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Abstract: The hormone renin is produced in the kidney by the juxtaglomerular cells. It is the rate-
limiting factor in the circulating renin–angiotensin–aldosterone system (RAAS), which contributes to
electrolyte, water, and blood pressure homeostasis. In the kidneys, the distal tubule and the collecting
duct are the key target segments for RAAS. The collecting duct is important for urine production
and also for salt, water, and acid–base homeostasis. The critical functional role of the collecting duct
is mediated by the principal and the intercalated cells and is regulated by different hormones like
aldosterone and vasopressin. The collecting duct is not only a target for hormones but also a place of
hormone production. It is accepted that renin is produced in the collecting duct at a low level. Several
studies have described that the cells in the collecting duct exhibit plasticity properties because the
ratio of principal to intercalated cells can change under specific circumstances. This narrative review
focuses on two aspects of the collecting duct that remain somehow aside from mainstream research,
namely the cell plasticity and the renin expression. We discuss the link between these collecting duct
features, which we see as a promising area for future research given recent findings.

Keywords: collecting duct function; cell differentiation; cell plasticity; renin–angiotensin–aldosterone
system (RAAS); nephrogenesis; signaling; gene expression

1. Introduction

The renal collecting duct is an important segment of the nephron involved in the final
concentration or dilution of urine, a central process in maintaining proper fluid balance in
the body. The collecting duct plays a pivotal role in the regulation of water and electrolyte
balance, acid–base homeostasis, and blood pressure control [1]. To ensure the proper
balance of water and electrolytes in the body, hormones such as aldosterone, antidiuretic
hormone (ADH), and atrial natriuretic peptide [2] act on the collecting duct to modulate its
function in response to changes in the body’s hydration status and electrolyte levels.

The collecting duct exhibits cellular plasticity that allows it to adapt to different
physiological and environmental conditions. The cellular plasticity of the collecting duct
refers to the ability of its cells to undergo functional and structural changes and thus switch
between different phenotypes. For example, principal cells, which are primarily responsible
for sodium and water reabsorption, can differentiate into intercalating cells, which are
important for maintaining acid–base balance and vice versa. While the transition between
these cell types is rare in healthy tissues, certain conditions and mutations can alter this
balance [3].

Interestingly, cellular plasticity is a hallmark feature of the juxtaglomerular (JG) cells
in the renal afferent arterioles. These cells produce renin that controls the activity of the
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circulating renin–angiotensin–aldosterone system (RAAS), which in turn is a key player in
the regulation of blood pressure and renal function [4–7]. Furthermore, renin expression
was observed in the collecting duct cells [8]. Renin is also regarded as a plasticity marker
of the renin-producing cells in the renal vasculature (for recent reviews, see refs [4–6]).
Moreover, renin expression and cellular plasticity in the collecting duct are documented.
Therefore, it is conceivable to assume that a link between these phenomena in the collecting
duct also exists. Our narrative review addresses the current evidence and possible future
directions in the context of this new concept.

2. Functions of the Renal Collecting Duct Cell Types

The collecting duct can be categorized into the cortical collecting duct, the outer
medullary collecting duct, and the inner medullary collecting duct based on its location
within the kidney [9]. Along the collecting duct, three main epithelial cell types are present,
each with specialized functions.

Principal cells are primarily responsible for maintaining the body’s fluid and elec-
trolyte balance. With this regard, the main membrane channels in principal cells are
aquaporin-2 (AQP2), the epithelial sodium channel (ENaC), and the renal outer medullary
potassium (K) channel (ROMK) on the apical membrane [10], which collectively result
in fine-tuning of the reabsorption of sodium and water from the tubular fluid and the
secretion of potassium into the collecting duct lumen.

The expression of the water channel AQP2 is tightly regulated by ADH [11]. Under
basal conditions, AQP2 is found predominantly within storage vesicles located below
the apical cell membrane. The translocation of AQP2 from storage vesicles to the apical
membrane is induced upon binding of ADH to the V2 receptor on the basolateral side of the
principal cells [12,13]. ADH is released from the posterior pituitary in response to changes
in the extracellular fluid osmolarity [14]. The binding of ADH to the V2 receptor increases
intracellular cAMP levels, which in turn activates protein kinase A (PKA). Thereupon,
PKA phosphorylates AQP2 and triggers its translocation into the apical membrane [15],
resulting in increased water permeability.

Another channel expressed in principal cells is ENaC, a heterotrimeric ion channel
composed of α, β, and γ-ENaC subunits [16–18]. This channel facilitates the apical entry
of sodium ions into principal cells and is crucial for maintaining sodium balance and
blood pressure homeostasis. A central role in the regulation of ENaC is the corticosteroid
aldosterone, which influences its expression and activity. On the one hand, aldosterone
increases the expression of the α, β, and γ-subunits of ENaC [19,20], a process mediated
by the mineralocorticoid receptor (MR). On the other hand, aldosterone promotes the
transcription of serum- and glucocorticoid-induced kinase 1 (SGK1), which subsequently
activates ENaC through various mechanisms [21–23]. Electrogenic sodium transport via
ENaC increases the driving force for potassium secretion [24] via ROMK, expressed in
the luminal membrane of the principal cells [25,26]. Expression and activity of ROMK
are influenced by various factors, which could be subdivided into aldosterone-dependent
and aldosterone-independent and include high potassium intake, PKA phosphorylation,
intracellular pH, or with-no-lysine (K) (WNK) kinases [27–29]. Thus, the interdependence
of ENaC and ROMK is essential for the body’s electrolyte balance, as their coordinated
function not only regulates sodium entry and potassium secretion but also ensures overall
electrolyte homeostasis in response to hormonal and dietary influences [30].

In addition to their important role in the body’s fluid and electrolyte homeostasis, the
channels AQP2, ENaC, and ROMK are also linked by angiotensin II (Ang II), which is part
of the RAAS (see also Section 3.2 below).

Li et al. demonstrated that Ang II regulates the AQP2 gene and protein expression in
principal cells in vitro. This Ang II effect could be blocked by the AT1 receptor inhibitor
losartan. This study also showed that treatment with Ang II activates the cAMP, PKA,
PKC, and calmodulin signaling pathways [31]. Likewise, treatment of rats with the AT1
receptor inhibitor candesartan reduced ADH-induced water reabsorption and lowered
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AQP2 concentrations under NaCl restriction in vivo [32]. With regard to ENaC, several
studies have described that Ang II can influence its posttranscriptional modifications [33]
and its opening probability [34–36]. In the case of ROMK, Ang II inhibits ROMK by
decreasing c-Src activation and blocking ROMK internalization [37].

Furthermore, intercalated cells are primarily responsible for maintaining acid–base
balance. There are two subtypes of intercalated cells: type A intercalated cells (or α-
intercalated cells) and type B intercalated cells (or β-intercalated cells).

Specifically, α-intercalated cells utilize H+-ATPase (comprising ATP6V0A1-4 and
ATP6V1B1-2 subunits [38,39]) and H+/K+-ATPase/ATP4A at the apical membrane to se-
crete hydrogen into the collecting duct lumen [40]. In turn, the sodium–hydrogen antiporter
1 (NHE1)/SLC9A1 is expressed basolaterally and transports hydrogen into the blood, thus
balancing the overall buffering capacity of the blood and preventing acidosis. Additionally,
the absorption of potassium is mediated through H+/K+-ATPase/ATP12A located in the
apical membrane, allowing the uptake of potassium ions in exchange for hydrogen ions.
The excretion of potassium is further facilitated by a big potassium (BK) channel/KCNMA1.
Bicarbonate can be moved into the blood via basolateral anion exchanger 1 (AE1)/SLC4A1.
(reviewed elsewhere [30,41]).

On the other hand, β-intercalated cells apically express pendrin/SLC26A4 to secrete
bicarbonate into urine and reabsorb chloride, and sodium-driven chloride/bicarbonate
exchanger (NDCBE)/SLC4A8 to reabsorb bicarbonate and sodium and secrete chloride. On
the basolateral side, bicarbonate in β-intercalated cells is transported via the Na+-dependent
HCO3−-exchanger AE4/SLC4A9 [42]. Furthermore, hydrogen is transported via H+-
ATPase, which operates with the participation of subunits ATP6V0A1-4 and ATP6V1B1-
2 [38,39]. By equipping α-intercalated cells and β-intercalated cells with these proteins,
these cells play a crucial role in maintaining the pH of the blood plasma within a narrow
range [41].

Similar to principal cells, transporters of intercalated cells can also be influenced by
components of the RAAS. Ang II promotes the expression of pendrin [43,44], whereby
an interaction between aldosterone and Ang II for the upregulation of pendrin is also
discussed [45]. It has also been demonstrated that Ang II enhances chloride absorption via
pendrin; however, Ang II does not exert direct effects on pendrin but rather influences the
activity of H+-ATPase [46].

Altogether, these findings underline a substantial interplay between the principal
cells/the intercalated cells and the RAAS, indicating that the collecting duct may be intri-
cately modulated by the regulatory mechanisms of the RAAS.

The transcellular transport processes in the principal cells and intercalated cells are
decisive for the function of the collecting duct. However, the expression of claudins,
a group of pore-forming proteins, at the epithelial cell–cell contacts can facilitate the
paracellular transport of chloride and/or sodium [47]. Together with the intercalated cells,
the expression pattern of claudins mediates the chloride transport [47]. It is currently
unclear to what extent the paracellular pathway contributes to the overall transepithelial
transport in the collecting duct.

3. Cellular Plasticity

Considering the compatible functions of the cell types that compose the collecting
duct, it is not surprising that they are capable of differentiating from each other to adapt
renal function to various environmental cues. Such a feature is generally referred to as
cellular plasticity. From a physiological standpoint, cellular plasticity could be defined as a
shift in the functional phenotype accompanied by structural changes in a cell.

