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Original Article

Spironolactone Decreases DOCA—-Salt-Induced Organ
Damage by Blocking the Activation of T Helper 17 and the
Downregulation of Regulatory T Lymphocytes

Cristidan A. Amador,* Victor Barrientos,* Juan Pena, Andrés A. Herrada, Magdalena Gonzélez,
Solange Valdés, Loreto Carrasco, Rodrigo Alzamora, Fernando Figueroa, Alexis M. Kalergis,
Luis Michea

Abstract—Adaptive immune response has been implicated in inflammation and fibrosis as a result of exposure to
mineralocorticoids and a high-salt diet. We hypothesized that in mineralocorticoid-salt-induced hypertension, activation
of the mineralocorticoid receptor alters the T-helper 17 lymphocyte (Th17)/regulatory T-lymphocyte/interleukin-17 (IL-
17) pathway, contributing to cardiac and renal damage. We studied the inflammatory response and tissue damage in rats
treated with deoxycorticosterone acetate and high-salt diet (DOCA-—salt), with or without mineralocorticoid receptor
inhibition by spironolactone. To determine whether Th17 differentiation in DOCA—salt rats is caused by hypertension per
se, DOCA—salt rats received antihypertensive therapy. In addition, to evaluate the pathogenic role of IL-17 in hypertension
and tissue damage, we studied the effect of IL-17 blockade with a specific antibody (anti—IL-17). We found activation of
Th17 cells and downregulation of forkhead box P3 mRNA in peripheral tissues, heart, and kidneys of DOCA—salt—treated
rats. Spironolactone treatment prevented Th17 cell activation and increased numbers of forkhead box P3—positive cells
relative to DOCA—salt rats. Antihypertensive therapy did not ameliorate Th17 activation in rats. Treatment of DOCA-—salt
rats with anti—IL-17 significantly reduced arterial hypertension as well as expression of profibrotic.and.proinflammatory
mediators and collagen deposits in the heart and kidney. We conclude that mineralocorticoi fftot‘ activation alters the
Th17/regulatory T-lymphocyte/IL-17 pathway in mineralocorticoid-dependent hypertension as part of an inflammatory
mechanism contributing to fibrosis. (Hypertension. 2014;63:00-00.) ® Online Data Supplement

o
Key Words: aldost€rone m fibrosis m hypertension m inflammation m interleukin-17 m receptors, mineralocorticoid

Mineralocorticoi ece i
intake causes hypertension_as wel

for the developmen of chronic | yper ension, perlvascu ar
mononuclear cell infiltration, and renal injury in response to
deoxycorticosterone acetate and high-salt diet (DOCA-salt).?
Consequently, transfer of splenic cells from DOCA—salt donor
rats to normal rats results in hypertension, mononuclear cell
infiltration, and vascular remodeling in heart and kidney.*
Recently, Guzik et al° demonstrated that mice lacking T cells
and B cells (Rag-17~ mice) exhibited blunted hypertension
and do not develop vascular dysfunction/remodeling during
DOCA-salt or angiotensin II (Ang II) treatment. Adoptive
transfer of T cells, but not B cells, to Rag-17~ mice restored
hypertension, endothelial dysfunction, and vascular wall

role of T cells in hypenensmn inflammation, and fibrosis,
the / do not r0V1de 1nformat10n on the mechamsms underly-
ets implicated in
-epen fen ype ension and oran damage.
Interleukin-17 (IL-17) is a proinflammatory cytokine pro-
duced mainly by T helper 17 lymphocytes (Th17). Polarization
of Th17 depends on differentiation triggers, such as trans-
forming growth factor-pf1 (TGF-B1), IL-6, IL-1f3, IL-23, and
IL-21, acting on naive Th cells.*” IL-17 is found to be upregu-
lated in atherosclerosis®® and myocardial infarction,'® and the
absence/blockade of IL-17 in rodents protects from cardiac
remodeling and fibrosis.!"™"* Moreover, Ang II infusion in
mice is associated with an increase of Th17, and IL-177 mice
exhibit a lower hypertensive response to Ang II infusion as
compared with wild-type mice.'* All these data suggest that
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IL-17 may participate in hypertension and fibrosis/remodeling
produced by MR activation and a high-salt diet.

