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Abstract

The Growth Arrest-Specific protein 1 (Gasl) has been recently described in kidney as an endogenous inhibitor of cell
proliferation in mesangial cells and with an important role in the maintenance of nephron progenitor cells. Furthermore,
the expression of Gasl was demonstrated in NCAM + progenitor parietal cells of Bowman’s capsule. Thus, the aim of this
study was to analyze the expression of Gasl in the collecting ducts (CD) of healthy rats and to examine whether high
glucose levels modify its expression during the early stages of diabetes in STZ-treated rats. Immunofluorescence reveals
that principal cells AQP2 +express Gasl in both healthy and diabetic conditions. Western blot from enriched fractions of
medullary CD suggests that diabetes promotes the increase of Gasl. AQP2 +cells are also positive for the expression of
CD24 and CD1133 in diabetic rats. In addition, diabetes modifies the cell morphology in the CD and favors the increase
of principal cells (AQP2+/Gasl+), induces a significant decrease of intercalated cells (V-ATPase+/Gasl-) and the pres-
ence of intermediate cells (Gas1+/V-ATPase+) which express both principal and intercalated cell markers. The expression
of Gasl in the distal tubules was also determined by immunofluorescence, western blot and ELISA in diabetic rats. The
results identify Gasl as a specific marker of principal cells in healthy and diabetic rats and suggest that diabetes promotes
the expression of Gasl. Gasl may have an important role in the maintenance and differentiation to principal cells in the
CD during early stages of diabetes.
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Introduction

Growth Arrest-Specific 1 (Gasl) is a plasma membrane
protein with a glycosyl-phosphatidyl-inositol (GPI)-anchor
with a molecular mass of approximately 37 kDa (Del Sal
et al. 1994; Stebel et al. 2000). Gas1 is a pleiotropic pro-
tein implicated in several cellular and biological processes
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including anti-proliferative and pro-apoptotic functions
(Segovia and Zarco 2014). The over expression of Gasl
arrests cell proliferation through the inhibition of the DNA
synthesis in the G, to S phase in NIH-3T3 fibroblasts and
gliomas (Del Sal et al. 1992; Dominguez-Monzon et al.
2009; Lopez-Ornelas et al. 2014). In neuroblastoma, hippo-
campal and glioma cells, the over-expression of Gas1 leads
to cell death (Mellstrom et al. 2002; Zamorano et al. 2004;
Lopez-Ornelas et al. 2011; Zarco et al. 2012). Due to the
capacity of Gas1 to trigger apoptosis, its potential role as a
tumor suppressor in different tissues has been investigated
(e.g. breast, liver, colorectal, and thyroid tumors) (Wang
et al. 2012; Ma et al. 2013; Sacilotto et al. 2015; Li et al.
2016; Romero-Trejo et al. 2021). Gasl is a negative modu-
lator of the Glial cell-derived neurotrophic factor (GDNF)
signaling inducing apoptosis by the activation of caspase 3
(Zamorano et al. 2003; Cabrera et al. 2006; Lopez-Ramirez
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et al. 2008; Dominguez-Monzon et al., 2011; Zarco et al.
2012). During mouse development Gasl has a positive par-
ticipacion in the Sonic Hedgehog (Shh) pathway acting as
ligand-binding protein (Allen et al. 2007; Martinelli and Fan
2007). Furthermore, it was described that Gasl is a target
gene of the transcription factor C/EBP in granulosa cells in
the ovary with a possible intervention in the ovulation and
luteinization (Ren et al. 2016).

In the kidney, a study described the expression of Gasl
in SIX2+nephron progenitor cells in the early stages of
embryogenesis and it showed that the expression of Gasl
is modulated by the transcriptional factor WT1. Also, the
expression of Gasl during nephrogenesis was associated
with the maintenance of a nephron progenitor cell popula-
tion in the metanephric mesenchyme (Kann et al. 2015). In
mature kidneys, the expression of Gas1 was described in the
glomerulus, mainly in mesangial cells acting as an endog-
enous inhibitor of glomerular mesangial cells proliferation
(van Roeyen et al. 2013). The expression of Gasl is directly
down-regulated by miR-34a in conditions of high glucose
in vitro and in the early stages of diabetic nephropathy (DN)
(Zhang et al. 2014). The expression of Gasl was described
in the parietal cells of Bowman’s capsule and the co-expres-
sion with the renal progenitor cell marker NCAM; sug-
gesting an important role for Gasl in the differentiation of
progenitor parietal cells of Bowman’s capsule to podocytes
in the early stages of diabetes (Luna-Antonio et al. 2017).

The collecting duct (CD) is a component of the distal
nephron in the kidney with an important participation in
the regulation of osmolarity and acid-base balance (Muto
2001). The CD possesses a heterogeneous cell morphol-
ogy composed by two different types of epithelial cells: the
principal and the intercalated cells, which perform different
functions (O’Neil and Hayhurst 1985; Madsen and Tisher
1986; Holthofer et al. 1987). The principal cells are involved
in sodium transport and water reabsorption by the epithe-
lial sodium channel (ENaC) and the aquaporin 2 (AQP2)
water channel while the intercalated cells are responsible for
the regulation of acid-base homeostasis controlling proton
secretion through the proton-pumping V-ATPase (Wagner et
al. 2004; Brown et al. 2009; Ramkumar et al. 2014; Pearce
etal. 2015; Roy et al. 2015; Jung and Kwon 2016). Diabetic
nephropathy (DN) is a common complication of diabetes
and it is considered the leading cause of end-stage renal
disease. DN is characterized by persistent proteinuria, glo-
merular lesions, loss of glomerular filtration rate (GFR) and
tubular alterations in diabetic patients (Habib 2013; Lim
2014). In rodent models of diabetes, hyperglycemia induces
tubular cell hypertrophy and the increase of fluid content
and pressure in the CD as well as an increased expression of
cytokines and proteins related with interstitial fibrogenesis,
like TGF-B, CTGF, SMA and VEGF (Wang et al. 2008).
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Diabetes can induce impaired renal sodium excretion by
proteolytic activation of ENaC and the presence of urine
exosomes with AQP2 suggesting a damaged in the CD cells
(Andersen et al. 2015).

The expression and function of Gasl in the kidney
has been only studied in glomerular cells. We studied the
expression of Gasl in the collecting duct cells and analyzed
whether the high glucose condition during the early stages
of diabetes modifies its expression. In addition, we explored
the expression of Gasl1 is the distal tubules.

Materials and methods
Reagents

The anti-human IgG Gasl antibody was produced by Pro-
Sci (Poway, CA, USA). Anti-goat IgG Gasl antibody was
purchased from R&D Sytems, Inc. (Minneapolis, MN,
USA). Anti-goat IgG AQP2, anti-goat IgG CD24, anti-
Goat IgG claudin 8, anti- mouse IgG V-ATPase B1/2, anti-
mouse IgG calbindin, anti-mouse IgG GAPDH antibodies
were purchased from Santa Cruz Biotech, Inc. (Santa Cruz,
CA, USA). Anti-mouse IgG claudins-2, -4, and -8, don-
key anti-goat IgG Alexa Fluor 488, chiken anti- rabbit IgG
Alexa Fluor 594, and donkey anti-mouse IgG Alexa Fluor
488 antibodies were purchased from Thermo Fisher Sci-
entific (Waltham, MA, USA). Anti-rabbit IgG CD133 was
purchased from Abcam (Cambridge, UK). Streptozotocin
(STZ) was purchased from Sigma-Aldrich (St. Louis, Mo,
USA).