Cellular plasticity has been first defined as a non-neoplastic change in cell identity
in pathology [48]. Cancer phenotype transformation is also an example of pathological
cell plasticity. Cellular plasticity is further attributed to developmental events describing
the differentiation of specialized progeny cells derived from stem cells. This phenomenon
also persists during adult life in organs and tissues with high cell turnover rates, such
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as bone marrow or intestinal epithelia. The increasing number of processes related to
phenotype alterations that fall under the term cellular plasticity made the development of
a nomenclature necessary [49]. The definitions proposed are still discussed because they
may address complex sequels with completely different outcomes. For instance, epithelial-
mesenchymal transition (EMT) is an event featuring cell plasticity observed in embryonic
development and regeneration after injury, but also during organ fibrosis or malignant
transformation [50].

3.1. Plasticity in the Renal Collecting Duct

Cellular plasticity was also observed in the collecting duct using different experi-
mental approaches. For example, in in vitro experiments mimicking metabolic acidosis,
β-intercalated cells differentiated into α-intercalated cells when cultured under acidic
conditions [51,52]. While earlier studies have shown that β-intercalated cells can acquire
α-intercalated cells and even principal cell-like properties, differentiation from principal
cells to intercalated cells was not observed [53]. The conversion of β-intercalated cells
into α-intercalated cells was abolished in mice lacking extracellular matrix protein hensin.
These mice showed no signs of α-intercalated cells. Thus, the deletion of hensin resulted in
the development of distal renal tubular acidosis [54].

In carbonic anhydrase type II (CAII) deficient mice, the number of intercalated cells
was reduced, and that of principal cells increased in the medullary collecting duct [55]. It
could be postulated that CAII activity is necessary for the differentiation of principal cells
of the medullary intercalated cells during development.

The fact that intercalated cells can originate from principal cells has been demonstrated
by principal cell-specific deletion of the histone H3 K79 methyltransferase Dot1l [56].
Transgenic mice carrying this mutation had fewer principal cells and more intercalated
cells. These data show that the plasticity in the collecting duct can change cell composition
and ratio.

Progenitor cells have the capacity for self-renewal and clonogenicity and could form
multiple cell types. In mice, AQP2- and V-ATPase subunit B1/B2-positive progenitor cells
were capable of forming distal convoluted tubules (DCTs), connecting tubules (CNTs),
and collecting duct segments during development [57]. The same progenitor cells were
also identified in adult mice. These cells were involved in the maintenance and repair of
the segments described above. However, Park et al., who identified stable transitional (or
hybrid) cells between principal cells and intercalated cells, also suggested that the transition
rate between the two cell types is low in healthy tissues [58].

Research in animal models demonstrated that Notch signaling is essential for main-
taining the cellular composition of the collecting duct. Notch1, Notch2, and Hes1, a
downstream target of the Notch signaling pathway [59], are essential for normal levels of
AQP2 gene expression in principal cells. Inactivation of Notch1, Notch2, and Hes1 led to the
transdifferentiation of mature principal cells into intercalated cells in the kidneys of adult
mice [60,61]. Potassium depletion in rats increased the α-intercalated and decreased the
principal cell numbers via suppression of Notch signaling through the Hes1 pathway [62].
Foxi1, which is suppressed by Hes1 [61], serves as a crucial transcription factor involved
in the differentiation of intercalated cells because principal cell markers are selectively
upregulated in Foxi1-deficient mice [63,64]. Importantly, deteriorated Notch signaling
results in renal distal tubular disorders like nephrogenic diabetes insipidus (NDI) [55].

In summary, cellular plasticity within the collecting duct is a dynamic and multifaceted
process that is influenced by various genetic and homeostatic variables. The capacity for
transdifferentiation is modulated by factors like hensin, CAII, and Notch signaling. The
current findings suggest that cellular plasticity serves as a compensatory mechanism crucial
for maintaining the body’s homeostasis by regulating water, electrolyte, and pH balance.
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3.2. Plasticity of the Renin-Producing Juxtaglomerular Cells and Renin Expression in the
Collecting Duct

Next to the collecting duct cells, cellular plasticity as a physiological event in the
mature kidney is also well established for the renin-producing cells in the terminal afferent
arterioles. These cells are called juxtaglomerular (JG) because of their location in the
glomerular vicinity. Renin is the rate-limiting enzyme in the generation of Ang II [7]. It
serves as the major switch of the plasma RAAS that controls blood pressure as well as
salt and water homeostasis. For this reason, the renin production in the afferent arterioles
is tightly regulated to provide an adequate adaptation of the organism to environmental
changes. The central factor that controls the renin synthesis and secretion in the JG cells is
arterial blood pressure. Blood pressure decrease stimulates renin production, while blood
pressure increase generates an opposite response [65,66]. In turn, the changes in renin
release and, consequently, in RAAS activity induce Ang II-mediated effects, countersteering
the initial alterations in arterial tone and resulting in blood pressure normalization. This
pressure-dependent mechanism that regulates renin production in the afferent arterioles is
known as the “long negative feedback loop” of RAAS [7,67]. The baroreceptor sensing the
pressure fluctuations has long been proposed to reside in the renal vasculature because the
long negative feedback loop is functional in the isolated perfused kidney [7,68]. Recently,
the baroreceptor mechanism was identified in the JG cells themselves. It involves nuclear
mechanotransduction, wherein extracellular forces (i.e., pressure) are transmitted to the
nucleus to influence not only the renin expression but also chromatin structure and global
gene expression, thus affecting the overall JG cell phenotype [66,69]. A myriad of additional
systemic (salt intake, sympathetic nerve activity, hormones, etc.) and local (macula densa
signaling, prostaglandins, NO, etc.) factors are also involved in the modulation of the renin
production (for recent comprehensive reviews, see [66,70,71].

Plasticity is the central cellular mechanism regulating vascular renin production. Renin
synthesis in the single cell appears to be constant [7,72,73]. Thus, the overall renin output is
determined by the number of cells expressing renin, meaning that their number is variable
and directly correlates to the renin production rate. The changes in the number of renin
cells occur via reversible switching between an endocrine secretory and contractile smooth
muscle phenotype. This phenomenon was originally termed “metaplastic transformation”
but is currently clearly categorized as cellular plasticity [6,74–76]. Renin cell plasticity
also has a pathophysiological role. Research conducted by our group and others has
demonstrated that, following glomerular injury, renin-producing cells migrate into the
glomerulus. Upon migration, these cells cease renin production and undergo differentiation
to replace damaged glomerular cells [5,77–80]. Therefore, a single-nephron repair feedback
mechanism exists that guides the migration of the renin-producing cells to the damaged
area. At the same time, the migrating renin cell progeny remains in morphological contact
with the JG cells in the corresponding afferent arteriole. Further studies are necessary
to elucidate the precise matter of the signal(s) released by the injured glomerular cells,
which initiate(s) the targeted movement and transformation of renin-producing cells in the
juxtaglomerular part of the afferent arterioles.

Renin cell plasticity in the afferent arterioles of the mature kidney is pre-programmed
during embryonic development. Thus, in the course of nephrogenesis, a subset of vascular
smooth muscle cells originate from renin-producing precursors descending from Foxd1-
positive stromal cells of the metanephric mesenchyme [5,81–83]. These vascular smooth
muscle cells, particularly in the afferent arterioles of the adult kidney, retain a “memory”
of their origin in a way that, upon conditions demanding increased renin production and
activation of RAAS, they reversibly differentiate into renin-producing cells [6,76,84]. Many
studies convincingly demonstrated the determinative role of cAMP as a second messenger
for the formation and maintenance of the renin-producing cell identity [76,84–89].

Interestingly, cAMP/PKA signaling drives the AQP2 expression in principal cells
and, thus, the water reabsorption in the collecting duct. Hence, it is not surprising that
renin expression was also reported in principal cells. Albeit produced at a low level as
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compared to the juxtaglomerular cells, collecting duct renin seems to be expressed in
more than half of the principal cells of the adult mouse kidney [7,90,91]. Developmental
studies established that, compared to vascular renin, collecting duct renin is not decisive
for proper nephrogenesis [83,92–97]. These data inferred that collecting duct renin would
modulate the intrarenal effects of RAAS [98–101]. Indeed, studies demonstrated that
collecting duct renin is important for potassium excretion and is involved in Ang II-
dependent hypertension [92,102–105]. Ang II seems to be the major determinant of renin
production in the collecting duct [101,106]. Therein, the cellular mechanism modulating
the renin production was the cAMP/PKA/cAMP response element binding protein (CREB)
transcription factor cascade as also established for the JG cells. A ubiquitously expressed
(pro)renin receptor (PRR) has been mapped to the collecting duct. Originally described
for its ability to bind and activate prorenin/renin, PRR is now known to have various
RAAS-unrelated actions. PRR and its cleavage derivative, soluble PRR, exert complex
physiological and pathophysiological effects in the collecting duct (recently reviewed
in [100,107]).

3.3. Arguments for an Interplay between Cellular Plasticity and Renin Expression in the
Collecting Duct

At first glance, the renin-producing cells and the collecting duct do not have many
common features. Moreover, during nephrogenesis, they develop from different structures:
the renin-producing cells from the metanephric mesenchyme [82] and the collecting duct
from the ureteric bud [108]. However, going into more detail reveals some striking sim-
ilarities: these cells produce renin, possess plasticity, and serve as master players in the
control of blood pressure and the excretion of water and electrolytes. A link exists even
during nephrogenesis: in the developing kidney, the collecting duct expresses renin so
that the principal cells form the largest subpopulation of renin lineage cells in the adult
kidney [91]. Together with cellular plasticity and the essential role in fluid homeostasis,
the juxtaglomerular afferent arterioles and the collecting duct share striking functional
characteristics. It is, therefore, plausible to assume that there may be a causal interplay
in the collecting duct between plasticity on one side and renin expression on the other,
as known for the JG cells in the afferent arterioles (Figure 1). There is a good amount of
knowledge on cellular plasticity and renin production regarding the principal cells in the
collecting duct. Although cellular plasticity and renin expression in the collecting duct have
been generally regarded on a separate basis, several tenable mechanistic relations already
exist, as summarized above. Nevertheless, the current knowledge provides rather indirect
evidence for such a link and thus reveals a need for direct experimental confirmation in
future studies.
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for the JG cells in the afferent arterioles. JGC = Juxtaglomerular cell, RPC = Renin-producing
cell, EC = Endothelial cell, VSMC = Vascular smooth muscle cell, IC A = Intercalated cell type A,
IC B = Intercalated cell type B, PC = Principal cell. See Figrue 2 below regarding possible renin
expression in intercalated cells type B. Created with BioRender.com.

