).
Integrins are in basal region of PCTs and mediate
cell connection to basal lamina. Ischemia leads to
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relocalization of integrins to the apical membrane, and
then makes detachment of PCT cells from the basement
membrane (24).

Ischemic proximal tubule cells also produce mediators
such as proinflammatory cytokines (e.g., TNF-o, IL- 6,
IL-1B, and TGF-B) and chemotactic cytokines such as
monocyte chemo attractant protein-1 (MCP-1) and IL-8
(25).

Nephrotoxins are a variety of exogenous compounds (e.g.
aminoglycosides, amphotericin B, cis-platinum, cadmium,
radio contrast media) and endogenous compounds (e.g.
hemoglobin in hemolysis, myoglobin in rhabdomyolysis)
that are toxic or potentially toxic to the kidney (26-29).
Briefly, after ischemia and nephrotoxic agents PCT cells
show necrosis, apotosis, adhering junction changes, loss
of brush border and finally epithelial cell disjunction or
tubular basement membrane denudation (30). Because
the proximal tubule is the main site of injury, therefore the
term “acute tubular necrosis” is often used synonymously
(31).

After PCT cells desquamation, based on injury tention
denuded basement membrane gradually recovered by
new cells and after differentiation and junctional complex
reformation, PCT function may be return. The nature
of recovery response mediates by the degree to which
sub lethal cells can restore normal function and promote
regeneration (32).

Although cell division is uncommon in the adult kidney,
this organ has the capability to regenerate and repair by
its cellular proliferation and functional recovery after
tubular necrosis. After kidney ischemia, there is a marked
increase in proliferation of tubular cells. Differentiated
tubular cells thought to dedifferentiate and proliferate
after injury. After cell proliferation, undifferentiated
regenerating cells seems to repopulate the injured area
and then redifferentiate into mature epithelial cells to
rebuild the functional integrity of nephron. Through
these steps, most damaged tubules regain their essential
functions and recover from injury (5). During the repair
process, surviving tubular cells actively proliferate and
differentiate into new mature tubular cells to rebuild their
functional structures (33).

PCT regeneration and origin of regenerating tubular
cells

The renal tubule has a strange capacity to start
regeneration within a few days after AKI. The origin of
the regenerating cells is not completely clear and different
origins have been proposed relating to the regenerating
cellular resource (34).

In 2003, Bonventre announced that after renal injury,
surviving tubular cells rapidly lose epithelial cell
properties and acquire a more mesenchymal phenotype.
The dedifferentiated cells migrate into the regions where
cell necrosis, apoptosis, or detachment has resulted
in denudation of the tubular basement membrane.
They proliferate and finally differentiate into mature
epithelial cells with polarized lumen, completing the
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repair process (35).
Morigi et al reported that bone marrow mesenchymal
stem cells (MSCs) could differentiate into renal tubular
epithelial cells and improve renal function (36).
After Morigi et al, some researchers reported that bone
marrow derived cells (BMDCs) significantly take part in
regeneration of the renal tubular epithelium, differentiate
into renal cells tubules (37-39), or promote proliferation
of both endothelial and epithelial cells after injury (40).
Nevertheless, the relative contribution of extra renal cells
to kidney regeneration has not been established. There are
several reports in combat with the potential of BMDCs
to trans- differentiate into tubular cells after injury. Lin
showed that intrarenal cells, not bone marrow—derived
cells, are the major source for regeneration in post-
ischemic kidney (41).
Transgenic mice that express glial fibrillary protein in
BMDCs (42) and in mature renal tubular epithelial cells
(41), or in all mesenchyme derived renal epithelial cells
(43) revealed that, while BMDC recruitment occurs,
tubular recovery after renal ischemia is mainly elicited via
proliferation of endogenous renal tubular cells (41-43).
MSCs derived from bone marrow also have reported
to enhance the intrinsic tubular recovery in several AKI
models in a paracrine signaling. Treatment with MSCs
promoted proximal tubular cell proliferation, reduced
apoptosis, and preserved microvascular integrity, leading
to the amelioration of renal tissue oxygenation (36,44-406).
It is considered that MSCs interact with tubular resident
cells in endocrine and paracrine manners through the
secretion of growth factors or cytokines (47,48). Medium
with MSC-derived, which contains renotrophic factors
and anti-inflammatory factors improved kidney repair
after injury (47,48-50). BMDCs including MSCs are now
considered to responsible for the regenerative process by
producing protective and regenerative factors, rather than
by differentiating to directly replace damaged cells.
In eatly descriptive investigate, it has been proposed that
regeneration of PCT cells occurred from any surviving
tubular cell subsequent mild to moderate injury (51,52).
In addition, staining for cyclin D1, Ki-67, and
bromodeoxyuridine recommended that fully
differentiated tubular cells were either growth arrested or
had progressed to the G1 phase, potentially acting as a
reserve cells and rapidly re-enter the cell cycle in injury
(52).
At present only two major hypotheses remain for origin
of PCT regenerating cells: One, any differentiated tubular
cells that existing after injury and two, specific tubular
cell subpopulation with high regenerative potential that
called scattered tubular cells (STCs) or both. An STC
population has suggested as a candidate for a progenitor
cell population within the PCT epithelium (53,54). STCs
find in all the way through the mammalian renal tubule
in a scattered style. Phenotypically, these cells show signs
of dedifferentiation and express marker proteins, which
express by other stem or progenitor cells or cells in
metanephric blastema development (54).
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For the first time in year 2011, Lindgren et al described
scattered tubular cells as a new subpopulation of
proximal tubular cells. Because these cells showed a
different morphology and were scattered as single cells
between fully differentiated tubular cells throughout the
entite PCTs, these cells named scattered tubular cells.
STCs show very distinctive morphology in electron
microscopic images. They are generally smaller than fully
differentiated tubular cells and may have different shapes
(54,55). In the normal human kidney, STCs occur as single
cells or seldom as doublets or triplets. STCs surround
by fully differentiated tubular cells and show a narrow
flask-like shape. Significantly, STCs have small number
of mitochondria in comparison with full-differentiated
neighboring PCT cells (54,55).

