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Abstract

Background: Mesenchymal stem cells (MSC) improve renal function and renovascular hyper-
tension in the 2-kidney 1-clip model (2K-1C). While MSC play an immunomodulatory role, in-
duce neoangiogenesis, and reduce fibrosis, they do not correct sodium loss by the contra-
lateral kidney. Objectives: We investigated the tubular function of both stenotic and
contralateral kidneys and the effect of MSC treatment by evaluating diuresis, natriuresis, and
the expression of the main water and sodium transporters. Method: Adult Wistar rats were
allocated into four groups: control (CT), CT+MSC, 2K-1C, and 2K-1C+MSC. MSC (2 x 10°) were
infused through the tail vein 3 and 5 weeks after clipping. Systolic blood pressure (SBP) was
monitored weekly by plethysmography. Six weeks after clipping, 24-hour urine and blood
samples were collected for biochemical analysis. Gene expression of the Na/H exchanger-3,
epithelial sodium channel, Na/K-ATPase, Na/K/2Cl cotransporter, and aquaporins 1 and 2
(AQP1 and AQP2) were analyzed by RT-PCR. Intrarenal distribution of AQP1 and AQP2 was
analyzed by immunohistochemistry. Results: In hypertensive 2K-1C animals, MSC prevented
additional increases in BP. AQP1, but not AQP2, was suppressed in the contralateral kidney,
resulting in significant increase in urinary flow rate and sodium excretion. Gene expressions
of sodium transporters were similar in both kidneys, suggesting that the high perfusing pres-
sure in the contralateral kidney was responsible for increased natriuresis. Contralateral hyper-
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tensive kidney showed signs of renal deterioration with lower GFR in spite of normal RPF lev-
els. Conclusions: MSC treatment improved renal function and enhanced the ability of the
contralateral kidney to excrete sodium through a tubular independent mechanism contribut-

ing to reduce SBP. © 2019 The Author(s)
Published by S. Karger AG, Basel

Introduction

Chronic renal artery stenosis is one of the most frequent causes of renovascular hyper-
tension (RVH), which can lead to irreversible renal tissue injury and deterioration of renal
function in consequence of chronic hypoxia. Moreover, the contralateral hypertensive kidney
also presents signs of functional deterioration [1, 2].

The main mechanism involved in the genesis of RVH involves an initial activation of the
renin-angiotensin system due to the decline in the renal perfusion pressure, followed by stim-
ulation of the sympathetic nervous system contributing to maintain the RVH [3]. Renal artery
stenosis results in variable degrees of renal hypoperfusion leading to chronic renal ischemia
that may progress to irreversible kidney damage perpetuating RVH [4-7]. In contrast, the
contralateral kidney is submitted to a high perfusion pressure that results in decreased renin
secretion and it develops, over time, characteristics typical of a hypertensive kidney. In the
early stages, contralateral kidney presents hyperfiltration, polyuria, and exaggerated natri-
uresis in response to the high perfusion pressure [6, 8, 9]. In addition, the suppression of
renin-angiotensin systemactivity in the contralateral kidney can contribute to urinary sodium
loss. Excessive natriuresis is currently believed to be one of the mechanisms involved in
polyuria found in animals with RVH. On the other hand, less is known about the role of Na*
and water transporters in these events [8, 10-12].

The recovery of renal function and structure after renal artery stenosis is still a challenge,
since chronic renal ischemia produces structural and functional renal damage that may
become irreversible and the revascularization may be insufficient to induce renal function
recovery [13-15]. Thus, new therapies capable of repairing the post-stenotic kidney are
required. In this context, stem cell therapy appears to be an attractive strategy. Oliveira-Sales
and colleagues [1] showed that mesenchymal stem cells (MSC) blunted the progressive
increase in blood pressure in rats with RVH induced by 2-kidney 1-clip model (2K-1C) with
significant improvement of the renal architecture and of the microvascular rarefaction in the
stenotic kidney with reduction in renal fibrosis in both kidneys [2]. In addition to these bene-
ficial effects of MSC, we showed here that the treatment with MSC also improved the capacity
of the contralateral kidney to excrete sodium.