Experimental design

Animal experiments were performed in accordance with
the Mexican Official Norm NOM-062-ZO0O-1999 and the
Institutional Committee for the Care of Laboratory Animals
(UPEAL) (protocol #491). Female Wistar rats with body
weight of 200250 g were housed with 12/12-h light/dark
cycles at 22+ 1 °C and 50+ 5% humidity. All animals had
access to food and water ad libitum. Type 1 diabetes was
induced by the intraperitoneal (ip) administration of strepto-
zotocin (STZ, 60 mg / kg body weight, single dose) diluted
in citrate buffer, pH=6.0. Non-diabetic control rats received
only an intraperitoneal administration of citrate buffer. After
72 h, diabetes induction was confirmed. Blood glucose con-
centration was measured with the One Touch® Ultra blood
glucose meter (Milpitas, CA, USA). Rats were sacrificed
7, 14 and 21 days after the induction of diabetes or vehicle
administration.
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Biochemical and physiological parameters

Glucose levels and body weight were monitored at 7, 14
and 21 days of diabetes. Rats were housed in metabolic
cages 24 h prior to sacrifice. Urine samples were collected
and volumes measured. Rats were deeply anesthetized with
sodium pentobarbital (30 mg/kg, ip). Blood was collected by
cardiac puncture and serum obtained. Urinary proteins were
measured by the Lowry method (Bio-Rad Protein Assay
Kit; Bio-Rad Laboratories, CA, USA). Creatinine clearance
was measured by the modified Jaffé reaction as previously
described (Hervey 1953; Luna-Antonio et al. 2017). Serum
and urine samples were stored at -70 °C until use.

Extraction of renal tissues and total proteins from
renal medulla

Kidneys from control and diabetic rats at 7, 14 and 21 days
after the administration of STZ were perfused with isotonic
saline solution (0.9% NaCl), excised and placed in ice-cold
saline solution. Kidneys were decapsulated, and the renal
medulla carefully isolated by microscopic dissection. To
extract total protein, renal medulla was placed in ice-cold
Krebs-Ringer bicarbonate solution (KRB) with 0.5 g/L
bovine albumin, pH 7.4, osmolarity 290 mOsm/kg H,O
containing 15 mg of type II collagenase. Renal medulla was
homogenized and washed three times with ice-cold KRB.
Samples were incubated with the protease inhibitor cocktail
Complete IX and phenylmethylsulfonyl fluoride (PMSF; 1
mM). The suspension was shaken at 4 °C and centrifuged.
Pellets were suspended and incubated for 30 min at 4 °C
in lysis buffer (RIPA). Samples were sonicated three times
for 30 s in a high-intensity ultrasonic processor (Vibracell;
Sonics & Materials, Inc., CT, USA) and centrifuged at 4 °C
for 20 min, and supernatants were collected. Total protein
quantification was performed using DC protein assay kit
(Bio-Rad Laboratories, Hercules, CA, USA).

Isolation of distal tubules (DT)

DT were isolated by Percoll gradients as previously
described (Reyes et al. 2002; Arreola-Mendoza et al. 2006;
Molina-Jijon et al. 2014). Renal cortex was homogenized
and placed in ice-cold KRB. Samples were suspended in
KRB with 15 mg of collagenase Type II (Sigma-Aldrich
Inc., St. Louis, MO), 10% bovine serum albumin and gassed
with the appropriate mixture of 95% air/5% CO, in a shak-
ing water bath for 20 min at 37 °C. Samples were incubated
with iced-cold KRB solution with protease inhibitor cock-
tail Complete 1X and PMSF. Collagen fibers in the samples
were removed by filtering the suspension and the samples
were centrifuged. Pellets were resuspended in bovine serum

albumin (5%) with protease inhibitors for 5 min at 4 °C and
centrifuged, the supernatant was discarded. Pellets were
suspended in ice-cold Percoll and KRB. Suspension was
centrifuged (107 x g/30 min), resulting in the separation
into four distinct bands. The first fraction on top of the Per-
coll gradient, was enriched in DT, and the fourth fraction on
the bottom was enriched in proximal tubules. The second
and third fractions in the middle of the Percoll gradient con-
tained a mix of the nephron segments (including glomeruli,
proximal tubules, and DT). All fractions were analyzed by
light microscopy to confirm the morphological characteris-
tics of each tubular segment.

Western blot analysis

Western blot was performed as previously described (Luna-
Antonio et al. 2017; Rosas-Martinez et al. 2021). Samples
were denatured by boiling for 12 min, and proteins loaded
onto 10% SDS-PAGE gels and ran. Molecular weight stan-
dards (Amersham Pharmacia Biotech, Piscataway, NJ,
-USA) were run in parallel. Proteins were transferred to
polyvinylidene fluoride membranes (Amersham Biosci-
ence, Uppsala, Sweden). Membranes were incubated with
casein 3X (VECTOR, sp-5020; Burlingame, CA, USA) to
block nonspecific protein binding. Membranes were incu-
bated overnight at 4 °C with the primary antibodies against
Gasl, CLND4, AQP2, CD24, CD133, V-ATPase and
CLDNS8 (dilution 1:500), previously indicated. Next, mem-
branes were incubated with peroxidase-conjugated anti-
bodies (dilution 1:10,000) for 1 h. The ECL Prime Western
Blotting detection reagent (Amersham ™, GE Healthcare,
Buckinghamshire, UK) were used to develop immunoblots.
To detect chemiluminescence, the EC3 Imaging System
(UVP Bioimaging Systems, Cambridge, UK) was used.
Protein density band was quantified by densitometry (UVP
Biolmaging Systems Software).

Medullary collecting ducts dissection

Renal medullary collecting tubules were isolated as pre-
viously described (Reyes et al. 1992; Gonzalez-Mariscal
et al. 2000). Briefly, animals were sacrificed and kidneys
immediately removed and placed in ice-cold KRB. Sec-
tions (1-2 mm) were cut along the corticomedullary axis
from the isolated kidneys. Kidney sections were maintained
in ice-cold KB at 4 °C, pH 7.4, gassed with 95% air/5% CO0,
during dissection. Collecting tubules were dissected and
identified with a stereoscopic microscope (X20). Immuno-
fluorescence was performed in dissected CD. Tubules were
washed with PBS+Ca®* (0.1 M) three times and fixed
for 1 min with ice-cold ethanol (95%) and until evapora-
tion with acetone at room temperature. Fixed tubules were
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washed three times with PBS+Ca’* and incubated with
0.2% Triton X-100 (Bio-Rad Laboratories, Hercules, CA,
USA). Thereafter, tubules were washed with PBS+Ca*
and blocked with 0.5% IgG-free bovine serum albumin for
3040 min (1331-A, Research Organics Cleveland, OH,
USA). The immunofluorescence protocol was performed
maintaining the tubules at 4 °C.

Rat kidney frozen sections

Kidneys from control and diabetic groups were obtained and
prepared as previously described (Gonzalez-Mariscal et al.
2000; Molina-Jijon et al. 2015). Kidney Sect. (4 um) were
cut with a Leica CM1100 cryostat (Heidelberg, Germany)
and mounted on gelatin-coated slides. All samples were
stored at -70 °C. For immunofluorescence experiments, the
sections were fixed with methanol at -20 °C. Sections were
hydrated with PBS and permeabilized with 0.2% Triton
X-100. Subsequently, the sections were washed thrice with
PBS and blocked with 0.5% IgG-free bovine serum albumin
for 1 h.