Regulatory T lymphocytes (Tregs) modulate the innate
and adaptive immune responses.”® Tregs suppress Thl7
polarization and the expression of IL-17 both in vitro and
in vivo."”'7 An imbalance in Th17/Treg function could be
implicated in hypertension, inflammation, and organ dam-
age caused by mineralocorticoids and high-salt diet. Recent
studies have demonstrated that the hypertension and vascu-
lar damage induced by Ang II in mice results in decreased
numbers of Treg cells,'®!? and the adoptive transfer of iso-
lated CD4*CD25" lymphocytes enriched in Tregs ameliorated
hypertension and suppressed vascular injury attributable to
aldosterone+high-salt diet.?

To test the hypothesis that an altered activity of Th17/Treg
caused by MR activation participates in hypertension and tis-
sue damage attributable to mineralocorticoid and high-salt
diet, we evaluated the Th17/Treg response in DOCA-salt
rats. The role of MR activation was analyzed, adding spirono-
lactone or an antihypertensive therapy that was independent
of the renin—angiotensin—aldosterone axis. Finally, the role
of IL-17 in hypertension and tissue damage was studied in
vivo by administration of specific anti-IL-17A antibodies to
DOCA-salt rats.

Methods

Detailed description of all materials and methods used are provided
in the online-only Data Supplement.
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vented by spironolactone treatment. To study Th17 activation
in DOCA-salt rats, we measured RORYT (thymus-specific
RAR-related orphan receptor gamma) mRNA, a transcription
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factor that promotes Th17 differentiation, in peripheral blood
mononuclear cells (PBMCs). After DOCA—salt administra-
tion, RORYT mRNA abundance increased >300- and >200-
fold at day 8 and 16 of treatment, respectively (Figure 1).
We observed consistently an increase in IL-17 mRNA lev-
els which correlated with the upregulation of IL-17 protein
(Figure 1B and 1C). The treatment of DOCA-salt rats with
spironolactone prevented the induction of RORyT, IL-17
mRNA, and IL-17 protein. Moreover, a significant increase
of CD4*/IL-17+ cells was observed in PBMCs at day 8 of
DOCA-salt treatment (Figure 1D), which was also blocked
by spironolactone.

Next, we explored the role of secondary lymphoid organs
in Th17 activation in DOCA-salt rats. At day 8 and 16 of
DOCA-salt treatment, an increase in the abundance of
RORYT mRNA was detected in the spleen (Figure S1A), asso-
ciated with IL-17 mRNA and protein induction. Treating the
DOCA-sat rats with spironolactone prevented upregulation of
both RORYT and IL-17 (Figure SIA-S1C). Flow cytometry
analysis of splenocytes revealed a marked increase of CD4*/
IL-17* cells in DOCA-salt rats, which was prevented by spi-
ronolactone (Figure S1D).

Consistent with the data showing Thl7 response, we
detected a significant upregulation of transcripts encoding
cytokines that participate iﬁﬁ%ﬁﬁtion]maintenance of
a Th17 phenotype (TGF-B1¥IL-1B]"and"1L-23p19; Figure
S2A-S2F). In line with the findings described above, spirono-
lactone treatment preve&ted all these changes.