Considering that the mechanisms that regulate the ability of the stenotic and contra-
lateral kidneys to excrete sodium and water are not fully understood, the present work eval-
uated the expression of the major Na® and water transporters in animals with RVH in both
the stenotic and contralateral kidneys and analyzed the effects of MSC on the expression of
these transporters.

Materials and Methods

Young male Wistar rats (150-180 g) were supplied by the animal facility of the Federal
University of Sdo Paulo, Sdo Paulo, Brazil. Rats were housed in collective cages, with free
access to rat chow and tap water and maintained in a temperature-controlled environment
(23°C) on a 12-hour light/dark cycle.
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Goldblatt Renovascular Hypertension Model (2K-1C)

Animal model of RVH was induced by partial left renal artery obstruction as originally
described by Goldblatt [16] (2-kidney 1-clip model). In brief, the animals were anesthetized
with ketamine (Agener, Unido, Brazil - 40 mg/kg) and xylazine (Sedafarm, Farmabase Saude
Animal Ldta, Brazil - 20 mg/kg), and a 0.2-mm silver clip was implanted around the left renal
artery in order to induce a 50% obstruction. Control animals (CT) were submitted to the same
surgical procedure but with no renal artery occlusion. Animals were euthanized 6 weeks after
clipping. The systolic blood pressure (SBP) was recorded by tail-cuff plethysmography every
week.

MSC Isolation, Expansion, and Characterization

MSC were isolated from the tibias and femurs of male Wistar rats (150-180 g). Flushed
material was subjected to a density gradient for isolation of mononuclear cells by Histopaque
(Sigma-Aldrich, St. Louis, MO, USA). Cells were transferred to plastic dishes in low-glucose
DMEM (Gibco, NY, USA) supplemented with 10% FBS (Emcare, Campinas, Brazil). The culture
flasks were kept in a 95% air and 5% CO; humidified environment at 37 °C until the cells
reached 70-80% confluence. Cells were then detached with trypsin and subsequently sub-
cultured until the 6th passage. At the 2nd passage, cells were subjected to osteogenic and
adipocyte differentiation assays. For osteogenic differentiation, MSC were incubated in DMEM
containing low glucose and 10% FCS supplemented with dexamethasone (0.1 uM), ascorbic
acid (0.2 mM), and beta glycerol phosphate (10 mM) for 28 days and stained with alizarin. For
adipocyte assay, cells were incubated with DMEM containing low glucose and 10% FBS
supplemented with dexamethasone (1 um), IBMX (0.5 mM), insulin (10 pg/mL), and indo-
methacin (100 uM) for 3 days, and then culture medium was changed to DMEM containing
only insulin (20 pug/mL) for 21 days. Then, the differentiated adipocytes were stained with oil
red. All reagents were purchased from Sigma, St. Louis, MO, USA. Inmunophenotype assays
were performed with CD90 and CD45 (all from BD Bioscience Pharmingen, San Diego, CA,
USA). The cells were analyzed in a cell cytometer (FACS Calibur, BD). Cells were 93% positive
for CD90 and 2% negative for CD45. For animal administration, MSC were obtained from
passage 4 to 6.

MSC (2 x 10° cells/animal) were injected into the tail vein of CT and 2K-1C animals.
Injection was done twice, at the 3rd and 5th weeks after renal artery clipping. Animals were
evaluated at the 6th week.

Evaluation of Renal Function

Atthe end of experimental protocol, 6 weeks after clipping, animals were housed in meta-
bolic cages for 24-hour urine collection for measurements of diuresis and natriuresis. Animals
were anesthetized with ketamine and xylazine and blood samples were collected from
abdominal aorta. Animals were euthanized by anesthetic overdose and then both stenotic
and contralateral kidneys were immediately removed and divided into two parts, one for
immunohistochemical analyses as detailed below and the other for molecular biology. Frag-
ments were transferred to a glace plaque on ice for cortex and medulla separation. Fragments
were kept on -80 °C until use.

Plasma and urinary concentrations of creatinine (Labtest Kit, Lagoa Santa, Brazil) were
determined. The urinary osmolarity was measured in an osmometer (Osmometer 3W2,
Advanced Instruments, Norwood, MA, USA). The natriuresis was estimated by a selective ion
analyzer (Electrolyte Analyzer, Roche, Austria).