4. Research Gaps/Open Questions/Perspectives

Studies focusing on (but not limited to) the following open questions would fur-
ther address the putative interaction between cellular plasticity and renin expression in
the collecting duct and surely fill research gaps to elucidate novel aspects of collecting
duct function.

4.1. Does Renin Expression in the Collecting Duct Change When the Ratio among Principal and
Different Subtypes of Intercalated Cells Is Altered (e.g., in Transgenic Animals, during
Fluctuations of Acid–Base Balance, etc.)

Lithium has been described to affect the composition of the cells in the collecting
duct [109]. In rats, lithium reduced the number of principal cells and led to an increase in
intercalated cells. This effect is reversible after discontinuation of treatment. Lithium is
used to treat patients with bipolar disorders. However, a side effect is that the majority of
the patients develop an NDI, most probably reflecting the decreased number of principal
cells [110]. The group of Mark Knepper analyzed changes in mRNA and protein expression
in the micro-dissected cortical collecting duct and thick ascending limb of Henle (cTAL)
from mice treated with lithium [111]. Unfortunately, they did not analyze if changes in
cortical collecting duct cellular composition occurred.

Single-cell RNA sequencing data show that renin (Ren1) mRNA can be detected in
several cell types of the mouse nephron, including the collecting duct (Figure 2) [112].
Interestingly, the expression of Ren1 was highest in β-intercalated cells among all cell types
examined. This was surprising because collecting duct renin is thought to be produced
mainly by the principal cells. Therefore, the renin expression in β-intercalated cells should
be further evaluated by independent approaches. It has already been reported that the
intercalated cells are also at least partially of the renin lineage [91,113]. Furthermore,
β-intercalated cells transdifferentiate under acidic conditions in response to homeostatic
stress [51,52]. Assuming that renin mRNA expression is highest in β-intercalated cells
among the collecting duct cell types [112], it might be hypothesized that these cells function
as a progenitor cell niche in the collecting duct, with renin serving as a potential marker of
cellular plasticity. Likewise, the renin-producing cells function as a reservoir of progenitor
cells during nephrogenesis [81–83] and in the mature kidney after injury [77–80]. Therefore,
it would be exciting to investigate whether the expression of typical β-intercalated cell genes
or renin is modulated in β-intercalated cells during acidosis-induced transdifferentiation.

Another indication that β-intercalated cells could serve as a progenitor cell reservoir
is the high expression of genes of the Wnt pathway (see Figure 2). Wnt signaling is crucial
for embryonic development, cell division, tissue repair, and progenitor cell differentiation
after injury [114,115]. Intriguingly, the Wnt pathway is activated during aging in renin-
producing cells of the afferent arterioles, leading to increased renin expression and age-
related renal fibrosis [116]. In addition, PRR, which is highly expressed in the collecting
duct, serves both as a downstream target and co-activator of Wnt signaling [117]. This
relationship suggests that PRR may play a role in modulating cellular plasticity in response
to Wnt signaling within the collecting ducts. In line with this, Wnt and PRR antagonism
emerge as promising strategies for treating chronic kidney disease [118,119]. However, the
potential connection between PRR, renin, and cellular plasticity remains to be elucidated in
future studies.
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cells. The same group reported that a lack of renin in principal cells of the collecting duct 

Figure 2. Single-cell gene expression of Ren1, Aqp2, Slc4a1, Slc26a4, Slc4a9, Fzd5, Lrp5, Atp6ap2, and
Ctnnb1 in segments and cells of the nephron, including the collecting duct. (A) Heat map illustrating
mRNA expression of Ren1, Aqp2, Slc4a1, Slc26a4, Slc4a9, Fzd5, Lrp5, Atp6ap2, and Ctnnb1 along the
nephron. The spatial distribution of the single-cell gene expression is indicated using the numbering
at the top, with detailed nomenclature described in panel (B). Aqp2 serves as principal cells (#26)
marker, Slc4a1 as intercalated cell type A (#25 and #27) marker, and Slc26a4 and Slc4a9 as intercalated
cell type B (#24) markers. Ren1 exhibits the highest expression in #24. Fzd5, Lrp5, Atp6ap2 (PRR),
and Ctnnb1, which are part of the Wnt pathway, most are also highly expressed in #24. (B) Schematic
map depicting the anatomical locations of segments and cells in the nephron and the collecting duct,
along with the corresponding nomenclature. LOH = loop of Henle, OM = outer medulla, IM = inner
medulla, DST = distal straight tubule, CNT = connecting tubule, CCD = cortical collecting duct,
OMCD = outer medullary collecting duct, IMCD = inner medullary collecting duct. Data from
KidneyCellExplorer [112,120].

4.2. Does the Proportion of the Collecting Duct Cell Types Change When the Renin Expression in
the Collecting Duct Is Altered (e.g., with Angiotensin II Treatment, in Collecting Duct-Specific
Renin Knockout/Overexpressing Animals, during Different Developmental Stage, etc.)

Overexpression of renin, specifically in the principal cells of the collecting duct, is
associated with hypertension in a transgenic mouse model [103]. The authors, however,
did not analyze if this also has an impact on the ratio of intercalated cells vs. principal
cells. The same group reported that a lack of renin in principal cells of the collecting duct
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attenuated Ang II-induced hypertension [92]. Also, in this study, the effect of renin deletion
on the ratio of intercalated cells to principal cells was not evaluated. Another study showed
that deletion of renin with Hoxb7-Cre had no impact on kidney morphology or circulating
renin [83]. In both cases, it would be interesting to investigate if renin expression has
an impact on the cell composition in the collecting duct (during both nephrogenesis and
adult life).

The AE4 is expressed in both intercalated cell types; however, it is higher inβ-intercalated
cells (see Figure 2). Recently, a study showed that mice deficient in AE4 have a dysregula-
tion in acid–base balance [42]. Whether this is associated with changes in the ratio between
principal cells and intercalated cells was not analyzed. The effect of renin overexpression
or deletion was only analyzed in principal cells. A study that used intercalated cell-specific
overexpression or deletion of renin has not been performed so far.

Several studies showed that increased activation of RAAS could lead to chronic kidney
disease [121]. However, a systematic analysis of whetherthis is also associated with changes
in the composition of the intercalated cells/principal cells ratio, has not been performed.
The biopsy samples derived from such studies are valuable resources that should be used
to perform such an analysis.

4.3. Does the Cell Type Ratio or Renin Expression Change during Treatment with Diuretics

Diuretics like furosemide stimulate the expression of renin in the kidneys of salt-
restricted mice and rats [122,123]. In addition, the activation of the V2-receptor by vaso-
pressin induced increased renin expression [124]. Diuretic treatment leads to hypertrophy
of the distal nephron and seems to foster cell proliferation in the collecting duct [125–129].
Yet, whether diuretics or antidiuretics affect the composition of the cells in the collecting
duct in the long term has not been evaluated.

5. Conclusions

Renin expression in the renal collecting duct is well established. The same refers to
the plasticity of the cells composing the collecting duct. Although studies analyzing the
role of renin expression or the plasticity in the composition of the collecting duct cells have
been performed, experiments primarily designed to reveal interactions between cellular
plasticity and renin expression in the collecting duct are missing. This indicates the need
for further investigations to analyze the potential causal interplay between these two
features. Understanding this relationship could address unmet clinical needs, particularly
in conditions where kidney function is compromised. For instance, clarifying the role
of cellular plasticity and renin expression may improve our understanding of adaptive
kidney responses or diseases such as nephrogenic diabetes insipidus, metabolic acidosis,
and age-related renal fibrosis. Moreover, it could lead to optimizing the therapeutic use of
diuretics and antidiuretics by minimizing side effects or enhancing efficacy.

Overall, this review sheds light on the multifaceted functions of the collecting duct
and highlights the need for future research to elucidate the complex interactions between
cellular plasticity and renin expression, potentially unveiling novel aspects of the collecting
duct function and regulation.

Author Contributions: Conceptualization, V.T.T.; writing—original draft preparation, N.S., B.E. and
V.T.T.; writing—review and editing, N.S., B.E. and V.T.T.; visualization, N.S. and B.E.; supervision,
V.T.T.; funding acquisition, B.E. and V.T.T. All authors have read and agreed to the published version
of the manuscript.

Funding: The research of the authors is funded by the Deutsche Forschungsgemeinschaft, grant
numbers ED 181/9-3 (to B.E.) and 470138795 (to V.T.T.).

Conflicts of Interest: The authors declare no conflicts of interest.



Int. J. Mol. Sci. 2024, 25, 9549 10 of 14

References
1. Kokko, J.P. The role of the collecting duct in urinary concentration. Kidney Int. 1987, 31, 606–610. [CrossRef]
2. Abraham, W.T.; Schrier, R.W. Body fluid volume regulation in health and disease. Adv. Intern. Med. 1994, 39, 23–47. [PubMed]
3. Hiatt, M.J.; Matsell, D.G. Plasticity within the Collecting Ducts. In Kidney Development, Disease, Repair and Regeneration; Elsevier:

Amsterdam, The Netherlands, 2016; pp. 335–350. ISBN 9780128001028.
4. Broeker, K.A.E.; Schrankl, J.; Fuchs, M.A.A.; Kurtz, A. Flexible and multifaceted: The plasticity of renin-expressing cells. Pflug.