Because recent studies in PBMCs of hypertensive patients

© as totoxic herefore, we deter-
mined the pres o 178T cells in PBMCs and
; ocytes of hypertensiveianimals,# We observed increased

CDS8*/IL-17* cells in DOCA-salt rats, an effect that was pre-
vented by spironolactone (Fig

Heart and Kidney
The heart from DOCA-salt rats at day 16 presented increased
levels of TGF-f31 and IL-1f transcripts (Figure S4A and S4B);
IL-23p19 mRNA was increased at day 8 and 16 (Figure S4C).
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Figure 1. T-helper 17 lymphocyte (Th17)
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polarization in peripheral blood mononuclear cells
(PBMCs) of deoxycorticosterone acetate and
high-salt diet (DOCA-salt) rats is prevented by
spironolactone. mRNA abundance of (A) RORyT
(thymus-specific RAR-related orphan receptor
gamma) and (B) interleukin-17A (IL-17A) measured
by quantitative real-time polymerase chain
reaction; 18S rRNA was used as housekeeping
gene. C, IL-17A protein abundance at day 8

t and 16 of treatment, measured by Western blot.

16 days Upper, Representative immunoblots at day 8 and
16. D, Detection of CD4+/IL-17A* cells by flow
cytometry analysis in PBMCs at day 8 of treatment.

* Representative cytograms showing the percentage
of CD4+/IL-17A* and graph (right) summarizing the
experiments. Data are expressed as mean+SEM

(n=5). *P<0.05 vs control; 1P<0.05 vs DOCA-salt;

1P<0.05 vs DOCA-salt, at day 8 of treatment. APC

indicates allophycocyanin; and FITC, fluorescein
isothiocyanate.
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Spironolactone prevented or ameliorated the increase of TGF-
B1, IL-1B, and IL-23p19 mRNAs. IL-17 mRNA abundance
increased in hearts of DOCA—salt rats at day 16 (Figure 2A),
correlating with IL-17A protein upregulation (Figure 2B).

Similarly, DOCA-—salt treatment induced a marked increase
in the abundance of TGF-f31, IL-1f, and IL-23p19 mRNA in
kidney. However, the increase of Th17 polarizing cytokines
was already significant after 8 days of DOCA-salt treat-
ment (Figure S4D-S4F). Also, the induction of renal IL-17
mRNA and protein was already significant at day 8, reach-
ing levels >20-fold higher than control at day 16 (Figure 2C).
Spironolactone prevented the upregulation of TGF-31, IL-1f3,
IL-23p19, and IL-17 mRNAs and IL-17 protein in kidney of
DOCA-salt rats (Figure 2D).

Immunohistochemical studies showed perivascular infil-
tration of CD4* and IL-17* cells at day 16 in the heart of
DOCA-salt rats (Figure S5A). In kidney, DOCA-salt treat-
ment induced glomerular infiltration of IL-17* and CD4* cells
at day 8 (Figure S5B). After 16 days, infiltrates were mainly
detected in the peritubular space (Figure S5C). Spironolactone
treatment prevented the infiltration of CD4* and IL-17* cells
in heart and kidney.

Spironolactone Prevents Forkhead Box P3 and
Tregs Reduction in DOCA-Salt Rats

Differentiation of Treg depends on the expression of forkhead
box P3 (Foxp3) transcription factor.!®'” DOCA-salt treat-
ment decreased Fox%mRNA abundance in PBMCs at day
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Figure 2. Spironolactone prevents interleukin-17 (IL-17)
upregulation in heart and kidney of deoxycorticosterone acetate
and high-salt diet (DOCA-salt) rats. IL-17 mRNA (A) and protein
abundance (B) in heart. IL-17 mRNA (C) and protein abundance
(D) in kidney. Transcripts were measured by quantitative
real-time polymerase chain reaction; 78S rRNA was used as
housekeeping gene. Data are expressed as mean+SEM (n=5)
*P<0.05 vs control; TP<0.05 vs DOCA-salt; £P<0.05 vs DOCA-
salt, at day 8 of treatment.