Another set of animals was used to determine urinary flow rate and sodium excretion in
each kidney. After 6 weeks, animals were anesthetized with sodium thiopental, 60 mg/kg, i.p.
(Cristéalia, Assuncdo, Brazil) and placed on a temperature-regulated surgical table to maintain

KARGER

1406

€202 JoquianoN g1 uo 3senb Aq ypd-9r€€£05000/6. L ¥SOE/0Y L/9/ b /4Pd-8loile/1g% /W02 1B //:dRy woly papeojumog



Kidney Kidney Blood Press Res 2019;44:1404-1415
&
Blood Pressure DOI: 10.1159/000503346 | © 2019 The Author(s). Published by S. Karger AG, Basel
Research www.karger.com/kbr

Varela et al.: Mesenchymal Stem Cells and Renovascular Hypertension

body temperature at 37 °C. The trachea was cannulated (PE-50 catheter), spontaneous
breathing was maintained, and blood pressure was monitored using the PowerLab data
acquisition system (AD Instruments, Bella Vista, Australia). Urine samples were collected
separately from both ureters cannulated with catheters i.v. 24GX 3/4" 0,7 x 19 mm. Urine was
collected into an oil layer in a graduated 1-mL pipette and used to calculate the urinary flow
rate. Urine samples were used to measure sodium concentration (flame photometer Corning
410C).

Gene Expression Levels

Total RNA was purified by the phenol and guanidine isothiocyanate-cesium chloride
method using an appropriate kit (TRIzol; Gibco BRL, Rockland, MD, USA). Frozen cortex and
medulla fragments were homogenized in the Trizol solution and RNA was purified following
the manufacturer instructions. Two microgram of total RNA were treated with DNase (RQ1
RNase-free DNase; Promega, Madison, WI, USA) to avoid genomic DNA contamination and
reverse transcribed into cDNA by the addition of a mixture containing 0.5 mg/mL of oligo(dT),
10 mM of DTT, 0.5 mM of deoxynucleoside triphosphates (Amersham Pharmacia Biotech,
Uppsala, Sweden), and 200 U of reverse transcriptase enzyme (SuperScript RT; Gibco BRL).
The obtained cDNA was used to estimate the mRNA expression levels by quantitative real-
time PCR (QuantStudio 7TM Flex Real-Time PCR System, Applied Biosystems, USA) using the
following specific primers for each molecule (forward and reverse, respectively): B-actin (5’
cct cta tge caa cac agt gc 3" and 5’ aca tct gct gga agg tgg ac 3'), aquaporin (AQP) 1 (5' tga ccg
gcc agg gee tg 3" and 5’ agc agg tgt cca aga gcc ac 3" ), AQP2 (5’ cac cgc tec ttt ttg tct tc 3’ and
5’ gtc ccc acg gat ttc tac tg 3'), epithelial sodium channel (ENaC) (5’ cca ctg tgg ccg agc tgg tg
3" and 5’ tca gac tcc atg gtg tcc ag 3'), Na/H exchanger (NHE)-3 (5’ ttg ggg tcc ttc caa ggc ag 3’
and 5’ cag agt gtc aaa ggg ttc cac 3"), Na/K/2Cl cotransporter (NKCC) (5’ aga aac ggt gtt cgg
gcetc 3" and 5’ tet gte ate cta agt gga cac tg 3" ), a-Na/K-ATPase (5’ ctc tgc ttc gtg ggt ctt atc 3’
and 3’ cac ctg gtt cac tgg aat gt 5'). PCR product accumulation was monitored by SYBR Green
[ intercalating dye (Molecular Probes, Eugene, OR, USA), which exhibits higher fluorescence
upon binding of double-stranded DNA. Relative expression of the genes was normalized with
the values obtained for the (3-actin expression.