Arch. 2022, 474, 799–812. [CrossRef] [PubMed]
5. Steglich, A.; Hickmann, L.; Linkermann, A.; Bornstein, S.; Hugo, C.; Todorov, V.T. Beyond the Paradigm: Novel Functions of

Renin-Producing Cells. Rev. Physiol. Biochem. Pharmacol. 2020, 177, 53–81. [CrossRef]
6. Gomez, R.A.; Lopez, M.L.S.S. Plasticity of Renin Cells in the Kidney Vasculature. Curr. Hypertens. Rep. 2017, 19, 14. [CrossRef]
7. Castrop, H.; Höcherl, K.; Kurtz, A.; Schweda, F.; Todorov, V.; Wagner, C. Physiology of kidney renin. Physiol. Rev. 2010, 90,

607–673. [CrossRef]
8. Ramkumar, N.; Kohan, D.E. Role of collecting duct renin in blood pressure regulation. Am. J. Physiol. Regul. Integr. Comp. Physiol.

2013, 305, R92–R94. [CrossRef]
9. Madsen, K.M.; Tisher, C.C. Structural-functional relationships along the distal nephron. Am. J. Physiol. Ren. Physiol. 1986, 250,

F1–F15. [CrossRef] [PubMed]
10. Pearce, D.; Soundararajan, R.; Trimpert, C.; Kashlan, O.B.; Deen, P.M.T.; Kohan, D.E. Collecting duct principal cell transport

processes and their regulation. Clin. J. Am. Soc. Nephrol. 2015, 10, 135–146. [CrossRef]
11. Nielsen, S.; Chou, C.L.; Marples, D.; Christensen, E.I.; Kishore, B.K.; Knepper, M.A. Vasopressin increases water permeability of

kidney collecting duct by inducing translocation of aquaporin-CD water channels to plasma membrane. Proc. Natl. Acad. Sci.
USA 1995, 92, 1013–1017. [CrossRef]

12. Christensen, B.M.; Zelenina, M.; Aperia, A.; Nielsen, S. Localization and regulation of PKA-phosphorylated AQP2 in response to
V(2)-receptor agonist/antagonist treatment. Am. J. Physiol. Ren. Physiol. 2000, 278, F29–F42. [CrossRef] [PubMed]

13. Marples, D.; Knepper, M.A.; Christensen, E.I.; Nielsen, S. Redistribution of aquaporin-2 water channels induced by vasopressin
in rat kidney inner medullary collecting duct. Am. J. Physiol. 1995, 269, C655–C664. [CrossRef]

14. Dunn, F.L.; Brennan, T.J.; Nelson, A.E.; Robertson, G.L. The role of blood osmolality and volume in regulating vasopressin
secretion in the rat. J. Clin. Investig. 1973, 52, 3212–3219. [CrossRef]

15. Nedvetsky, P.I.; Tamma, G.; Beulshausen, S.; Valenti, G.; Rosenthal, W.; Klussmann, E. Regulation of aquaporin-2 trafficking.
Handb. Exp. Pharmacol. 2009, 190, 133–157. [CrossRef]

16. Canessa, C.M.; Schild, L.; Buell, G.; Thorens, B.; Gautschi, I.; Horisberger, J.D.; Rossier, B.C. Amiloride-sensitive epithelial Na+
channel is made of three homologous subunits. Nature 1994, 367, 463–467. [CrossRef] [PubMed]

17. Staruschenko, A.; Adams, E.; Booth, R.E.; Stockand, J.D. Epithelial Na+ channel subunit stoichiometry. Biophys. J. 2005, 88,
3966–3975. [CrossRef]

18. Noreng, S.; Bharadwaj, A.; Posert, R.; Yoshioka, C.; Baconguis, I. Structure of the human epithelial sodium channel by cryo-electron
microscopy. eLife 2018, 7, e39340. [CrossRef]

19. Frindt, G.; Ergonul, Z.; Palmer, L.G. Surface expression of epithelial Na channel protein in rat kidney. J. Gen. Physiol. 2008, 131,
617–627. [CrossRef]

20. Masilamani, S.; Kim, G.H.; Mitchell, C.; Wade, J.B.; Knepper, M.A. Aldosterone-mediated regulation of ENaC alpha, beta, and
gamma subunit proteins in rat kidney. J. Clin. Investig. 1999, 104, R19–R23. [CrossRef]

21. Pearce, D.; Kleyman, T.R. Salt, sodium channels, and SGK1. J. Clin. Investig. 2007, 117, 592–595. [CrossRef]
22. McCormick, J.A.; Bhalla, V.; Pao, A.C.; Pearce, D. SGK1: A rapid aldosterone-induced regulator of renal sodium reabsorption.

Physiol. Bethesda 2005, 20, 134–139. [CrossRef] [PubMed]
23. Kamynina, E.; Staub, O. Concerted action of ENaC, Nedd4-2, and Sgk1 in transepithelial Na(+) transport. Am. J. Physiol. Ren.

Physiol. 2002, 283, F377–F387. [CrossRef] [PubMed]
24. Frindt, G.; Masilamani, S.; Knepper, M.A.; Palmer, L.G. Activation of epithelial Na channels during short-term Na deprivation.

Am. J. Physiol. Ren. Physiol. 2001, 280, F112–F118. [CrossRef] [PubMed]
25. Giebisch, G.H. A trail of research on potassium. Kidney Int. 2002, 62, 1498–1512. [CrossRef]
26. Lu, M.; Wang, T.; Yan, Q.; Yang, X.; Dong, K.; Knepper, M.A.; Wang, W.; Giebisch, G.; Shull, G.E.; Hebert, S.C. Absence of

small conductance K+ channel (SK) activity in apical membranes of thick ascending limb and cortical collecting duct in ROMK
(Bartter’s) knockout mice. J. Biol. Chem. 2002, 277, 37881–37887. [CrossRef]

27. Hebert, S.C.; Desir, G.; Giebisch, G.; Wang, W. Molecular diversity and regulation of renal potassium channels. Physiol. Rev. 2005,
85, 319–371. [CrossRef]

28. Wang, W. Regulation of renal K transport by dietary K intake. Annu. Rev. Physiol. 2004, 66, 547–569. [CrossRef]
29. Wang, W.-H.; Giebisch, G. Regulation of potassium (K) handling in the renal collecting duct. Pflug. Arch. 2009, 458, 157–168.

[CrossRef]
30. Lasaad, S.; Crambert, G. Renal K+ retention in physiological circumstances: Focus on adaptation of the distal nephron and

cross-talk with Na+ transport systems. Front. Physiol. 2023, 14, 1264296. [CrossRef]
31. Li, C.; Wang, W.; Rivard, C.J.; Lanaspa, M.A.; Summer, S.; Schrier, R.W. Molecular mechanisms of angiotensin II stimulation on

aquaporin-2 expression and trafficking. Am. J. Physiol.-Ren. Physiol. 2011, 300, F1255–F1261. [CrossRef]

https://doi.org/10.1038/ki.1987.41
https://www.ncbi.nlm.nih.gov/pubmed/8140955
https://doi.org/10.1007/s00424-022-02694-8
https://www.ncbi.nlm.nih.gov/pubmed/35511367
https://doi.org/10.1007/112_2020_27
https://doi.org/10.1007/s11906-017-0711-8
https://doi.org/10.1152/physrev.00011.2009
https://doi.org/10.1152/ajpregu.00191.2013
https://doi.org/10.1152/ajprenal.1986.250.1.F1
https://www.ncbi.nlm.nih.gov/pubmed/3521338
https://doi.org/10.2215/CJN.05760513
https://doi.org/10.1073/pnas.92.4.1013
https://doi.org/10.1152/ajprenal.2000.278.1.F29
https://www.ncbi.nlm.nih.gov/pubmed/10644653
https://doi.org/10.1152/ajpcell.1995.269.3.C655
https://doi.org/10.1172/JCI107521
https://doi.org/10.1007/978-3-540-79885-9_6
https://doi.org/10.1038/367463a0
https://www.ncbi.nlm.nih.gov/pubmed/8107805
https://doi.org/10.1529/biophysj.104.056804
https://doi.org/10.7554/eLife.39340
https://doi.org/10.1085/jgp.200809989
https://doi.org/10.1172/JCI7840
https://doi.org/10.1172/JCI31538
https://doi.org/10.1152/physiol.00053.2004
https://www.ncbi.nlm.nih.gov/pubmed/15772302
https://doi.org/10.1152/ajprenal.00143.2002
https://www.ncbi.nlm.nih.gov/pubmed/12167587
https://doi.org/10.1152/ajprenal.2001.280.1.F112
https://www.ncbi.nlm.nih.gov/pubmed/11133521
https://doi.org/10.1046/j.1523-1755.2002.t01-2-00644.x
https://doi.org/10.1074/jbc.M206644200
https://doi.org/10.1152/physrev.00051.2003
https://doi.org/10.1146/annurev.physiol.66.032102.112025
https://doi.org/10.1007/s00424-008-0593-3
https://doi.org/10.3389/fphys.2023.1264296
https://doi.org/10.1152/ajprenal.00469.2010


Int. J. Mol. Sci. 2024, 25, 9549 11 of 14

32. Kwon, T.-H.; Nielsen, J.; Knepper, M.A.; Frøkiaer, J.; Nielsen, S. Angiotensin II AT1 receptor blockade decreases vasopressin-
induced water reabsorption and AQP2 levels in NaCl-restricted rats. Am. J. Physiol. Ren. Physiol. 2005, 288, F673–F684. [CrossRef]
[PubMed]