Immunofluorescence

Frozen sections and dissected CD were incubated overnight
at 4 °C with the following primary polyclonal antibodies:
anti-human IgG Gasl1, anti-goat IgG CD24, anti-rabbit IgG
CD133 (dilution 1:100), anti-goat IgG CLDNS and anti-
goat IgG AQP2 (dilution 1:200), and the primary monoclo-
nal antibodies: anti-mouse IgG V-ATPase and anti-mouse
IgG calbindin (dilution 1:100). Next, incubation with the
secondary antibody was performed for 2 h at room tem-
perature. The secondary antibodies employed were: donkey
anti-goat IgG Alexa Fluor 488, chicken anti- rabbit IgG
Alexa Fluor 594, and donkey anti-mouse IgG Alexa Fluor
488 antibodies (dilution 1:100). To test the specificity of the
primary antibody to Gasl, the expression of Gasl in the CD
was analyzed using different primary antibodies and com-
paring the expression in the tubular structure. The absence
of Gasl signal in the proximal tubules was considered as
a negative control. To test the specific binding of the sec-
ondary antibodies, immunofluorescence with the primary
antibodies in the absence of the corresponding secondary
antibodies was performed.

Image acquisition

Confocal images were acquired using a confocal laser
scanning microscope (TCS-SP8, Leica Microsystems, Hei-
delberg, Germany) mounted on an inverted microscope
(DMI6000 Leica Microsystems, Heidelberg, Germany)
equipped with diode (405 nm), OPSL (488 nm) OPSL
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(552 nm) and diode (638 nm) lasers and 10x/0.40 IMM
CS, 20x/0.75 IMM Corr CS2, 40x/1.30 Oil CS2 40x/1.10
and 63x/1.40 Oil CS objective (Leica Microsystems, Hei-
delberg, Germany). Image acquisition was performed with
the LAS X Life Science Software (Leica Microsystems,
Heidelberg, Germany) with XYZ scan mode, 900 gain,
1.0 UA pinhole diameter, pixels dimension 1024 x 1024,
400 Hz scan speed with bidirectional X, -33.48 phase X,
image size 160.46 pm x 160.46 um, pixel size 156.86 nm
x 156.86 nm, zoom factor 1, Z-stack 19.7 pm and 23-67
steps/sections. Regions of interests were selected from the
scan images, scale bars are shown in figure legends. Co-
localization analysis was performed as previously described
(Dunn et al. 2011; Moser et al. 2017). Co-localization was
analyzed using the FIJI version (http:/fiji.sc) of the free
software ImagelJ for processing images. Coloc2 plugin was
used to calculate the Pearson’s coefficient correlation and
to obtain the 2D intensity histogram between two channels.
The analysis was done in original, unmodified images.

Enzyme-linked immunosorbent assay of Gas1 in
distal tubules

Protein extraction was performed as previously described
(Ayala-Sarmiento etal. 2016; Estudillo etal. 2016). Gas1 pro-
tein was measured with an enzyme-linked immunosorbent.

assay (ELISA) using the mouse Gasl DuoSet ELISA
Development kit (R&D Systems, Minneapolis, USA)
according to the manufacturer’s instructions. Data obtained
were analyzed and normalized to obtain the amount of Gasl
protein in picograms per microgram protein.

Quantification of cell type in the collecting duct

A minimum of 3 dissected CD were analyzed to determine
the average number of principal, intercalated and inter-
mediate cells per tubule per rat (Mukherjee et al. 2019).
Cells expressing AQP2+/Gasl +were counted as princi-
pal, cells only expressing V-ATPase+/Gasl- were counted
as intercalated, and cells expressing both AQP2+and
V-ATPase + were counted as intermediate cells. Quantifica-
tion of positively stained cells was evaluated using a con-
focal inverted microscope (TCS-SP8 Leica, Heidelberg,
Germany) and the ImageJ software.

Data analysis

Results are expressed as means + standard deviation (SD).
Analysis of variance (ANOVA) was used for multiple com-
parisons among groups; followed by a post hoc Dunnett’s
test. p<0.05 was considered statistically significant.
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Fig. 1 Physiological and biochemical parameters in diabetic rats.
a Type 1 diabetes was induced in Wistar rats by the intraperitoneal
administration of streptozotocin (STZ) (60 mg / kg body weight,
single dose). Three days after the administration of STZ, blood glu-
cose concentration was measured to confirm the induction of diabetes.
Rats were sacrificed 7, 14 and 21 days after the induction of diabetes
or vehicle administration. b-¢ Serum glucose levels and body weight
were monitored at 7, 14 and 21 days after STZ-administration. Rats

Results

Induction of experimental diabetes and renal
alterations

To confirm the induction of experimental diabetes in rats,
blood glucose was determined in experimental groups and
controls (Fig. 1a). Experimental groups treated with STZ
exhibited high blood glucose (hyperglycemic index) within
the first 3 days and up to the 21 days post STZ adminis-
tration compared with controls (Fig. 1b). Body weight was
also analyzed in diabetic rats at 7, 14 and 21 days after
STZ and in control rats (Fig. 1c). A significant loss of body
weight in diabetic rats was observed compared with control
rats. To analyze renal function, proteinuria and creatinine

treated with STZ showed hyperglycemic indexes starting at 3 days
until 21 days post STZ administration compared with controls. Dia-
betic rats treated with STZ showed a decrease in body weight com-
pared with controls. d We also analyzed creatinine clearance and e
urinary proteins. In both parameters we observed a gradual increase in
the first 7 days with diabetes but it was not until the 14 and 21 days of
diabetes that a significant increase was observed. Control (CTRL), dia-
betes (DBT). Values are in mean + standard deviation (SD), * p<0.05,
**p<0.01, ¥***p<0.001, ****p <0.0001, n=3

clearance were measured in diabetic groups at 7, 14 and 21
days after STZ and in control groups. (Fig. 1d-¢). Both renal
function parameters showed a progressive increase in diabe-
tes, with a significant increase at 14 and 21 days of diabe-
tes compared with controls. Our results show that diabetic
rats present characteristics such as hyperglycemic indexes,
body weight loss and alterations in renal function similar
to human diabetes. Diabetic rats exhibited urinary protein
excretion and hyperfiltration, both important features in the
early stages of diabetic nephropathy (Campbell et al. 2003;
Meeme and Kasozi 2009; Jerums et al. 2010; Palatini 2012;
Trevisan and Dodesini 2017).
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Fig.2 Gasl is expressed in the collecting duct in control rats and during
the early stages of diabetes. a The expression of claudin-8 (CLDNS)
and Gasl was analyzed by immunofluorescence in kidney sections of
healthy and diabetic rats at 7, 14 and 21 days. CLDNS8 was used to
identify the collecting ducts. In controls and in the diabetic rats of 7,
14 and 21 days Gasl is expressed in the same tubular structure positive
for CLDNS. We observed the expression of Gas1 in the cell membrane
and in the cytoplasm in both conditions. b To evaluate the expression
of Gasl in the principal cells of the collecting duct, the expression
of Gasl and AQP2 was analyzed by immunofluorescence in healthy
and in diabetic rats of 7, 14 and 21 days. Co-localization of Gasl and
AQP2 (yellow zones) in healthy and in the diabetic rats was observed.