In the normal human kidney, STCs were detected at the
inner turn or along infoldings of the tubule (e.g along
the tubular plicac where the tubule makes a hairpin turn)
probably because of mechanical forces of adjacent cells
(34,54). In contrast to differentiated tubule cells, STCs
do not have a prominent apical brush border. STCs
also express only very low levels of protein endocytic
transporter megalin. STCs lack the basolateral membrane
infoldings, in contrast to fully differentiated proximal
tubular cells (54). Lack of an apical brush border and
a basolateral infoldings are signs of low endocytosis
activity of STCs in comparison with differentiated PCT
cells. In the regenerative phase after AKI, STCs may
become rather abundant and mostly get shapes similar to
the surrounding tubular cells (34,54).

In addition, STCs and parietal epithelial cells (PECs) of
bowman capsule express similar markers (53). There are
higher levels of CD133 and CD24 in isolated STCs from
human kidney cortex. In the human kidney, both of these
markers express by PECs (50).

Houghton et al also had described two different types
of tubular cell morphologies in more detail after AKI
using transmission electron-microscope. First, there were
“appatently residual cells” with preserved microvilli,
mitochondria, and prominent endoplasmic reticulum.
Cells of the second type were “apparently regenerating
cells” (putative STCs). The latter cells were wider with
a more loosely arranged cytoplasm. There were fewer
mitochondria, only rudimentary or absent microvilli and
no basal infoldings in these cells (57).

Proteinuria or transient ischemia (IRI) induces the STC
phenotype in mice and unilateral urethral obstruction
induces the STC phenotype in mice and rats (34,54).
To treat or even prevent AKI, a pharmacological agent
will be requited, which propel tubule cells into the STC
phenotype. In the renal corpuscle, such an agent may
activate PECs, and this may be Sufficient to induce
crescentic nephritis (58). In one study, induction of the
STC phenotype in small but significant numbers of PCTs
cells in the contra lateral kidney were observed during
the recovery phase after unilateral ischemic AKI. It is
speculate that unidentified soluble factor induces the

PCTs cells to acquire the STC phenotype that rendering
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the kidney more resistant to injury (34).