'_I:I:uu,u HE&EL‘ .J.unx.w‘

DOCA-Salt Induces Fibrosis Via Th17 3

8 and 16. Of note, spironolactone treatment of DOCA-—salt
rats prevented the downregulation Foxp3 mRNA (Figure 3B).
Flow cytometry analysis of PBMCs confirmed an increase
of Foxp3*/CD4* cells in PBMCs at day 8 (Figure 3A). In the
spleen, spironolactone treatment of DOCA—salt rats increased
Foxp3 mRNA (Figure S6A-S6C). Correspondingly, DOCA—
salt treatment decreased Foxp3 mRNA in the kidney after 8
and 16 days of treatment (Figure 3D). Spironolactone treat-
ment of DOCA—salt rats increased Foxp3 transcript at day 8
and 16 in both the heart and kidney (Figure 3C and 3D).

Antihypertensive Triple Therapy Does Not Abrogate
the Th17 Response in DOCA-Salt Rats

To evaluate the contribution of hypertension per se versus
MR activation in the Th17 response, antihypertensive triple
therapy (reserpine+hydralazine+hydrochlorothiazide) was
used. Triple therapy prevented hypertension in DOCA-salt
rats (Table S2) and decrease in creatinine clearance, kid-
ney hypertrophy, and proteinuria (Table S2). However, the
increase of IL-17 and IL-23p19 transcripts in heart and kid-
ney of DOCA-—salt rats was not prevented by antihypertensive
therapy (Figure 4). Fibrosis was not evident in the heart or
kidney of DOCA-salt rats at 16 days (Figure S7).

Systemic Blockade of IL-1Z
Hypertension and Target
DOCA-Salt Treatment

The effectiveness of IL-17 blockade for reversal of heart
and kidney damage in DOCA-salt rats was evaluated.

or vehicle for 16
rats were randomly sepa-
control IgG2b,

and vehicle groups. The 4 expenmental groups continued
vehicle or DOCA—salt treatment <28 days. The administration
nsion. in DOCA-salt rats

day ¢ control nonspe-
cific IgG2b exhlblted hypertension similar to the DOCA—salt
group (Figures SA and S8).

DOCA-salt treatment increased TGF-1, osteopon-
tin (OPN), and NADPH oxidase-2 (NOX-2) transcripts
(Figure 5B—5D). Similarly, DOCA-salt treatment increased
collagen 1A (CollA), connective tissue growth factor (CTGF),
monocyte chemoattractant protein-1 (MCP-1), CD4, and
p22phox mRNA abundance in heart and kidney (Figure
S9A-S9E). Anti-IL-17A reversed the increase of all proin-
flammatory and profibrotic mediators (Figures SB—5D and S9).
Finally, DOCA-salt treatment increased CollA and collagen
deposits, whereas anti—IL-17A ameliorated CollA (Figure 6)
and collagen deposits (Figure S10) in cardiac and renal tissues.
The IgG2b control treatment did not modify collagen abun-
dance in hearts or kidneys of DOCA-salt rats. Cardiac hyper-
trophy, renal hypertrophy, and glomerular dysfunction were
not modified by anti—IL-17 in DOCA-salt rats (Table S3).

élipFites
an‘Damage Caused by

Discussion
Our results show that DOCA-salt treatment elevates RORYT
and IL-17 expression in PBMCs, spleen, heart, and kidney of
DOCA-—salt rats. Moreover, IL-17 induction correlated with
the upregulation of IL-17 polarizing/maintenance cytokines