Expression of Gas1 in the collecting ducts in
healthy and diabetic rats treated with STZ

As shown (Supplementary Fig. 1), Gasl expression is
detected in the medulla both in healthy rats and in diabetic
rats at 7, 14 and 21 days. In order to explore whether the
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In the magnifications we observed the co-localization of Gasl+/
AQP2+in detail. ¢ Co-localization analysis for Gasl and AQP2. d
Expression of Gasl in the proximal tubule as negative control of co-
localization. Immunofluorescence of Gasl and the specific marker of
proximal tubules dipeptidyl peptidase 4 (DPP4) was presented. e Pear-
son’s coefficient correlation (PCC) for Gasl and AQP2. Gasl+ (red),
CLDNS8+ (green), AQP2+ (green) and DAPI+ (blue). White circles
indicated magnifications of Gas1+/CLDN8 + cells. Control (Ctrl); dia-
betes (dbt). Scale bars a=40 um, b=40 pm and magnifications 28 pm.
Values are in mean *standard deviation (SD), * p<0.05, **p<0.01,
**%p <0.001, ****p<0.0001. All the experiments were performed in
kidney sections. A representative experiment is shown (n=3)

expression of Gasl corresponds to the medullary CD, the
expression of Gasl and Claudin-8 (Cldn8) (Hou 2016) was
analyzed by immunofluorescence in kidney sections of
healthy and diabetic rats of 7, 14 and 21 days (Fig. 2a). The
results show that both proteins are in the same tubular struc-
ture in the healthy and diabetic rats. The expression of Gas1
was detected in the cell membrane and in the cytoplasm in
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both conditions. These results suggest that CD cells express
Gasl.

The expression of Gasl in kidney sections of healthy rats
was analyzed by immunofluorescence using two different
antibodies (Supplementary Fig. 2a). Claudin-4 and — 8 were
used as markers of CD (Hou 2016). In both experiments, the
expression of Gas1 along the tubular structure was observed.
Gasl and Cldn-4 and -8 co-localized in both experiments.
The results confirm that Gas1 is expressed in the CD. Back-
ground autofluorescence was not detected (Supplementary
Fig. 2b). As a negative control, the expression of Gasl in
the proximal tubules was studied (Supplementary Fig. 2c).
The expression of Gasl and dipeptidyl peptidase-4 (DPP4),
a specific marker of proximal tubules (Girardi et al. 2004),
was analyzed by immunofluorescence. Gasl and DPP4 are
not localized in the same renal tubule in control rats nor in
diabetic rats.

Principal cells of collecting ducts express
Gas1 in healthy rats and diabetic rats treated
with STZ

The pattern of expression of Gasl is heterogeneous among
cells in the CD, some cells express Gasl and others are
negative for the expression of Gasl in both healthy and dia-
betic rats (Fig. 2a). The CD are characterized by possessing
principal and intercalated cells; it is possible that Gasl is
only expressed in one cell type along the CD. To analyze
if the principal cells express Gasl, immunofluorescence
assays were performed in kidney sections to determine the
expression of Gasl and AQP2 (Fig. 2b). Gasl and AQP2
co-localize (yellow zones) in healthy and diabetic rats at 7,
14 and 21 days of diabetes. Pearson’s correlation coefficient
(PCC) indicates a strong co-localization between Gasl and
AQP2 in healthy rats and diabetic rats at 7, 14 and 21 days
(Fig. 2c-e). The expression of Gasl and AQP2 was ana-
lyzed on the dissected CD by immunofluorescence (Fig. 3a)
to confirm the previous results. Gasl and AQP2 co-localize
(yellow zones) along the tubular structure in both control
and in the diabetic conditions. Quantitative co-localization
analysis also shows a high overlapping of both proteins in
healthy and diabetic groups (Fig. 3b-d). To observe in detail
the tubular structure, the isolated tubules are shown in a
bright field (Supplemental Fig. 3a). All the results show that
the principal cells of the CD express Gas1 in normal condi-
tions and during early stages of diabetes.

Expression of Gas1 in the intercalated cells
of the collecting duct in healthy and diabetic
rats

The expression of Gasl and of V-ATPase was analyzed by
immunofluorescence in kidney sections of healthy and dia-
betic rats (Fig. 4). V-ATPase + cells do not express Gasl in
neither the healthy nor the diabetic rats. Low values of PCC
(Fig. 4b-c) in healthy rats (Ctrl) suggesting a weak co-local-
ization of Gasl and V-ATPase (Ctrl, PCC=0.193+£0.015).
In the diabetic rats (DBT) of 7, 14 and 21 days, a slight
increase in PCC values was observed (7 days DBT,
PCC=0.343+0.115; 14 days DBT, PCC=0.25+0.04 and
21 days DBT, PCC=0.25+0.02). An immunofluorescence
analysis of Gas 1 and V-ATPase was performed in isolated
CD for a detailed examination. In healthy rats, a well-defined
“salt and pepper” distribution of Gasl and V-ATPase pro-
teins along the CD was observed. Although both proteins
are expressed in the same tubular structure, they are not in
the same cell type. The result suggests that intercalated cells
do not express Gas1 in the healthy rats. At 7, 14 and 21 days
of diabetes, most V-ATPase + cells do not express Gasl as
was observed in healthy rats. Interestingly, few cells that
expressed both proteins (Gas1+/V-ATPase+) were observed
in the diabetic condition (Fig. 6 white arrows and Supple-
mentary Fig. 4). These cells were identified as intermedi-
ate cells. A quantitative co-localization analysis of Gasl
and V-ATPase was performed in the isolated CD to confirm
the results. A weak co-localization of Gasl and V-ATPase
in healthy rats was observed (Ctrl, PCC=0.25+0.035).
However, in diabetic rats a significant increase in the PCC
values was found (7 Days DBT, 0.58 £0.06; 14 Days DBT,
0.69+0.070; 21 Days DBT, 0.73+£0.035), suggesting a
moderate co-localization of Gasl and V-ATPase in the dia-
betic conditions. To observe in detail the tubular structures,
the isolated CDs are shown in the bright field (Supplemental
Fig. 3b). The results suggest that intercalated cells of the
CD do not express Gasl in healthy, nor in diabetic rats.
Moreover, diabetes favors the appearance of some cells that
express Gasl and V-ATPase (intermediate cells) in the CD.

Diabetes favors the decrease of intercalated
V-ATPase T/Gas1~ cells and the presence of
Gas1t/V-ATPase™ intermediate cells in the
collecting ducts

The quantification of principal cells Gas1+/AQP2+, inter-
calated cells V-ATPase+/Gasl- and intermediate cells
Gas1+/V-ATPase + was performed in isolated CD of healthy
and diabetic rats to identify the cell population (Fig. 7). In
the first 7 days of diabetes a significant increase of AQP2+/
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7 Days DBT

Ch1l

Ch2 Ch2

14 Days DBT 21 Days DBT

Chl

Ch2 Ch2

Fig. 3 Gasl is expressed in the principal cells of the collecting duct.
a To determine the expression of Gasl in the principal cells a manual
dissection of collecting ducts in healthy and diabetic rats was per-
formed. Expression of Gasl and AQP2 was analyzed by immuno-
fluorescence in dissected collecting ducts. Co-localization of Gasl
and AQP2 (white arrows) was observed in healthy and diabetic rats
of 7, 14 and 21 days of diabetes. b Co-localization analysis for Gasl
and AQP2. d Expression of Gasl in the proximal tubule as negative
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control of co-localization. Immunofluorescence of Gasl and the spe-
cific marker of proximal tubules dipeptidyl peptidase 4 (DPP4) is pre-
sented. d Pearson’s coefficient correlation (PCC) for Gasl and AQP2.
Gasl+ (red), AQP2+ (green) and DAPI+ (blue). White arrows indicate
Gasl+ /AQP2 +cells (yellow). Control (Ctrl); diabetes (dbt). Scale
bar, 30 um. Values are in mean + standard deviation (SD), * p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. All the experiments were
performed in isolated renal tubules. A representative experiment is
shown (n=3)
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Fig. 4 The intercalated cells do not express Gasl in the early stages of
diabetes. a Analysis by immunofluorescence of Gasl and V-ATPase
(intercalated cell marker). Immunofluorescence was performed in kid-
ney sections in healthy and diabetic rats of 7, 14 and 21 days. Gasl
and V-ATPase did not co-localize in either conditions. In the magni-
fications we observed that in most of the tubules, intercalated cells
V-ATPase +are surrounded by principal cells Gas1 +b Co-localization
analysis for Gasl and V-ATPase. ¢ Pearson’s coefficient correlation
(PCC) for Gasl and V-ATPase. In healthy and diabetic rats low values