33. Beutler, K.T.; Masilamani, S.; Turban, S.; Nielsen, J.; Brooks, H.L.; Ageloff, S.; Fenton, R.A.; Packer, R.K.; Knepper, M.A. Long-term
regulation of ENaC expression in kidney by angiotensin II. Hypertension 2003, 41, 1143–1150. [CrossRef]

34. Mamenko, M.; Zaika, O.; Ilatovskaya, D.V.; Staruschenko, A.; Pochynyuk, O. Angiotensin II increases activity of the epithelial
Na+ channel (ENaC) in distal nephron additively to aldosterone. J. Biol. Chem. 2012, 287, 660–671. [CrossRef] [PubMed]

35. Sun, P.; Yue, P.; Wang, W.-H. Angiotensin II stimulates epithelial sodium channels in the cortical collecting duct of the rat kidney.
Am. J. Physiol.-Ren. Physiol. 2012, 302, F679–F687. [CrossRef] [PubMed]

36. Peti-Peterdi, J.; Warnock, D.G.; Bell, P.D. Angiotensin II directly stimulates ENaC activity in the cortical collecting duct via AT(1)
receptors. J. Am. Soc. Nephrol. 2002, 13, 1131–1135. [CrossRef] [PubMed]

37. Polidoro, J.Z.; Rebouças, N.A.; Girardi, A.C.C. The Angiotensin II Type 1 Receptor-Associated Protein Attenuates Angiotensin
II-Mediated Inhibition of the Renal Outer Medullary Potassium Channel in Collecting Duct Cells. Front. Physiol. 2021, 12, 642409.
[CrossRef]

38. Wagner, C.A. When proton pumps go sour: Urinary acidification and kidney stones. Kidney Int. 2008, 73, 1103–1105. [CrossRef]
39. Wagner, C.A.; Finberg, K.E.; Breton, S.; Marshansky, V.; Brown, D.; Geibel, J.P. Renal vacuolar H+-ATPase. Physiol. Rev. 2004, 84,

1263–1314. [CrossRef]
40. Gumz, M.L.; Lynch, I.J.; Greenlee, M.M.; Cain, B.D.; Wingo, C.S. The renal H+-K+-ATPases: Physiology, regulation, and structure.

Am. J. Physiol. Ren. Physiol. 2010, 298, F12–F21. [CrossRef]
41. Roy, A.; Al-bataineh, M.M.; Pastor-Soler, N.M. Collecting duct intercalated cell function and regulation. Clin. J. Am. Soc. Nephrol.

2015, 10, 305–324. [CrossRef]
42. Vitzthum, H.; Koch, M.; Eckermann, L.; Svendsen, S.L.; Berg, P.; Hübner, C.A.; Wagner, C.A.; Leipziger, J.; Meyer-Schwesinger, C.;

Ehmke, H. The AE4 transporter mediates kidney acid-base sensing. Nat. Commun. 2023, 14, 3051. [CrossRef] [PubMed]
43. Ayuzawa, N.; Nishimoto, M.; Ueda, K.; Hirohama, D.; Kawarazaki, W.; Shimosawa, T.; Marumo, T.; Fujita, T. Two Mineralo-

corticoid Receptor-Mediated Mechanisms of Pendrin Activation in Distal Nephrons. J. Am. Soc. Nephrol. 2020, 31, 748–764.
[CrossRef]

44. Pham, T.D.; Verlander, J.W.; Chen, C.; Pech, V.; Kim, H.I.; Kim, Y.H.; Weiner, I.D.; Milne, G.L.; Zent, R.; Bock, F.; et al. Angiotensin
II acts through Rac1 to upregulate pendrin: Role of NADPH oxidase. Am. J. Physiol.-Ren. Physiol. 2024, 326, F202–F218. [CrossRef]

45. Hirohama, D.; Ayuzawa, N.; Ueda, K.; Nishimoto, M.; Kawarazaki, W.; Watanabe, A.; Shimosawa, T.; Marumo, T.; Shibata, S.;
Fujita, T. Aldosterone Is Essential for Angiotensin II-Induced Upregulation of Pendrin. J. Am. Soc. Nephrol. 2018, 29, 57–68.
[CrossRef] [PubMed]

46. Pech, V.; Kim, Y.H.; Weinstein, A.M.; Everett, L.A.; Pham, T.D.; Wall, S.M. Angiotensin II increases chloride absorption in the
cortical collecting duct in mice through a pendrin-dependent mechanism. Am. J. Physiol. Ren. Physiol. 2007, 292, F914–F920.
[CrossRef]

47. Leiz, J.; Schmidt-Ott, K.M. Claudins in the Renal Collecting Duct. Int. J. Mol. Sci. 2019, 21, 221. [CrossRef] [PubMed]
48. Congrès Périodique International des Sciences Médicales, 8th ed.; Virchow (Ed.) Compterendu; Librairie Gyldendal (F. Hegel & Fils)

Copenhagen: Copenhague, Denmark, 1884; pp. 67–80.
49. Mills, J.C.; Stanger, B.Z.; Sander, M. Nomenclature for cellular plasticity: Are the terms as plastic as the cells themselves? EMBO J.

2019, 38, e103148. [CrossRef]
50. Kim, D.H.; Xing, T.; Yang, Z.; Dudek, R.; Lu, Q.; Chen, Y.-H. Epithelial Mesenchymal Transition in Embryonic Development,

Tissue Repair and Cancer: A Comprehensive Overview. J. Clin. Med. 2017, 7, 1. [CrossRef]
51. Schwartz, G.J.; Tsuruoka, S.; Vijayakumar, S.; Petrovic, S.; Mian, A.; Al-Awqati, Q. Acid incubation reverses the polarity of

intercalated cell transporters, an effect mediated by hensin. J. Clin. Investig. 2002, 109, 89–99. [CrossRef]
52. Al-Awqati, Q. Plasticity in epithelial polarity of renal intercalated cells: Targeting of the H(+)-ATPase and band 3. Am. J. Physiol.

1996, 270, C1571–C1580. [CrossRef]
53. Fejes-Tóth, G.; Náray-Fejes-Tóth, A. Differentiation of renal beta-intercalated cells to alpha-intercalated and principal cells in

culture. Proc. Natl. Acad. Sci. USA 1992, 89, 5487–5491. [CrossRef] [PubMed]
54. Gao, X.; Eladari, D.; Leviel, F.; Tew, B.Y.; Miró-Julià, C.; Cheema, F.H.; Miller, L.; Nelson, R.; Paunescu, T.G.; McKee, M.; et al.

Deletion of hensin/DMBT1 blocks conversion of beta- to alpha-intercalated cells and induces distal renal tubular acidosis. Proc.
Natl. Acad. Sci. USA 2010, 107, 21872–21877. [CrossRef] [PubMed]

55. Breton, S.; Alper, S.L.; Gluck, S.L.; Sly, W.S.; Barker, J.E.; Brown, D. Depletion of intercalated cells from collecting ducts of carbonic
anhydrase II-deficient (CAR2 null) mice. Am. J. Physiol. 1995, 269, F761–F774. [CrossRef]

56. Xiao, Z.; Chen, L.; Zhou, Q.; Zhang, W. Dot1l deficiency leads to increased intercalated cells and upregulation of V-ATPase B1 in
mice. Exp. Cell Res. 2016, 344, 167–175. [CrossRef]

57. Gao, C.; Zhang, L.; Chen, E.; Zhang, W. Aqp2+ Progenitor Cells Maintain and Repair Distal Renal Segments. J. Am. Soc. Nephrol.
2022, 33, 1357–1376. [CrossRef]

58. Park, J.; Shrestha, R.; Qiu, C.; Kondo, A.; Huang, S.; Werth, M.; Li, M.; Barasch, J.; Suszták, K. Single-cell transcriptomics of the
mouse kidney reveals potential cellular targets of kidney disease. Science 2018, 360, 758–763. [CrossRef]

https://doi.org/10.1152/ajprenal.00304.2004
https://www.ncbi.nlm.nih.gov/pubmed/15585668
https://doi.org/10.1161/01.HYP.0000066129.12106.E2
https://doi.org/10.1074/jbc.M111.298919
https://www.ncbi.nlm.nih.gov/pubmed/22086923
https://doi.org/10.1152/ajprenal.00368.2011
https://www.ncbi.nlm.nih.gov/pubmed/22169010
https://doi.org/10.1097/01.ASN.0000013292.78621.FD
https://www.ncbi.nlm.nih.gov/pubmed/11960999
https://doi.org/10.3389/fphys.2021.642409
https://doi.org/10.1038/ki.2008.137
https://doi.org/10.1152/physrev.00045.2003
https://doi.org/10.1152/ajprenal.90723.2008
https://doi.org/10.2215/CJN.08880914
https://doi.org/10.1038/s41467-023-38562-x
https://www.ncbi.nlm.nih.gov/pubmed/37236964
https://doi.org/10.1681/ASN.2019080804
https://doi.org/10.1152/ajprenal.00139.2023
https://doi.org/10.1681/ASN.2017030243
https://www.ncbi.nlm.nih.gov/pubmed/29021385
https://doi.org/10.1152/ajprenal.00361.2006
https://doi.org/10.3390/ijms21010221
https://www.ncbi.nlm.nih.gov/pubmed/31905642
https://doi.org/10.15252/embj.2019103148
https://doi.org/10.3390/jcm7010001
https://doi.org/10.1172/JCI0213292
https://doi.org/10.1152/ajpcell.1996.270.6.C1571
https://doi.org/10.1073/pnas.89.12.5487
https://www.ncbi.nlm.nih.gov/pubmed/1608958
https://doi.org/10.1073/pnas.1010364107
https://www.ncbi.nlm.nih.gov/pubmed/21098262
https://doi.org/10.1152/ajprenal.1995.269.6.F761
https://doi.org/10.1016/j.yexcr.2015.09.014
https://doi.org/10.1681/ASN.2021081105
https://doi.org/10.1126/science.aar2131