Downloaded from http://hyper.ahajournals.org/ by L MICHEA on March 12, 2014


http://hyper.ahajournals.org/
http://hyper.ahajournals.org/

4 Hypertension April 2014
A DA :
% ?:antrol DOCA-salt DOCA-salt+Spiro 5 gglgﬂsan )
g3 38% || 2.8% 4.0% 13_ FHDOCAsaSpro . )
2 g ) ’ ) X6 t Figure 3. Forkhead box P3 (Foxp3) downregulation
3 ! 2 e in peripheral blood mononuclear cells (PBMCs),
6 iy 4 * heart, and kidney of deoxycorticosterone
£ v 8 " acetate and high-salt diet (DOCA-salt) rats. A,
2 ' 53 i 53 B Flow cytometry analysis of CD4*/Foxp3+ cells in
= CD4 (log APC fluoresconce) > =® 8 days PBMCs, at 8.days of treatment. Representative
B 3 c e?o = D & cytograms with the percentage of CD4*/Foxp3*
o *t cells are shown. Graph shows mean+SEM (n=7).
= < Ll i Quantitative real-time polymerase chain reaction for
- *1 Z § 61 Foxp3 mRNA in PBMCs (B), heart (C), and kidney
£ 2] £ 207 £ (D) at day 8 and 16 of treatment. 78S rRNA was
§ 2 Q4 used housekeeping gene. Data are expressed as
o 3 X mean+SEM (n=7). *P<0.05 vs control; T1P<0.05 vs
s 14 ';'_; 104 *t o DOCA-salt. APC indicates allophycocyanin; and
] 5 g 2 FITC, fluorescein isothiocyanate.
LE * * 8 x * *
O 8days 16 days 08 days 16 days O Bdays 16 days

(TGF-p1, IL-1B, and IL-23p19). All these changes were pre-
vented by spironolactone. Thus, our results provide evidence of
MR-dependent IL-17 activation in mineralocorticoid—high salt
hypertension. The data are consistent with our previous in vitro
studies, demonstrating that aldosterone-dependent MR activa-
tion potentiates the differentiation of CD4* T lymphocytes into
Th17 cells.”? The increase of CD8*/IL-17* T cells in DOCA—

salt rats suggest that Tc17 (cytotoxic T-lymphocyte-17) cells
are implicated in mineralocorticoid—salt hypertension.
we observed the increase of IL-17

In the present study,
polarizing cytokin
lowed by heart a
and spleen was tr
appearance of IL 1

in cardiac and re
cells to sites of i
renal inflammatory dlseases that involve Th17 response.*
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Figure 4. T-helper 17 lymphocyte (Th17) polarization in heart
and kidney of deoxycorticosterone acetate and high-salt diet
(DOCA-salt) rats treated with antihypertensive triple therapy (TT).
Quantitative real-time polymerase chain reaction for (A and C)
interleukin-17 (IL-17) and (B and D) IL-23 (p19 subunit) in heart
(A and B) and kidney (C and D) at 16 days of treatment. 18S
rRNA was used as housekeeping gene. Data are expressed as
mean+SEM (n=4). “*P<0.05 vs control.

ETsto

In a second set of experiments in which DOCA—salt rats
received antihypertensive therapy, we observed increased
IL-17 mRNA abundance in heart and kidney even when
hypertension was prevented. Thus, MR activation is required
to trigger the IL-17 response in DOCA—salt rats. Our previous
studies demonstrated that the blockade of the MR blunts the
ability of aldosterone to i S?"ﬁﬂ:{ Lpolarization in vitro*
and MR blockade reduced cardial'fibrosis and enhanced
survival of mice with viral myocarditis, a Th17-associated dis-
ease.’®?” Even though I -17 blockade (protocol 3) ameliorated
hypertension, 0x1dat1ve stress, and fibrosis, we observed that