o

2
Q
= 0.6
8 *
Q
— 0.4
S *hkKk
= O — =]
=~ (0.2 =
-
— N
S
= T
é -0.2 T T T T T
= Negative CTRL 7DAYS 14DAYS 21DAYS
L
A CTRL
DIABETES

of the PCC (>/0.2) were observed indicating a very weak co-localiza-
tion. It is important mentioned that even when all the PCC values are
very low, we observed a discreet tendency to increase in the diabetic
rats of seven, fourteen and twenty-one days. Gas1+ (red), V-ATPase+
(green) and DAPI+ (blue). Dotted white circles show magnifications
of intercalated cells V-ATPase+and principal cells Gasl+. Control
(Ctrl); diabetes (dbt). Scale bars, 40 um and magnifications 22 pm.
Values are in mean +standard deviation (SD), * p<0.05, **p<0.01,
*¥**¥p<0.001, ****p<0.0001. All the experiments were performed in
kidney sections. A representative experiment is shown (n=3)

@ Springer



/
7 Days dbt

/ V-ATPase/

14 Days dbt

.‘\ *‘ﬂ s '- » g
/ . V-ATPase/

21 Days dbt

Fig. 5 Expression of Gasl and V-ATPase on collecting ducts in the
early stages of diabetes. a Immunofluorescence assays of Gasl and
V-ATPase on dissected collecting ducts from healthy and diabetic rats
were performed. Gasl and V-ATPase did not co-localize in the control
rats. Most of the cells V-ATPase + do not express Gas1 in diabetic rats
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V-ATPase/ /

of 7, 14 and 21 days. Gasl+ (red), V-ATPase+ (green) and DAPI+
(blue). White arrows show Gas1+/V-ATPase- cells and orange arrows
show Gasl-/V-ATPase +cells. Control (Ctrl); diabetes (dbt). Scale
bars, a=30 pm and b=14 um. All the experiments were performed
in isolated renal tubules. A representative experiment is shown (n=3)
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Fig. 6 A group of cells express Gasl and V-ATPase in the early
stages of diabetes. Previously we had found that principal cells
express Gasl +and intercalated cells do not, neither in control nor
in diabetic rats. a Interestingly, few cells expressing both Gasl +and
V-ATPase + were observed in diabetic rats of 7, 14 and 21 days. In
the magnifications we can observe the co-localization of Gasl +and
V-ATPase+ (white arrows, yellow zones). b Co-localization analysis
for Gasl and V-ATPase. ¢ Expression of Gasl in the proximal tubule
as negative control of co-localization. Immunofluorescence of Gasl
and the specific marker of proximal tubules dipeptidyl peptidase 4
(DPP4) was presented. d Pearson’s coefficient correlation (PCC) for

Gasl +principal cells were observed compared with the
controls. In contrast, at 14 days of diabetes a discrete but
significant reduction in the number of AQP2+/Gasl + prin-
cipal cells were observed, and by 21 days of diabetes a
significant increase in the number of cells was found. A
tendency to increase the number of cells was observed at

& ' 7DaysDBT

/V-ATPase/
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CTRL —_—
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Gasl and V-ATPase. A low value of PCC was observed in healthy rats
(0.25+0.035) but in diabetic rats the PCC significantly increased (7
Days DBT, 0.58+0.06; 14 Days DBT, 0.69+0.070; 21 Days DBT,
0.73+0.035). Gasl+ (red), V-ATPase+ (green) and DAPI+ (blue)
in detail. White circles show magnifications of cells that express
V-ATPase + and Gasl+. White arrows show Gasl+/V-ATPase + cells,
orange arrows show Gasl+/V-ATPase- and white asterisks show
Gas1-/V-ATPase +cells. Control (Ctrl); diabetes (DBT). Scale bars,
a=30 pm and b=13 pum. Values are in mean+standard deviation
(SD), * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. All the
experiments were performed in isolated renal tubules. A representative
experiment is shown (n=3)

7 and 21 days of diabetes (Fig. 7a). On the other hand, a
significant reduction of V-ATPase+/Gasl1- intercalated cells
was observed in rats after 7, 14 and 21 days of diabetes
compared with healthy rats (Fig. 7b). Diabetes favors the
appearance of intermediated cells which express Gasl and
V-ATPase. In the quantification analysis 1-2 intermediates
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Fig. 7 Quantification of AQP2+/Gas] +principal cells, V-ATPase+/
Gasl- intercalated cells and cells that express both markers Gasl+/
V-ATPase +in the collecting ducts. a. In healthy rats principal cells
AQP2+/Gas] +and intercalated cells V-ATPase+/Gas1 - were observed.
In diabetic rats, intercalated cells V-ATPase+/Gas1- were still detected
but interestingly few cells which express V-ATPase+/Gasl +were

cells Gasl+/V-ATPase+were detected in healthy rats
but the number of cells Gasl+/V-ATPase +significantly
increased in diabetic rats (Fig. 7d) (Ctrl 0.66+0.57 cells,
7 days DBT 11.3+1.52 cells, 14 days DBT 7.6+2.08
cells and 21 days DBT 11.6+3.78 cells). The results
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observed and we identify them as intermediate cells. b Quantifica-
tion of AQP2+/Gasl +principal cells. ¢ Quantification of V-ATPase+/
Gasl- intercalated cells. d Quantification of V-ATPase+/Gasl + inter-
mediated cells. Gasl+ (red), V-ATPase+ (green) and DAPI+ (blue).
All the experiments were performed in immunofluorescence images of
isolated renal tubules. Values are means + standard deviation (SD), *
p<0.05,**p<0.01, ¥***p<0.001, ****p <0.0001; n=3

suggest that AQP2 + principal cells express Gasl and the
V-ATPase + intercalated cells do not express Gasl. The
early stages of diabetes induce a loss of intercalated cells,
an initial increase of principal cells that changes with time
and the increase of intermediate cells.
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Principal cells express progenitor cells
markers CD24 and CD133 in healthy and
diabetic rats

Principal cells AQP2 + possess progenitor cell properties and
can differentiate into intercalated cells in adult mouse kid-
ney (Kim et al. 2016). In order to evaluate whether the prin-
cipal cells AQP2+which express Gasl could also express
progenitor cell markers like CD24 and CD133 in adult kid-
ney under basal conditions or whether its expression is influ-
enced by changes in the physiological microenvironment
induced by the early stages of diabetes (hyperglycemia and
inflammation) (Molina-Jijon et al. 2015; Sierra-Mondragon
et al. 2018), we performed immunofluorescence assays in
kidney sections to analyze the expression of AQP2, CD24
and CD133 (Fig. 8). Co-localization of AQP2 and CD24
was observed in both healthy and diabetic rats of 7, 14 and
21 days (Fig. 8a). Quantitative analysis of co-localization
was determined. A moderate co-localization between Gasl
and CD24 was observed in both control and diabetic rats
(Supplementary Fig. 5a-b). AQP2 and CDI133 co-local-
ized (yellow zones) in healthy and diabetic rats (Fig. 8b
and Supplementary Fig. 5c-d). The results suggest that the
AQP2 +principal cells express the progenitor cells markers
CD24 and CD133 in both healthy and diabetic rats.