Int. J. Mol. Sci. 2024, 25, 9549 12 of 14

59. Iso, T.; Kedes, L.; Hamamori, Y. HES and HERP families: Multiple effectors of the Notch signaling pathway. J. Cell. Physiol. 2003,
194, 237–255. [CrossRef] [PubMed]

60. Mukherjee, M.; DeRiso, J.; Janga, M.; Fogarty, E.; Surendran, K. Foxi1 inactivation rescues loss of principal cell fate selection in
Hes1-deficient kidneys but does not ensure maintenance of principal cell gene expression. Dev. Biol. 2020, 466, 1–11. [CrossRef]

61. Mukherjee, M.; DeRiso, J.; Otterpohl, K.; Ratnayake, I.; Kota, D.; Ahrenkiel, P.; Chandrasekar, I.; Surendran, K. Endogenous Notch
Signaling in Adult Kidneys Maintains Segment-Specific Epithelial Cell Types of the Distal Tubules and Collecting Ducts to Ensure
Water Homeostasis. J. Am. Soc. Nephrol. 2019, 30, 110–126. [CrossRef]

62. Iervolino, A.; Prosperi, F.; de La Motte, L.R.; Petrillo, F.; Spagnuolo, M.; D‘Acierno, M.; Siccardi, S.; Perna, A.F.; Christensen, B.M.;
Frische, S.; et al. Potassium depletion induces cellular conversion in the outer medullary collecting duct altering Notch signaling
pathway. Sci. Rep. 2020, 10, 5708. [CrossRef]

63. Al-Awqati, Q.; Schwartz, G.J. A fork in the road of cell differentiation in the kidney tubule. J. Clin. Investig. 2004, 113, 1528–1530.
[CrossRef]

64. Blomqvist, S.R.; Vidarsson, H.; Fitzgerald, S.; Johansson, B.R.; Ollerstam, A.; Brown, R.; Persson, A.E.G.; Bergström, G.; Enerbäck,
S. Distal renal tubular acidosis in mice that lack the forkhead transcription factor Foxi1. J. Clin. Investig. 2004, 113, 1560–1570.
[CrossRef]

65. Wagner, C.; Kurtz, A. Regulation of renal renin release. Curr. Opin. Nephrol. Hypertens. 1998, 7, 437–441. [CrossRef]
66. Yamaguchi, H.; Gomez, R.A.; Sequeira-Lopez, M.L.S. Renin Cells, From Vascular Development to Blood Pressure Sensing.

Hypertension 2023, 80, 1580–1589. [CrossRef] [PubMed]
67. Hackenthal, E.; Paul, M.; Ganten, D.; Taugner, R. Morphology, physiology, and molecular biology of renin secretion. Physiol. Rev.

1990, 70, 1067–1116. [CrossRef] [PubMed]
68. Scholz, H.; Kurtz, A. Involvement of endothelium-derived relaxing factor in the pressure control of renin secretion from isolated

perfused kidney. J. Clin. Investig. 1993, 91, 1088–1094. [CrossRef] [PubMed]
69. Watanabe, H.; Belyea, B.C.; Paxton, R.L.; Li, M.; Dzamba, B.J.; DeSimone, D.W.; Gomez, R.A.; Sequeira-Lopez, M.L.S. Renin Cell

Baroreceptor, a Nuclear Mechanotransducer Central for Homeostasis. Circ. Res. 2021, 129, 262–276. [CrossRef]
70. Triebel, H.; Castrop, H. The renin angiotensin aldosterone system. Pflug. Arch. 2024, 476, 705–713. [CrossRef]
71. Sequeira-Lopez, M.L.S.; Gomez, R.A. Renin Cells, the Kidney, and Hypertension. Circ. Res. 2021, 128, 887–907. [CrossRef]
72. Rasch, R.; Jensen, B.L.; Nyengaard, J.R.; Skøtt, O. Quantitative changes in rat renin secretory granules after acute and chronic

stimulation of the renin system. Cell Tissue Res. 1998, 292, 563–571. [CrossRef]
73. Skøtt, O. Episodic release of renin from single isolated superfused rat afferent arterioles. Pflug. Arch. 1986, 407, 41–45. [CrossRef]
74. Cantin, M.; Araujo-Nascimento, M.D.; Benchimol, S.; Desormeaux, Y. Metaplasia of smooth muscle cells into juxtaglomerular

cells in the juxtaglomerular apparatus, arteries, and arterioles of the ischemic (endocrine) kidney. An ultrastructural-cytochemical
and autoradiographic study. Am. J. Pathol. 1977, 87, 581–602. [PubMed]

75. Taugner, R.; Bührle, C.P.; Hackenthal, E.; Nobiling, R. Typical and atypical aspects of renin secretion from juxtaglomerular
epithelioid cells. Klin. Wochenschr. 1986, 64, 829–837. [CrossRef] [PubMed]

76. Pentz, E.S.; Lopez, M.L.S.S.; Cordaillat, M.; Gomez, R.A. Identity of the renin cell is mediated by cAMP and chromatin remodeling:
An in vitro model for studying cell recruitment and plasticity. Am. J. Physiol. Heart Circ. Physiol. 2008, 294, H699–H707. [CrossRef]

77. Starke, C.; Betz, H.; Hickmann, L.; Lachmann, P.; Neubauer, B.; Kopp, J.B.; Sequeira-Lopez, M.L.S.; Gomez, R.A.; Hohenstein, B.;
Todorov, V.T.; et al. Renin lineage cells repopulate the glomerular mesangium after injury. J. Am. Soc. Nephrol. 2015, 26, 48–54.
[CrossRef] [PubMed]

78. Arndt, P.; Sradnick, J.; Kroeger, H.; Holtzhausen, S.; Kessel, F.; Gerlach, M.; Todorov, V.; Hugo, C. A quantitative 3D intravital look
at the juxtaglomerular renin-cell-niche reveals an individual intra/extraglomerular feedback system. Front. Physiol. 2022, 13,
980787. [CrossRef]

79. Lichtnekert, J.; Kaverina, N.V.; Eng, D.G.; Gross, K.W.; Kutz, J.N.; Pippin, J.W.; Shankland, S.J. Renin-Angiotensin-Aldosterone
System Inhibition Increases Podocyte Derivation from Cells of Renin Lineage. J. Am. Soc. Nephrol. 2016, 27, 3611–3627. [CrossRef]

80. Pippin, J.W.; Sparks, M.A.; Glenn, S.T.; Buitrago, S.; Coffman, T.M.; Duffield, J.S.; Gross, K.W.; Shankland, S.J. Cells of renin
lineage are progenitors of podocytes and parietal epithelial cells in experimental glomerular disease. Am. J. Pathol. 2013, 183,
542–557. [CrossRef]

81. Sequeira López, M.L.S.; Pentz, E.S.; Nomasa, T.; Smithies, O.; Gomez, R.A. Renin cells are precursors for multiple cell types that
switch to the renin phenotype when homeostasis is threatened. Dev. Cell 2004, 6, 719–728. [CrossRef]

82. Sequeira-Lopez, M.L.S.; Lin, E.E.; Li, M.; Hu, Y.; Sigmund, C.D.; Gomez, R.A. The earliest metanephric arteriolar progenitors and
their role in kidney vascular development. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2015, 308, R138–R149. [CrossRef]

83. Sequeira-Lopez, M.L.S.; Nagalakshmi, V.K.; Li, M.; Sigmund, C.D.; Gomez, R.A. Vascular versus tubular renin: Role in kidney
development. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2015, 309, R650–R657. [CrossRef] [PubMed]

84. Martinez, M.F.; Medrano, S.; Brown, E.A.; Tufan, T.; Shang, S.; Bertoncello, N.; Guessoum, O.; Adli, M.; Belyea, B.C.; Sequeira-
Lopez, M.L.S.; et al. Super-enhancers maintain renin-expressing cell identity and memory to preserve multi-system homeostasis.
J. Clin. Investig. 2018, 128, 4787–4803. [CrossRef] [PubMed]

85. Pentz, E.S.; Cordaillat, M.; Carretero, O.A.; Tucker, A.E.; Sequeira Lopez, M.L.S.; Gomez, R.A. Histone acetyl transferases CBP
and p300 are necessary for maintenance of renin cell identity and transformation of smooth muscle cells to the renin phenotype.
Am. J. Physiol. Heart Circ. Physiol. 2012, 302, H2545–H2552. [CrossRef] [PubMed]

https://doi.org/10.1002/jcp.10208
https://www.ncbi.nlm.nih.gov/pubmed/12548545
https://doi.org/10.1016/j.ydbio.2020.08.005
https://doi.org/10.1681/ASN.2018040440
https://doi.org/10.1038/s41598-020-61882-7
https://doi.org/10.1172/JCI22029
https://doi.org/10.1172/JCI20665
https://doi.org/10.1097/00041552-199807000-00015
https://doi.org/10.1161/HYPERTENSIONAHA.123.20577
https://www.ncbi.nlm.nih.gov/pubmed/37313725
https://doi.org/10.1152/physrev.1990.70.4.1067
https://www.ncbi.nlm.nih.gov/pubmed/2217555
https://doi.org/10.1172/JCI116266
https://www.ncbi.nlm.nih.gov/pubmed/8383697
https://doi.org/10.1161/CIRCRESAHA.120.318711
https://doi.org/10.1007/s00424-024-02908-1
https://doi.org/10.1161/CIRCRESAHA.121.318064
https://doi.org/10.1007/s004410051085
https://doi.org/10.1007/BF00580718
https://www.ncbi.nlm.nih.gov/pubmed/869015
https://doi.org/10.1007/BF01725555
https://www.ncbi.nlm.nih.gov/pubmed/3534432
https://doi.org/10.1152/ajpheart.01152.2007
https://doi.org/10.1681/ASN.2014030265
https://www.ncbi.nlm.nih.gov/pubmed/24904091
https://doi.org/10.3389/fphys.2022.980787
https://doi.org/10.1681/ASN.2015080877
https://doi.org/10.1016/j.ajpath.2013.04.024
https://doi.org/10.1016/S1534-5807(04)00134-0
https://doi.org/10.1152/ajpregu.00428.2014
https://doi.org/10.1152/ajpregu.00313.2015
https://www.ncbi.nlm.nih.gov/pubmed/26246508
https://doi.org/10.1172/JCI121361
https://www.ncbi.nlm.nih.gov/pubmed/30130256
https://doi.org/10.1152/ajpheart.00782.2011
https://www.ncbi.nlm.nih.gov/pubmed/22523253