STC observe in normal human kidney but are absent
in normal mouse or rat kidney and originates from any
surviving proximal tubule cell after AKI (35). If STCs
were a fixed progenitor population, they should always
be detectable in minimal numbers in healthy rat or mice
kidneys. Taken together, the results show that STCs are
not a fixed progenitor population and those STCs can
arise from any surviving proximal tubular cell (34).
Some believed that terminally differentiated PCTs cells
undergo dedifferentiation upon injury to replace lost
neighboring tubular epithelial cells through proliferative
self-duplication. This new evidence includes data clearly
indicating that STCs are not committed tubular stem cells
but instead represent individual dedifferentiated tubular
epithelial cells that transiently express putative stem cell
markers (35,59,00). Nevertheless, it remains unclear, if
the STCs are dedifferentiated transitional tubular cell
during tubular regeneration, why STCs are present in
normal human PCT.

Tight junction formation between regenerated cells
ATP depletion in ischemic condition leads to formation
of large insoluble complexes from tight junction
proteins (zonula occludens 1 (ZO-1) and ZO-2),
probably in association with the cytoskeletal protein
fodrin. Furthermore, in ischemic condition occludin, the
transmembrane protein of the tight junction localized to
the cell interior, probably in membrane vesicles (61).
After ischemia and cells regeneration, tight junction
assembly between new cells needs to form apical-
basolateral polarity and functional tubules with special
permeability. Tight junction the most important junction
for maintaining the permeability and barrier in Para
cellular region forms by assembly of special cludins,
occludin and ZO molecules (62). Thus, it is necessary
to understand how new renal epithelial cells forms the
junctions to restore proper function to the tubules.
Tight junction assembly under normal physiological
conditions remains ill understood. Although is not yet
completely clear how the kidney restores tight junction
structure after ischemic injury, but some information
discusses in bellow.
Ayyappan and co-workers proposed a two-step model
for the formation of tight junctions in epithelial cells
(63). Step 1 is dependent on the cell-cell adhesion
function of E-cadherin. On E-cadherin-mediated cell-
cell interactions, tight junction proteins are translocated
from the cytoplasm to the plasma membrane and
circumferential actin ring and the adherence junctions
are established. The translocation of ZO-1 might be
due to its association with catenins that, in turn, are
associated with E-cadherins containing transport vesicles
(64). In addition, during this initial step of tight junction
assembly, ZO-1 association with the actin cytoskeleton
as well as with occludin and claudin might take place to
form the discontinuous tight junction strands. Step 2
of tight junction assembly is dependent on active actin
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polymerization that probably regulated by RhoA GTPase.
Active polymerization of actin filaments associated with
20-1, 20-2, Z0O-3, ot occludin might provide the
propulsive force to mobilize discontinuous tight junction
strands in the plane of the membrane and facilitate
maintenance of tight junction strands at the apicolateral
region to establish functional tight junctions (65).
According to some report, the initial phase of tight
junction biogenesis is characterized by interactions of
Z20-1 with cadherins at the primordial adherens junction
that gradually fuse to form belt-like tight junctions. At
this stage, claudins, occludins, and junctional adhesion
molecules are recruited and polymerize to form the
tight junction strands that eventually segregate from
the adherens junction (66). In the mature tight junction,
Z20-1 is completely excluded from the adhering
junction and found exclusively at the tight junction
(67). Phosphorylation of occludin regulates tight
junction permeability through c-Src, PKC, and protein
phosphatases  (68).

Multiple signaling pathways regulate tight junction
reassembly. Heterotrimeric G proteins control cellular
responses through G and G subunits, and several G
subunits that localize in the tight junction. G o, G i2, and
G s stimulate tight junction assembly (69). Rho GTPases
are also major regulators of the tight junction and the
actin cytoskeleton (70). PKC has multiple effects on the
phosphorylation of tight junction proteins and diverse
roles in tight junction assembly. Protein phosphatase 2A is
a serine-threonine phosphatase that localizes to the tight
junction and regulates the phosphorylation of ZO-1 and
occludin, antagonizing PKC phosphorylation of these
proteins (71). Various additional studies implicate other
tyrosine kinases, phosphatases, and signaling proteins in
the regulation of tight junction assembly. Some studies
showed that PKC isoforms such as PKCn, PKC\ and
PKC{ are involved in the assembly of tight junctions
(70,72,73).

Conclusion

Ischemia leads to PCT cells necrosis. New cells originate
from any tubular differentiated cells that survived
after injury. Survived cells dedifferentiate to STCs
that proliferate and renew epithelial tubule. STCs are
detectable in human PCT in normal condition but do not
exist in normal rat. A question has remained unknown,
if the STCs are transient cells in regenerating PCT, why
these cells are present in normal human PCT.
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