Expression of Gas1, AQP2, CD24 and
V-ATPase in an enriched fraction of
collecting ducts of healthy and diabetic rats

Enriched fractions of CD from renal medulla of healthy
and diabetic rats were obtained, and since the tight junc-
tion protein claudin-4 (CLDN4) is highly expressed in the
CD (Hou 2016), western blot analysis for CLDN4 was per-
formed (Fig. 9a-b). The expression of CLDN4 was observed
in control and diabetic rats indicating that the fractions of
renal medulla of healthy and diabetic rats are enriched with
CD. Moreover, the expression of Gasl was detected in the
glomerulus and brains of healthy and diabetic rats were used
as positive control (Fig. 9¢). The immunoblot of Gasl in
medullary fractions enriched with CD (Fig. 9d) reveals that
Gasl is expressed in healthy rats but during the first 7 days
of diabetes its expression significantly increased compared
with the control followed by a significant reduction in its
expression at 14 days of diabetes. Later, Gasl is overex-
pressed in comparison with healthy rats, in rats with 21 days
of diabetes, suggesting that diabetes promotes the expres-
sion of Gasl. In the diabetic rats of 7 days, a slight increase
in the expression of AQP2 was observed by western blot.
In the diabetic rats of 14 days the expression of AQP2 was
significantly decreased and by the 21 days of diabetes the

expression of AQP2 significantly increased compared to
healthy rats. Western blot analysis shows expression of
CD24 in healthy rats and an overexpression of CD24 in 7
days diabetic rats. At 14 days of diabetes a decrease in the
expression of CD24 was observed and by 21 days of diabe-
tes the expression of CD24 increased significantly compared
with the healthy rats (Fig. 9e-f). Furthermore, a significant
decrease of V-ATPase protein was found at the 7, 14 and 21
days of diabetes (Fig. 9 g). The results indicated that Gas]
is expressed in an enriched fraction of CD of healthy and
diabetic rats, confirming the previous results of immuno-
fluorescence in kidney sections and isolated CD. A similar
pattern of expression was observed in the immunoblots of
the principal cells marker AQP2, Gasl and CD24 compared
with the intercalate cells marker V-ATPase. We observed
the overexpression of Gasl, AQP2 and CD24 at 7 and 21
days of diabetes whereas a decrease in their expression was
determined at 14 days of diabetes, pointing out that the three
proteins have a similar response to diabetes. The results sug-
gest that Gas1, AQP2 and CD24 are expressed in the same
cell type in the CD and support the previous results obtained
by immunofluorescence indicating that the AQP2 + princi-
pal cells express Gasl as well as the progenitor cell mark-
ers CD24 and CD133. On the other hand, the decreased
expression of V-ATPase is related with the decreased in the
number of intercalated cells during diabetes, indicating that
there is a loss of this cell type in the CD.

Distal tubules express Gas1 in healthy and
diabetic rats

The expression of Gasl was also explored in the distal
tubules (DT) of healthy and diabetic rats. Immunofluores-
cence assays were performed in kidney sections to analyze
the expression of Gasl and calbindin (CALB), a specific
marker of DT (Kobayashi et al. 2011; Lee et al. 2016)
(Fig. 10). Gasl and CALB have a similar pattern of expres-
sion in the DT in healthy and diabetic rats of 7, 14 and 21
days of diabetes, suggesting that Gasl is expressed in the
DT. To confirm the expression of Gas1; enriched fractions of
DT from healthy and diabetic rats of 7, 14 and 21 days were
obtained by Percoll density gradient (Fig. 11a-b). Expres-
sion of Gasl was analyzed by western blot in the enriched
fraction of DT of healthy and diabetic rats (Fig. 11d). Gasl
is expressed in healthy rats. In contrasts at 7 days of diabe-
tes the expression of Gasl is slightly decreased but at both
14 and after 21 days of diabetes its expression is signifi-
cantly increased. Also, the expression of Gasl was analyzed
by ELISA in the enriched fractions of DT. Expression of
Gasl was detected in healthy rats, in contrast in the first 7
days of diabetes a significant decrease of Gasl was detected
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Fig. 8 The principal cells of the collecting duct express progeni-
tor markers. a The expression of AQP2 and CD24 (progenitor cell
marker) was analyzed by confocal microscopy in healthy and in
the diabetic rats of seven, fourteen and twenty-one days. Collecting
ducts were identified in the renal medulla. Expression of CD24 + was
observed in the tubule structure in controls and in 7, 14 and 21 days
of diabetes. CD24 and AQP2 co-localized in control and in diabetes
(yellow zones). b Analysis of AQP2 and CD133 (progenitor marker).
AQP2 +and CD133 +co-localized in healthy and diabetic rats of 7, 14
and 21 days. In the white boxes we can observe magnifications of the
co-localization of AQP2 and CD133 cells (yellow zones). ¢ 1 It is likely
that in the early stages of diabetes a loss of V-ATPase + intercalated

@ Springer

7 Days dbt

(“’-L.
. 2
S o

v, Collecting duct

[ |
* |

’ I Gasi + :

' I cou+

ovaers LI T
|

1 ‘ | Principal cell :

I (PC) ]

cells occurs. 2 We observed that in control as well as in diabetic condi-
tions that the AQP2 + principal cells express progenitor cells markers
(CD24 +and CD133+). 3 These results suggest that the AQP2 + prin-
cipal cells might be progenitor cells which under certain conditions
(hyperglycemia) may differentiate into intercalated cells. In a: CD24+
(red), AQP2+ (green) and DAPI+ (blue). White boxes indicated co-
localization of AQP2+ /CD24 +cells. Scale bars, 40 pm. In b: CD133+
(red), AQP2+ (green) and DAPI+ (blue). White circles indicated mag-
nifications of AQP2+/CD133 +cells. Dotted line delimits the tubular
structure. Asterisks indicated tubular lumen. Scale bars, 40 pm and
magnifications 27 pm. Control (Ctrl); diabetes (dbt). All the experi-
ments were performed in kidney sections. A representative experiment
is shown (n=3)
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Fig. 9 The expression of Gasl, AQP2, CD24 and V-ATPase in an
enriched fraction of collecting ducts. a An enriched fraction of collect-
ing ducts from medulla was obtained. b Analysis by western blot of
claudin-4 (CLDN4) in the fraction of renal medulla. The tight junction
CLDN4 is highly expressed in the collecting ducts. We observed that
CLDN4 is expressed in the control conditions and in 7, 14 and 21 days
of diabetes, suggesting that the fraction of renal medulla is enriched by
collecting ducts. ¢ Positive control of Gasl in kidney. We consider as
a positive control the expression of Gasl in the glomerular cells. We
performed a western blot with an enriched fraction of glomerulus and
brain from healthy rats and diabetic rats of 7, 14 and 21 days to support
our results in the enriched fraction of collecting duct by western blot.
We also present an immunofiuorescence of Gasl in a glomerulus to
confirm the expression of Gasl in glomerular cells and show the speci-
ficity of the antibody used to detect Gasl. The glomerulus has its typi-
cal spherical structure, the expression of Gas1 (in red) was observed in
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the visceral zone (related with mesangial cells and podocytes) and in
the periphery or Bowman’s capsule (associated with parietal cells). d
Analysis by western blot of Gasl. We observed that Gasl1 is expressed
in control conditions. In contrast, at 7 days of diabetes, the expression
of Gasl increased significantly compared with the control but in the 14
days of diabetes its expression decreased notably. At 21 days of diabe-
tes the expression of Gasl increased again to high levels. e Analysis by
western blot of AQP2. f Analysis by western blot of CD24 g Analysis
by western blot of V-ATPase. The expression of V-ATPase decreased
significantly in the diabetic condition of 7, 14 and 21 days compared
with the control. Gasl+ (red) and DAPI+ (blue). Dotted line delimits
the glomerulus. Scale bar 50 um. Densitometric analysis of western
blot is shown. Data for control and diabetic groups are expressed as
relative density from six rats/group normalized to actin or GAPDH
as loading control. Values are means+standard deviation (SD), *
p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Fig. 10 Expression of Gasl in the
distal tubules. An immunofluores-
cence analysis of Gasl and cal-
bindin (CALB) was performed.
In the tubular structure Gasl and
CALB have a similar pattern of
expression in both controls and at
the 7, 14 and 21 days of diabetes.
This result suggest that Gas1
could be expressed in the distal
tubules.Gas1+ (red), CLAB+
(green) and DAPI+ (blue). White
arrows indicate magnification

of Gas1+ /CALB +cells. Dotted
line delimits the tubular structure.
Control (Ctrl); diabetes (dbt).
Scale bars, 30 pm. All the experi-
ments were performed in kidney
sections. A representative experi-
ment is shown (n=3)

g
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followed by a significant increase at 21 days of diabetes,
confirming the results obtained by western blot. The results
indicate that distal tubule cells express Gas1 in healthy and
diabetic rats.