Int. J. Mol. Sci. 2024, 25, 9549 13 of 14

86. Steglich, A.; Kessel, F.; Hickmann, L.; Gerlach, M.; Lachmann, P.; Gembardt, F.; Lesche, M.; Dahl, A.; Federlein, A.; Schweda, F.;
et al. Renin cells with defective Gsα/cAMP signaling contribute to renal endothelial damage. Pflug. Arch. 2019, 471, 1205–1217.
[CrossRef]

87. Lachmann, P.; Hickmann, L.; Steglich, A.; Al-Mekhlafi, M.; Gerlach, M.; Jetschin, N.; Jahn, S.; Hamann, B.; Wnuk, M.; Madsen, K.;
et al. Interference with Gsα-Coupled Receptor Signaling in Renin-Producing Cells Leads to Renal Endothelial Damage. J. Am.
Soc. Nephrol. 2017, 28, 3479–3489. [CrossRef]

88. Neubauer, B.; Machura, K.; Chen, M.; Weinstein, L.S.; Oppermann, M.; Sequeira-Lopez, M.L.; Gomez, R.A.; Schnermann, J.;
Castrop, H.; Kurtz, A.; et al. Development of vascular renin expression in the kidney critically depends on the cyclic AMP
pathway. Am. J. Physiol. Ren. Physiol. 2009, 296, F1006–F1012. [CrossRef]

89. Chen, L.; Kim, S.M.; Oppermann, M.; Faulhaber-Walter, R.; Huang, Y.; Mizel, D.; Chen, M.; Lopez, M.L.S.; Weinstein, L.S.; Gomez,
R.A.; et al. Regulation of renin in mice with Cre recombinase-mediated deletion of G protein Gsalpha in juxtaglomerular cells.
Am. J. Physiol. Ren. Physiol. 2007, 292, F27–F37. [CrossRef]

90. Rohrwasser, A.; Morgan, T.; Dillon, H.F.; Zhao, L.; Callaway, C.W.; Hillas, E.; Zhang, S.; Cheng, T.; Inagami, T.; Ward, K.; et al.
Elements of a paracrine tubular renin-angiotensin system along the entire nephron. Hypertension 1999, 34, 1265–1274. [CrossRef]

91. Kessel, F.; Steglich, A.; Hickmann, L.; Lira Martinez, R.; Gerlach, M.; Sequeira-Lopez, M.L.S.; Gomez, R.A.; Hugo, C.P.M.; Todorov,
V.T. Patterns of differentiation of renin lineage cells during nephrogenesis. Am. J. Physiol. Ren. Physiol. 2021, 321, F378–F388.
[CrossRef]

92. Ramkumar, N.; Stuart, D.; Rees, S.; van Hoek, A.; Sigmund, C.D.; Kohan, D.E. Collecting duct-specific knockout of renin
attenuates angiotensin II-induced hypertension. Am. J. Physiol. Ren. Physiol. 2014, 307, F931–F938. [CrossRef]

93. Gribouval, O.; Gonzales, M.; Neuhaus, T.; Aziza, J.; Bieth, E.; Laurent, N.; Bouton, J.M.; Feuillet, F.; Makni, S.; Ben Amar, H.; et al.
Mutations in genes in the renin-angiotensin system are associated with autosomal recessive renal tubular dysgenesis. Nat. Genet.
2005, 37, 964–968. [CrossRef]

94. Takahashi, N.; Lopez, M.L.S.S.; Cowhig, J.E.; Taylor, M.A.; Hatada, T.; Riggs, E.; Lee, G.; Gomez, R.A.; Kim, H.-S.; Smithies, O.
Ren1c homozygous null mice are hypotensive and polyuric, but heterozygotes are indistinguishable from wild-type. J. Am. Soc.
Nephrol. 2005, 16, 125–132. [CrossRef] [PubMed]

95. Gubler, M.C.; Antignac, C. Renin-angiotensin system in kidney development: Renal tubular dysgenesis. Kidney Int. 2010, 77,
400–406. [CrossRef]

96. Daïkha-Dahmane, F.; Levy-Beff, E.; Jugie, M.; Lenclen, R. Foetal kidney maldevelopment in maternal use of angiotensin II type I
receptor antagonists. Pediatr. Nephrol. 2006, 21, 729–732. [CrossRef]

97. Friberg, P.; Sundelin, B.; Bohman, S.O.; Bobik, A.; Nilsson, H.; Wickman, A.; Gustafsson, H.; Petersen, J.; Adams, M.A. Renin-
angiotensin system in neonatal rats: Induction of a renal abnormality in response to ACE inhibition or angiotensin II antagonism.
Kidney Int. 1994, 45, 485–492. [CrossRef] [PubMed]

98. Gonzalez, A.A.; Prieto, M.C. Renin and the (pro)renin receptor in the renal collecting duct: Role in the pathogenesis of
hypertension. Clin. Exp. Pharmacol. Physiol. 2015, 42, 14–21. [CrossRef]

99. Prieto, M.C.; Gonzalez, A.A.; Visniauskas, B.; Navar, L.G. The evolving complexity of the collecting duct renin-angiotensin system
in hypertension. Nat. Rev. Nephrol. 2021, 17, 481–492. [CrossRef]

100. Yang, T. Potential of soluble (pro)renin receptor in kidney disease: Can it go beyond a biomarker? Am. J. Physiol. Ren. Physiol.
2022, 323, F507–F514. [CrossRef]

101. Lara, L.S.; Gonzalez, A.A.; Hennrikus, M.T.; Prieto, M.C. Hormone-Dependent Regulation of Renin and Effects on Prorenin
Receptor Signaling in the Collecting Duct. Curr. Hypertens. Rev. 2022, 18, 91–100. [CrossRef] [PubMed]

102. Gonzalez, A.A.; Liu, L.; Lara, L.S.; Bourgeois, C.R.T.; Ibaceta-Gonzalez, C.; Salinas-Parra, N.; Gogulamudi, V.R.; Seth, D.M.; Prieto,
M.C. PKC-α-dependent augmentation of cAMP and CREB phosphorylation mediates the angiotensin II stimulation of renin in
the collecting duct. Am. J. Physiol. Ren. Physiol. 2015, 309, F880–F888. [CrossRef]

103. Ramkumar, N.; Ying, J.; Stuart, D.; Kohan, D.E. Overexpression of Renin in the collecting duct causes elevated blood pressure.
Am. J. Hypertens. 2013, 26, 965–972. [CrossRef] [PubMed]

104. Song, K.; Stuart, D.; Abraham, N.; Wang, F.; Wang, S.; Yang, T.; Sigmund, C.D.; Kohan, D.E.; Ramkumar, N. Collecting Duct Renin
Does Not Mediate DOCA-Salt Hypertension or Renal Injury. PLoS ONE 2016, 11, e0159872. [CrossRef] [PubMed]

105. Xu, C.; Chen, Y.; Ramkumar, N.; Zou, C.-J.; Sigmund, C.D.; Yang, T. Collecting duct renin regulates potassium homeostasis in
mice. Acta Physiol. 2023, 237, e13899. [CrossRef] [PubMed]

106. Prieto-Carrasquero, M.C.; Botros, F.T.; Pagan, J.; Kobori, H.; Seth, D.M.; Casarini, D.E.; Navar, L.G. Collecting duct renin is
upregulated in both kidneys of 2-kidney, 1-clip goldblatt hypertensive rats. Hypertension 2008, 51, 1590–1596. [CrossRef] [PubMed]

107. Yang, T. Revisiting the relationship between (Pro)Renin receptor and the intrarenal RAS: Focus on the soluble receptor. Curr.
Opin. Nephrol. Hypertens. 2022, 31, 351–357. [CrossRef]

108. Costantini, F.; Kopan, R. Patterning a complex organ: Branching morphogenesis and nephron segmentation in kidney develop-
ment. Dev. Cell 2010, 18, 698–712. [CrossRef]

109. Trepiccione, F.; Capasso, G.; Nielsen, S.; Christensen, B.M. Evaluation of cellular plasticity in the collecting duct during recovery
from lithium-induced nephrogenic diabetes insipidus. Am. J. Physiol. Ren. Physiol. 2013, 305, F919–F929. [CrossRef]

110. Trepiccione, F.; Christensen, B.M. Lithium-induced nephrogenic diabetes insipidus: New clinical and experimental findings. J.
Nephrol. 2010, 23 (Suppl. S16), S43–S48.