Immunohistochemical Staining

Half kidneys were fixed with 10% buffered formaldehyde for 24 h, washed with 70%
ethanol for 24 h, and then embedded in paraffin. Sections were cut with a thickness of 4 um.
Forimmunohistochemical procedures, the kidney slices were deparaffinized and rehydrated.
To expose the antigens, kidney sections were boiled in a target retrieval solution (citrate
buffer pH 6.0) for 30 min. Endogenous peroxidase activity was blocked with 3% H,0, for 15
min at room temperature. Nonspecific binding was prevented by incubating the sections with
a protein blocker (Dako, CA, USA). Sections were incubated overnight at 4 °C with a primary
anti-AQP1 monoclonal antibody (1:100, Sigma, St. Louis, MO, USA) or a primary anti-AQP2
monoclonal antibody (1:50, Abcam, Cambridge, MA, USA). After washing with TBS, the
sections previously incubated with primary anti-AQP1 antibody were incubated with horse-
radish peroxidase-conjugated polymer (Dako, CA, USA) for 30 min at room temperature. For
the primary anti-AQP2 antibody, additional incubation with biotin-conjugated secondary
antibody (Zymed Laboratories, Thermo Fisher Scientific, Waltham, MA, USA) was performed
for 30 min at room temperature. Slides were rinsed with PBS, and the sites of antibody-
antigen reactions were visualized with 3,3’-diaminobenzidine (Dako, CA, USA). The sections
were lightly counterstained with hematoxylin. The analyses were performed using light
microscopy (Eclipse 2000 camera Nikon DS-Fi2). Quantification of immunostaining was
performed by analyzing five images of the renal cortex and medulla for both kidneys of each
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Fig. 1. Effect of MSC on blood pressure and renal function. A Systolic blood pressure was estimated weekly
during 6 weeks by plethysmography, and MSC were administered at the 3rd and 5th week. * p < 0.05 versus
CT; *versus 2K-1C+MSC. Renal parameters were determined 6 weeks after clamping. Creatinine clearance
(B), diuresis (C), natriuresis (D), and urine osmolarity (E) were determined in 24-hour urine samples ob-
tained in the metabolic cages. * p < 0.05 (B-E).
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Fig. 2. Urinary flow rate (A) and sodium excretion (UNaV; B) from both kidneys, stenotic and contralateral.
*p < 0.05 versus CT; # p < 0.05 versus contralateral kidney.

animal and the intensity of staining was quantified using the optical density function of the
software (LAS V3.8, Leica microsystems, Wetzlar, Germany) and expressed as percentage of
positive pixels in the analyzed area.

Statistical Analysis

Results are presented as mean * standard error. Data were analyzed by two-way ANOVA
followed by the Tukey’s post-test method using the GraphPad Prism 6 Software (GraphPad
Software, San Diego, CA, USA). Statistical significance was defined as p < 0.05.

Results

Cell Therapy Prevented the Progressive Increase of Blood Pressure

Baseline levels of SBP were similar among groups (Fig. 1A) and then increased gradually
during the 2 weeks after renal artery clipping, and by the 3rd week, SBP was significantly
elevated in the 2K-1C rats compared with the CT group. As observed previously [1, 2], MSC
treatment prevented the progressive increase in SBP in contrast to untreated 2K-1C rats
(Fig. 1A).

Cell Therapy Did Not Prevent Polyuria and Potentiate Sodium Excretion

Creatinine clearance did not differ significantly among groups (Fig. 1B). 2K-1C animals
presented increased diuresis compared to the CT group and treatment with MSC produced
no significant changes in urine output (Fig. 1C). In contrast 2ZK-1C animals presented areduced
capacity to excrete sodium (Fig. 1D) and as a consequence, the urine osmolarity was signifi-
cantly reduced in the 2K-1C group (Fig. 1E). Treatment with MSC restored the capacity of
hypertensive animals to excrete sodium.

As shown in Figure 24, the urinary flow rate was similar among stenotic kidneys in all
groups. In contrast, the hypertensive contralateral kidney presented a significant increase in
diuresis compared with control contralateral kidney. MSC treatment resulted in further rise
in the urinary volume.
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Fig. 3. Expression of aquaporin 1 (APQ1) in both kidneys. A mRNA expression of AQP1 in the cortex and me-
dulla of stenotic kidney. B mRNA expression of AQP1 in the cortex and medulla of contralateral kidney.
C Quantification of the labeled area of immunohistochemistry of AQP1 in cortex and medulla of stenotic kid-
ney. D Quantification of the labeled area of immunohistochemistry of AQP1 in cortex and medulla of contra-
lateral kidney. E Representative picture of immunohistochemistry of AQP1 in the cortex and medulla of ste-
notic kidney (SK). F Representative picture of immunohistochemistry of AQP1 in the cortex and medulla of

contralateral kidney (CK). * p < 0.05 versus CT.
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The urinary sodium excretion was relatively maintained in stenotic kidney among groups,
but sodium excretion was increased in contralateral kidney of the 2K-1C animals. Sodium loss
was potentiated by MSC treatment (Fig. 2B).