In the CD the expression of the progenitor cell markers
CD24 and CD133 was observed in AQP2 + principal cells.
Thus, we decided to study whether distal tubule cells express
CD24 and Gasl. Immunofluorescence assays of Gasl and
CD24 were performed in the DT in kidney sections of
both healthy and diabetic rats (Fig. 11f). Quantitative co-
localization analysis shows a moderate co-localization of
Gasl and CD24 in healthy and diabetic rats of 7, 14 and
21 days (Supplementary Fig. 6). The expression of CD24
was also analyzed by western blot in the enriched fraction
of DT of healthy and diabetic rats (Fig. 11e). Expression of
CD24 was observed in healthy rats. In contrast in the dia-
betic rats of 7 days the expression of CD24 significantly
decreased compared with healthy rats. In rats of 14 and 21
days of diabetes, Gasl is overexpressed. Gasl and CD24
have a similar pattern of expression as assessed by western
blot, the expression of both proteins decreases at 7 days of
diabetes and significantly increase by the 14 and 21 days of
diabetes. The results suggest that the DT cells express Gas1
and also the progenitor cell marker CD24 in healthy and
diabetic rats. Furthermore, diabetes promotes the increase
of Gasl and CD24 expression in the DT at 14 and 21 days
of diabetes.
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Discussion

The expression of Gasl was examined in the CD ducts of
healthy rats and during the early stages of diabetes. The
main findings of this study are: (1) the principal cells of the
CD specifically express Gasl in healthy and diabetic rats;
(2) the principal cells express the progenitor cell markers
CD24 and CD133 in healthy and diabetic rats; (3) diabe-
tes promotes the presence of intermediate cells that express
both principal and intercalated cell markers (Gasl+/V-
ATPase+) in the CD; (4) diabetes promotes the decrease of
V-ATPase + intercalated cells; and (5) that the distal tubule
cells also express Gas1. This is the first study describing the
expression of Gasl in the collecting ducts and distal tubules
during the early stages of diabetes.

The results show that Gasl is expressed in the CD and
that its expression is mostly in the principal cells (AQP2+/
Gasl+), suggesting that Gasl is a specific marker of prin-
cipal cells. Collecting ducts and glomerular cells come
from distinct embryonic precursors, thus hey have a dif-
ferent cell lineage. Glomerular cells are derived from the
progenitor cells of the metanephric mesenchyme and, the
CD from the ureteral bud (McMahon 2016; Chen et al.
2017). Gasl is expressed during nephrogenesis in the cap
mesenchyme but not in the ureteric bud (Kann et al. 2015).
Considering this, it was assumed that only glomerular cells
would express Gasl. It is likely that the expression of Gasl
occurs postnatally in the CD. A recent study showed that the
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Fig. 11 Expression of Gasl in an enriched fraction of distal tubules.
a Schematic representation. A Percoll gradient was performed from
renal cortex to obtain an enriched fraction of distal tubules. b Western
blot analysis of the expression of claudin-2 (CLDN2) in the isolated
fraction of distal tubules (DT) and proximal tubules (PT) to determine
the purity of our sample. CLDN2 is a tight junction protein abundantly
expressed in the proximal tubules. We observed that in the isolated
fraction of DT the expression of CLDN2 is absent. In contrast, in the
fraction of PT we observed expression of CLDN2. Also, the expres-
sion of CLDNS (tight junction protein expressed in DT) was analyzed.
We observed that in control and in the diabetic conditions CLDNS is
consistently expressed in the fraction of distal tubules, indicating the
presence and enrichment of distal tubules in the fraction isolated by
Percoll gradient. ¢ Analysis by ELISA of Gasl in the enriched frac-
tion of distal tubules. Gasl is expressed in controls but at 7 days of
diabetes the expression of Gasl decreased in comparison with con-
trols. In contrast, at the 14 and 21 days of diabetes the expression of
Gasl significantly increased. We used as positive control NIH 3T3

transcriptional factor EIf5 is an early maker of the principal
cell lineage that contributes to the expression of principal
cell specific genes, it is then possible that this transcription

cells with serum starvation. d Analyzed by western blot of Gasl in
the enriched fraction of distal tubules. e Expression of CD24 in distal
tubules by western blot. CD24 is expressed in the controls but by 7
days of diabetes the expression of CD24 decreased significantly and
at 14 and 21 day of diabetes its expression significantly increased. f
Expression of Gasl and CD24 in the distal tubules. An immunofiuo-
rescence analysis of Gas1 and CD24 was performed. Gasl and CD24
co-localized in healthy and diabetic rats of 7, 14 and 21 days. In the
magnifications, the co-localization of Gasl and CD24 is observed.
Densitometric analysis of western blot is shown. Data for control and
diabetic groups are expressed as relative density from six rats/group
normalized to actin as loading control. Values are means + standard
deviation (SD), * p<0.05,**p<0.01, ***p<0.001, ****p<0.0001.
In the immunofluorescence: Gasl+ (red), CD24+ (green) and DAPI+
(blue). White circles indicate magnification of Gasl+/CD24 +cells.
Dotted line delimits the tubular structure. Asterisks indicated other
tubular structures like proximal tubules. Control (Ctrl); diabetes (dbt).
Scale bars, 30 um and magnifications 14 um A representative experi-
ment is shown (n=3)

factor has an important role in the specific expression of
Gasl in the principal cells of mature CD (Grassmeyer et al.
2017).
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The enriched fractions of CD showed that Gasl is
expressed in healthy rats. In contrast, in the 7 and 21 days
diabetic rats Gasl is overexpressed. Until now the expres-
sion of Gasl in CD was unknown and thus the alterations
of its expression induced by metabolic alterations such as
diabetes. In medullary CD high NaCl levels increase the
expression of PAX2, suggesting that PAX2 is an osmo-
regulated protein (Cai et al. 2004). Under diabetic condi-
tions, the activity of the renin—angiotensin-aldosterone
system (RAAS) is increased, resulting in overproduction of
vasopressin and aldosterone (ALD), leading to an increase
in the osmolality of renal medullary interstitial fluid with
high concentrations of NaCl and urea (Rincon-Choles et al.
2003; Siragy et al. 2003; Hollenberg et al. 2004). Previous
results demonstrated that in diabetic rats of 21 days treated
with STZ, the serum levels of ALD and osmolality were
increased (Molina-Jijon et al. 2017). Thus, overexpression
of Gasl in the medullary CD could be associated with the
increase in the osmolality and the osmotic tolerance of cells.
The high osmolality during early stages of diabetes may be
a consequence of the high blood glucose concentration or
the activation of the RAAS system.