https://doi.org/10.1007/s00424-019-02298-9
https://doi.org/10.1681/ASN.2017020173
https://doi.org/10.1152/ajprenal.90448.2008
https://doi.org/10.1152/ajprenal.00193.2006
https://doi.org/10.1161/01.HYP.34.6.1265
https://doi.org/10.1152/ajprenal.00151.2021
https://doi.org/10.1152/ajprenal.00367.2014
https://doi.org/10.1038/ng1623
https://doi.org/10.1681/ASN.2004060490
https://www.ncbi.nlm.nih.gov/pubmed/15563565
https://doi.org/10.1038/ki.2009.423
https://doi.org/10.1007/s00467-006-0070-1
https://doi.org/10.1038/ki.1994.63
https://www.ncbi.nlm.nih.gov/pubmed/8164437
https://doi.org/10.1111/1440-1681.12319
https://doi.org/10.1038/s41581-021-00414-6
https://doi.org/10.1152/ajprenal.00202.2022
https://doi.org/10.2174/1573402118666220216105357
https://www.ncbi.nlm.nih.gov/pubmed/35170417
https://doi.org/10.1152/ajprenal.00155.2015
https://doi.org/10.1093/ajh/hpt071
https://www.ncbi.nlm.nih.gov/pubmed/23702969
https://doi.org/10.1371/journal.pone.0159872
https://www.ncbi.nlm.nih.gov/pubmed/27467376
https://doi.org/10.1111/apha.13899
https://www.ncbi.nlm.nih.gov/pubmed/36264268
https://doi.org/10.1161/HYPERTENSIONAHA.108.110916
https://www.ncbi.nlm.nih.gov/pubmed/18426992
https://doi.org/10.1097/MNH.0000000000000806
https://doi.org/10.1016/j.devcel.2010.04.008
https://doi.org/10.1152/ajprenal.00152.2012


Int. J. Mol. Sci. 2024, 25, 9549 14 of 14

111. Sung, C.-C.; Chen, L.; Limbutara, K.; Jung, H.J.; Gilmer, G.G.; Yang, C.-R.; Lin, S.-H.; Khositseth, S.; Chou, C.-L.; Knepper, M.A.
RNA-Seq and protein mass spectrometry in microdissected kidney tubules reveal signaling processes initiating lithium-induced
nephrogenic diabetes insipidus. Kidney Int. 2019, 96, 363–377. [CrossRef]

112. Ransick, A.; Lindström, N.O.; Liu, J.; Zhu, Q.; Guo, J.-J.; Alvarado, G.F.; Kim, A.D.; Black, H.G.; Kim, J.; McMahon, A.P. Single-Cell
Profiling Reveals Sex, Lineage, and Regional Diversity in the Mouse Kidney. Dev. Cell 2019, 51, 399–413.e7. [CrossRef]

113. Hickmann, L.; Steglich, A.; Gerlach, M.; Al-Mekhlafi, M.; Sradnick, J.; Lachmann, P.; Sequeira-Lopez, M.L.S.; Gomez, R.A.;
Hohenstein, B.; Hugo, C.; et al. Persistent and inducible neogenesis repopulates progenitor renin lineage cells in the kidney.
Kidney Int. 2017, 92, 1419–1432. [CrossRef] [PubMed]

114. Meng, P.; Zhu, M.; Ling, X.; Zhou, L. Wnt signaling in kidney: The initiator or terminator? J. Mol. Med. 2020, 98, 1511–1523.
[CrossRef] [PubMed]

115. Wang, Y.; Zhou, C.J.; Liu, Y. Wnt Signaling in Kidney Development and Disease. Prog. Mol. Biol. Transl. Sci. 2018, 153, 181–207.
[CrossRef]

116. Miao, J.; Liu, J.; Niu, J.; Zhang, Y.; Shen, W.; Luo, C.; Liu, Y.; Li, C.; Li, H.; Yang, P.; et al. Wnt/β-catenin/RAS signaling mediates
age-related renal fibrosis and is associated with mitochondrial dysfunction. Aging Cell 2019, 18, e13004. [CrossRef]

117. Li, Z.; Zhou, L.; Wang, Y.; Miao, J.; Hong, X.; Hou, F.F.; Liu, Y. (Pro)renin Receptor Is an Amplifier of Wnt/β-Catenin Signaling in
Kidney Injury and Fibrosis. J. Am. Soc. Nephrol. 2017, 28, 2393–2408. [CrossRef]

118. Wang, Y.-N.; Liu, H.-J.; Ren, L.-L.; Suo, P.; Zou, L.; Zhang, Y.-M.; Yu, X.-Y.; Zhao, Y.-Y. Shenkang injection improves chronic
kidney disease by inhibiting multiple renin-angiotensin system genes by blocking the Wnt/β-catenin signalling pathway. Front.
Pharmacol. 2022, 13, 964370. [CrossRef] [PubMed]

119. Wang, Y.; Wang, Y.; Xue, K.; Wang, H.; Zhou, J.; Gao, F.; Li, C.; Yang, T.; Fang, H. (Pro)renin receptor antagonist PRO20 attenuates
nephrectomy-induced nephropathy in rats via inhibition of intrarenal RAS and Wnt/β-catenin signaling. Physiol. Rep. 2021, 9,
e14881. [CrossRef]

120. KidneyCellExplorer. Available online: https://cello.shinyapps.io/kidneycellexplorer (accessed on 22 July 2024).
121. Maranduca, M.A.; Clim, A.; Pinzariu, A.C.; Statescu, C.; Sascau, R.A.; Tanase, D.M.; Serban, D.N.; Branisteanu, D.C.; Branisteanu,

D.E.; Huzum, B.; et al. Role of arterial hypertension and angiotensin II in chronic kidney disease (Review). Exp. Ther. Med. 2023,
25, 153. [CrossRef]

122. Modena, B.; Holmer, S.; Eckardt, K.U.; Schricker, K.; Riegger, G.; Kaissling, B.; Kurtz, A. Furosemide stimulates renin expression
in the kidneys of salt-supplemented rats. Pflug. Arch. 1993, 424, 403–409. [CrossRef]

123. Desch, M.; Harlander, S.; Neubauer, B.; Gerl, M.; Germain, S.; Castrop, H.; Todorov, V.T. cAMP target sequences enhCRE and
CNRE sense low-salt intake to increase human renin gene expression in vivo. Pflug. Arch. 2011, 461, 567–577. [CrossRef]

124. Gonzalez, A.A.; Cifuentes-Araneda, F.; Ibaceta-Gonzalez, C.; Gonzalez-Vergara, A.; Zamora, L.; Henriquez, R.; Rosales, C.B.;
Navar, L.G.; Prieto, M.C. Vasopressin/V2 receptor stimulates renin synthesis in the collecting duct. Am. J. Physiol. Ren. Physiol.
2016, 310, F284–F293. [CrossRef] [PubMed]

125. Ellison, D.H.; Velázquez, H.; Wright, F.S. Adaptation of the distal convoluted tubule of the rat. Structural and functional effects of
dietary salt intake and chronic diuretic infusion. J. Clin. Investig. 1989, 83, 113–126. [CrossRef] [PubMed]

126. Loffing, J.; Le Hir, M.; Kaissling, B. Modulation of salt transport rate affects DNA synthesis in vivo in rat renal tubules. Kidney Int.
1995, 47, 1615–1623. [CrossRef]

127. Kaissling, B.; Stanton, B.A. Adaptation of distal tubule and collecting duct to increased sodium delivery. I. Ultrastructure. Am. J.
Physiol. 1988, 255, F1256–F1268. [CrossRef] [PubMed]

128. Stanton, B.A.; Kaissling, B. Adaptation of distal tubule and collecting duct to increased Na delivery. II. Na+ and K+ transport.
Am. J. Physiol. 1988, 255, F1269–F1275. [CrossRef]

129. Krauson, A.J.; Schaffert, S.; Walczak, E.M.; Nizar, J.M.; Holdgate, G.M.; Iyer, S.; Elsayed, R.; Gaudet, A.; Khatri, P.; Bhalla, V.
Proximal and Distal Nephron-specific Adaptation to Furosemide. bioRxiv 2021. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.kint.2019.02.015
https://doi.org/10.1016/j.devcel.2019.10.005
https://doi.org/10.1016/j.kint.2017.04.014
https://www.ncbi.nlm.nih.gov/pubmed/28688581
https://doi.org/10.1007/s00109-020-01978-9
https://www.ncbi.nlm.nih.gov/pubmed/32939578
https://doi.org/10.1016/bs.pmbts.2017.11.019
https://doi.org/10.1111/acel.13004
https://doi.org/10.1681/ASN.2016070811
https://doi.org/10.3389/fphar.2022.964370
https://www.ncbi.nlm.nih.gov/pubmed/36059935
https://doi.org/10.14814/phy2.14881
https://cello.shinyapps.io/kidneycellexplorer
https://doi.org/10.3892/etm.2023.11852
https://doi.org/10.1007/BF00374901
https://doi.org/10.1007/s00424-011-0956-z
https://doi.org/10.1152/ajprenal.00360.2015
https://www.ncbi.nlm.nih.gov/pubmed/26608789
https://doi.org/10.1172/JCI113847
https://www.ncbi.nlm.nih.gov/pubmed/2910903
https://doi.org/10.1038/ki.1995.225
https://doi.org/10.1152/ajprenal.1988.255.6.F1256
https://www.ncbi.nlm.nih.gov/pubmed/3202189
https://doi.org/10.1152/ajprenal.1988.255.6.F1269
https://doi.org/10.1101/2021.01.12.426306

	Introduction 
	Functions of the Renal Collecting Duct Cell Types 
	Cellular Plasticity 
	Plasticity in the Renal Collecting Duct 
	Plasticity of the Renin-Producing Juxtaglomerular Cells and Renin Expression in the Collecting Duct 
	Arguments for an Interplay between Cellular Plasticity and Renin Expression in the Collecting Duct 

	Research Gaps/Open Questions/Perspectives 
	Does Renin Expression in the Collecting Duct Change When the Ratio among Principal and Different Subtypes of Intercalated Cells Is Altered (e.g., in Transgenic Animals, during Fluctuations of Acid–Base Balance, etc.) 
	Does the Proportion of the Collecting Duct Cell Types Change When the Renin Expression in the Collecting Duct Is Altered (e.g., with Angiotensin II Treatment, in Collecting Duct-Specific Renin Knockout/Overexpressing Animals, during Different Developmental Stage, etc.) 
	Does the Cell Type Ratio or Renin Expression Change during Treatment with Diuretics 

	Conclusions 
	References