Expression of Water Channels in Both Kidneys

Gene and protein expressions of the water channels were performed separately in cortex
and medulla of both stenotic and contralateral kidneys. There was no significant modification
in AQP1 gene expression in the cortex of stenotic kidneys, but it was significantly reduced in
the medulla (Fig. 3A). AQP1 distribution was evidenced by brown staining in glomeruli,
proximal tubule, and descending loop of Henle. AQP1 quantification by immunohistochem-
istry showed a similar profile of gene expression, i.e., it was decreased only in the medulla of
stenotic kidneys (Fig. 3C, E). MSC treatment did not modify this profile in stenotic kidneys. In
contrast, AQP1 gene expression was reduced in cortex and medulla of the contralateral
kidneys in both 2K-1C treated and untreated groups (Fig. 3B, D, F). AQP2 mRNA expression
in the medulla was similar among groups and between stenotic and contralateral kidneys
(Fig. 4A). AQP2 was primarily found in the distal tubules and collecting duct, with no signif-
icant changes among groups or between stenotic and contralateral kidneys (Fig. 4B-E).

Renal Sodium Transporters

The analysis of the gene expression of the major sodium transporters was made respecting
the main location of each molecule. No significant changes were observed in Na/K-ATPase,
NHE-3, NKCC, and ENaC among groups or between stenotic and contralateral kidneys (Fig. 5).

Discussion

The hypertensive animals presented an increase in SBP compatible with the model of
HRV. MSC treatment prevented the progressive increase in blood pressure after the first
administration in the 3rd week post-clamping, reproducing the data recently published by
our laboratory [1].

The creatinine clearance calculated using 24-hour urine samples was not changed in
2K-1C animals, considering that the kidneys are under different perfusion conditions. Main-
tenance of creatinine clearance may have been a result of a compensatory increase in GFR by
the contralateral kidney, since the stenotic kidney was severely damaged by chronicischemia.
However, Oliveira-Sales et al. [2] showed previously that GFR and RPF were reduced in both
stenotic and contralateral kidneys and thus, the presence of hyperfiltration in the contra-
lateral kidney was not responsible for the creatinine clearance maintenance, indicating that
after 6 weeks, the hypertensive contralateral kidney already shows signs of deterioration of
its function. Thus, the maintenance of creatinine clearance observed in awake animals may
have been overestimated once we used creatinine as a marker. Hypertensive animals
presented increase in diuresis and reduction in natriuresis and, therefore, reduction in
urinary osmolarity. These results are consistent with previous data [1, 17] and indicate that
2K-1C animals have a deficit in the urine concentration capacity together with an inability to
handling sodium, which in turn could contribute to hypertension. On the other hand, the
tubular function (in contrast to the glomerular function) appears to be well preserved in the
contralateral kidney. In a previous study, we showed that the polyuria observed in the hyper-
tensive animals occurred through the contralateral kidney, since the stenotickidney presented
a reduced diuresis, suggesting that the contralateral kidney is mainly responsible for the
excretion of water in hypertensive animals [1, 2].

KARGER

1411

€202 JoquianoN g1 uo 3senb Aq ypd-9r€€£05000/6. L ¥SOE/0Y L/9/ b /4Pd-8loile/1g% /W02 1B //:dRy woly papeojumog



Kidney Kidney Blood Press Res 2019;44:1404-1415
&
Blood Pressure DOI: 10.1159/000503346 | © 2019 The Author(s). Published by S. Karger AG, Basel
ReseorCh www.karger.com/kbr

Varela et al.: Mesenchymal Stem Cells and Renovascular Hypertension

3-
OocCT
o 3 2K-1C
- 2K-1C + MSC
3
o~
14
stenotic kidney contralateral kidney
B STENOTIC KIDNEY C CONTRALATERAL KIDNEY
2.5-
& 2.0- s
g F
E 1.5- 5‘-
2 1.0 H
] 3
=1 o
& 0.5 L]
0 CORTEX MEDULLA 0 —CoRTEX MEDULLA
SK-medulla E CK - cortex CK - medulla
Tl : S :
e, Y g