The CD possesses a heterogeneous cell morphology
composed of intercalated cells specifically expressing
V-ATPase and AE-1; and principal cells which express
AQP2, AQP4, and as we now show Gasl (Pearce et al.
2015; Roy et al. 2015). Changes in the cell morphology
of the CD were found during the early stages of diabetes
in this study. In STZ-diabetic rats, the number of principal
cells AQP2+/Gas1 +increases significantly at 7 and 21 days
of diabetes. In contrast, the number of V-ATPase+/Gasl-
intercalated cells significantly decreased in all diabetic rats.
Interestingly, it was also observed that diabetes induces the
appearance of Gasl+/V-ATPase + cells in the CD. Previous
studies have described the presence of cells expressing both
principal cell and intercalated cell markers, identifying them
as intermediate cells. Rats with potassium depletion (DK),
showed an increase of V-ATPase+/AQP4 +intermediate
cells at 7 and 14 days of hypokalemia (Iervolino et al. 2020).
Also in a lithium-induced nephrogenic diabetes insipidus
model, some AE-1+/AQP2 +and V-ATPase+/AQP4 + inter-
mediate cells were identified in adult rat CD (Trepiccione et
al. 2013). These findings are in agreement with our results
showing a significant increase of V-ATPase+/GAS] + inter-
mediate cells in diabetic rats of 7, 14 and 21 days. These
results are the first changes reported in the cellular morphol-
ogy of the CD induced by diabetes in STZ-treated rats.

Hoxb7-GFP" cells derived from adult mouse CD display
mesenchymal stem cells (MSCs) properties like clono-
genecity, panmesordermal potential and long-term expan-
sion. These MSC-like cells were positive for the renal
progenitor/stem cell marker CD24 and they presented a
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phenotype of AQP2 + principal cells, suggesting that princi-
pal cells are progenitor/ stem cells (Li et al. 2014). Another
study showed that AQP2-EYFP* principal cells acquire a
phenotype of AQP2-/V-ATPase + intercalated cells after K*
depletion, suggesting that AQP2 + principal cells can dif-
ferentiate to intercalated cells in adult mouse kidney (Kim
et al. 2016). In addition, in mice lacking histone H3 K79
methyltransferase Dotl]l (Dot114C mice), principal cells
can differentiate into intercalated cells and this process is
enhanced by Dotll deletion, demonstrating that interca-
lated cells are derived from AQP2 + principal cells suggest-
ing its potential role as progenitors cells (Wu et al. 2013).
Our results show that AQP2 +principal cells specifically
express Gasl and also progenitor cell markers (CD24 and
CD133); the intercalated cells do no express Gasl in nei-
ther healthy nor diabetic rats and diabetes promotes the
presence of Gasl+/V-ATPase +intermediate cells and also
the decrease of intercalated cells. It is possible that due to
the loss of V-ATPase+/Gas- intercalated cells in the early
stages of diabetes, the AQP2 +principal cells that express
Gasl and also CD133 and CD24 might act as a progeni-
tor cells and differentiate into intercalated cells to restore
the diminished population of intercalated cells. The Gas1+/
V-ATPase +intermediate cells that were observed in the
diabetic condition could be an intermediate step in the dif-
ferentiation process of the principal cells (AQP2+/Gas1+)
to intercalated cells (V-ATPase+/Gas1-) and they might be
cells that are acquiring the specific markers of intercalated
cells in diabetes. The results of this study provide evidence
that AQP2 + principal cells express progenitor cells markers
and suggest that during the early stages of diabetes princi-
pal cells differentiate to intercalated cells as a mechanism
of regeneration/protection against hyperglycemia (Fig. 8c).

Until now there were no reports of the function of Gasl in
the CD. Our results indicate that the principal cells express
Gasl as well as progenitor cell markers (CD24+, CD133+).
We suggest that Gas1 participates in the differentiation and
maintenance of the principal cells in the CD as previously
described during the early stages of nephrogenesis, or in the
progenitor parietal cells of Bowman’s capsule as it has been
proposed during the development of the cortex and of the
dentate gyrus of the mouse brain (Estudillo et al. 2016; Luna-
Antonio et al. 2017). Previous results described the interac-
tion of Gas1 with Delta-like protein 1 (DIk1) suggesting that
the interaction between DIlk1 and GAS1 could be of impor-
tance in cell differentiation processes (Baladron et al. 2005).
In the CD, Notch signaling can promote the differentiation
of mature principal cells to intercalated cells (Mukherjee et
al. 2019). It is likely that Gasl has a role in the differentia-
tion process of principal cells through the interaction with
the components of the notch pathway. On the other hand,
a role for Gasl in cell viability, through the up-regulation
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of the nuclear-localized protein-kinase Dyrk1B in mouse
embryo fibroblast cells, has been reported (Pérez-Sanchez et
al. 2018). Dyrk1B has been found in nuclear fractions of CD
cells but its function remains unknown (Bolger et al. 2012).
We suggest that the increase in the expression of Gasl in the
principal cells also might also be associated with a protec-
tive mechanism in the early stages of diabetes.

In addition, calbindin and Gasl co-localized in both
healthy and diabetic rats, suggesting that distal tubule cells
express Gasl. The expression of Gasl decreased at 7 days
of diabetes but by 14 and 21 days of diabetes the expression
of Gasl significantly increased compared to healthy rats, as
determined both by western blot and ELISA. An observa-
tion that caught our attention was the pattern of the expres-
sion of Gasl in this segment of the nephron. The expression
of Gasl in the distal tubules in 7, 14 and 21 days of dia-
betes was different compared with the CD. The DT and
CD are nephron segments derived from different embry-
onic precursors and, as expected, they are renal structures
with morphological and functional differences (Costantini
and Shakya 2006). The DT are derived from progenitor
SIX2 + cells from the metanephric mesenchyme (Kobayashi
et al. 2008). Previous studies have described the role of
Gasl in the maintenance of progenitor SIX2 +cells during
nephrogenesis. It is possible that DT cells derived from pre-
cursor Gasl+/SIX2 +cells might maintain certain markers
(Gasl1+) in their differentiated state (Kann et al. 2015). Gas1
is a pleiotropic protein, thus we suggest that in the diverse
nephron segments, Gasl expression and function might be
different. On the other hand, we noticed the co-expression
of Gasl with the progenitor cell marker CD24. This result
is interesting since in the CD Gasl is expressed in princi-
pal cells which also express progenitor cell markers (CD24/
CD133) and previous results described the expression of
Gasl in progenitor parietal cells (NCAM+) in Bowman’s
capsule (Luna-Antonio et al. 2017). This provides strong
evidence that Gasl might have a novel function involved
in the maintenance of progenitor cells in mature kidneys,
and possibly in the differentiation process as an initial renal
response to diabetes.

This study describes the expression of Gasl in the collect-
ing and distal tubules in healthy and diabetic rats. The results
show the specific expression of Gasl in the AQP2 + princi-
pal cells of collecting ducts and describe the expression of
progenitor cells markers (CD24 and CD133) in these cells
in both healthy and diabetic rats treated with STZ. Further-
more, we described the diabetes-induced changes in the
cell morphology of the collecting duct: a notable decrease
of intercalated cells (V-ATPase+/Gas1-) and the increase of
intermediate cells (Gas1+/V-ATPase+). The results identify
Gasl as a novel marker of principal cells, suggest that dia-
betes promotes the expression of Gasl and finally support

the capacity of AQP2 +principal cells to differentiate into
intercalated cells. Future research addressing the function of
Gasl in the principal cells and its role in the renal response
to diabetes will be necessary.
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