Fig. 4. Expression of aquaporin 2 (AQP2) in both kidneys. A mRNA expression of AQP2 in the medulla of ste-
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in cortex and medulla of stenotic kidney. C Quantification of the labeled area of immunohistochemistry of
AQP2 in cortex and medulla of contralateral kidney. D Representative picture of immunohistochemistry of
AQP2 in the cortex and medulla of stenotic kidney (SK). E Representative picture of immunohistochemistry
of AQP2 in the cortex and medulla of contralateral kidney (CK).
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Fig. 5. Gene expression of the main renal sodium transporters in both kidneys, stenotic kidney and contra-
lateral kidney. A Na/K-ATPase in cortex. B Na/K-ATPase in medulla. C NHE-3 in cortex. D Na/K/2Cl in me-
dulla. E ENaC in medulla.

In the present study, there was an increase in water excretion by the contralateral kidney.
Considering that the levels of AQP1 but not of AQP2 were reduced in the contralateral kidney,
one can suggest that AQP1 suppression may be, at least in part, responsible for polyuria of the
contralateral kidney and therefore, the increase in diuresis occurred independently of the
antidiuretic hormone. In addition, it was previously observed that plasma levels of antidi-
uretic hormone were unchanged in 2K-1C animals [18]. Studies by Ma et al. [19] also showed
suppression of AQP1 in stenotic kidney, but, in contrast to our results, they found no change
in the contralateral kidney. This discrepancy probably reflects different phases of the exper-
imental design, since Ma et al.’s study used a 1-week protocol and here, we used 6 weeks.
Moreover, it is important to emphasize that after 1 week, the contralateral kidney probably
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did not completely adapt to hypertension. Taken together, these results suggest that AQP1 is
the main water transporter related to the reduction of urinary osmolarity and increased
diuresis in this RVH model. The mechanism by which AQP1 was decreased was not analyzed
inthisstudy. However, microvascularrarefaction because of chronichypoxiamay compromise
the integrity of the vessels and decrease the oxygenation of the medulla, which could interfere
with the expression of AQP1 affecting urinary concentration [1, 13, 14].

The total sodium excretion was diminished in hypertensive animals; however, when
analyzed separately, the sodium excretion by the stenotic kidney was reduced, whereas it was
elevated by the contralateral kidney. Considering that the contralateral kidney is a hyper-
tensive kidney, its increased capacity to excrete sodium has been attributed to the pressure
natriuresis [20]. In fact, Mackenzie et al. [8] demonstrated that the reduction of perfusion
pressure to the nonclipped kidney of 2K-1C animals to normal levels resulted in reduced
sodium excretion. In the present study, we did not find significant changes in the expression
of the main sodium transporters either in untreated or MSC-treated animals. However, the
role of these transporters in the increased natriuresis exhibited by the contralateral kidney
cannot be excluded, since the protein levels were not analyzed in the present study. In fact,
Lira et al. [21] demonstrated that a single intracapsular injection of MSCs improved the
activity of Na/K-ATPase mainly in the clipped kidney, increasing the tubular reabsorption
capacity. These discrepancies could be related to the differences in the route of MSCs admin-
istration, since Lira and colleagues used one kidney subcapsular MSC injection at day 4 after
clipping and we used twice intravenous injection, which allows MSC to reach both kidneys in
contrast to subcapsular injection, which restricts MSC to the stenotic kidney. On the other
hand, it is important to consider that the reduction in the AQP1 mRNA levels in both cortex
and medulla of the contralateral kidney would impair the countercurrent mechanism and
reduce sodium reabsorption by ascending limb. Thus, together with pressure natriuresis, the
impairment of the countercurrent mechanism could contribute to high natriuresis observed
in the present study.

Conclusion

After 6 weeks of left renal artery clamping, the contralateral hypertensive kidney showed
signs of functional deterioration, but with preserved ability to excrete sodium and water,
mainly at the expense of pressure natriuresis and reduction of AQP1 expression. MSC acts by
a mechanism not yet fully known, but it was effective in reducing SBP without altering the
ability of the hypertensive kidney to excrete sodium and water, thus preventing the expansion
of extracellular volume that contributes to worse hypertension.
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