) d glomerular dam-
Assalt rats, indicating
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Figure 5. Systemic blockade of interleukin-17A (IL-17A) in
deoxycorticosterone acetate and high-salt diet (DOCA-salt)
rats. A, Systolic blood pressure (BP) during 28 days of study.
Arrow indicates the beginning of treatment of DOCA-salt
groups with anti-IL-17A or control IgG2b (each 2 days).
Quantitative real-time polymerase chain reaction in heart and
kidney for (B) transforming growth factor-p1 (TGF-31), (C)
osteopontin (OPN), and (D) NADPH oxidase-2 (NOX-2) at day
28 of treatment. 78S rRNA was used as housekeeping gene.
Data are expressed as mean+SEM (n=8). *P<0.05 vs control;
1P<0.05 vs DOCA-salt; $P<0.05 vs DOCA-salt+IgG2b.
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Figure 6. Relative abundance of collagen 1A (Col1A) in heart
and kidney of deoxycorticosterone acetate and high-salt diet
(DOCA-salt) rats treated with anti-interleukin-17A (IL-17A).
Col1A protein abundance by Western blot in heart (A) and
kidney (B). Data are sedzas mean+SEM (n=5). *P<0.05 vs
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that development o
phy are blood pressure dependent.

The induction of Foxp3 expression in T cells results in a
strong reduction of Th17 polarization and blunts the RORyt-
induced expression of IL-17 both in vitro and in vivo.'®!” We
observed that concomitant with the IL-17 response, DOCA—
salt rats exhibit significant decrease of Foxp3 mRNA and a
reduction in CD4*/Foxp3* cells in blood and splenocytes.
Also, DOCA-salt+spironolactone rats presented increased
CD4*/Foxp3* cells in PBMCs and spleen and high levels of
Foxp3 mRNA in heart and kidney. These results suggest that
one of the deleterious effects of MR activation is the suppres-
sion of the Treg function. Recent studies have shown that Ang
II-infused mice have decreased Treg'® and that the adoptive
transfer of Tregs in mice treated with aldosterone and salt pre-
vents macrophage and T-cell infiltration in aorta and kidney.?
Also, adoptive transfer of Tregs to Ang II mice ameliorated
hypertension and arterial remodeling and increased NADPH
oxidase activity in aorta, kidney, and heart.'®

To test for a specific contribution of IL-17 to the phenotype
of DOCA-salt rats, we examined the effects of specific anti—
IL-17A antibodies administered to DOCA—salt rats with well-
established hypertension, upregulation of IL-17 expression, and
induction of the profibrotic mediator TGF-31. We observed that
anti—IL-17A IgG ameliorated hypertension and normalized the

; 1 (€)%

an G

i ] i ays), of
—salt+anti-IL- ‘
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expression of NOX-2 and p22phox in heart and kidney, even in
the context of mild hypertension. High levels of aldosterone and
MR activation stimulate reactive oxygen species production in
the kidney, cardiovascular system, and PBMCs.*? Previous
studies have also shown that aldosterone-salt treatment in rats
increases NADPH oxidase activity and expression of p22phox
and NOX-2, and the increase in reactive oxygen species pro-
duction correlates with inflammation.">* In addition, the incu-
bation of vascular smooth muscle cells in the presence of IL-17
promotes reactive oxygen species generation, an effect that can
be blocked by small interfering RNA targeting of NOX-2 or
apocynin, an NADPH oxidase inhibitor.*! Thus, we propose that
the MR-dependent induction of IL-17 may contribute to oxida-
tive stress in heart and kidney of DOCA—salt rats.

The use of antibodies to block IL-17A in vivo has some
limitations. In the present study, we used the anti—IL-17 (R&D
clone-41809; 100 pg/IP on alternate days), based on the previ-
ous study by Feng et al.'”> However, Marké et al*> observed that
anti-IL-17A (BD Biosciences, clone-18h10, 200 pg/IP, twice)
did not reduce cardiac hypertrophy, fibrosis, or electric remod-
eling attributable to Ang II infusion, despite mildly reduced
inflammation. These discrepant results suggest differences in
the neutralizing activity of the antibodies and the half-life of
IgGs, which may vary in the rangge og "2:1' _t?l_80 hours, depend-
ing on particular clones. ? Heart

It is recognized that MR-dependent fibrosis involves Coll A

and CTGF upregulation.'>3%33 In the present study, we observed
that IL-17 antibody treaﬁ'lent ameliorated the increase of
CTGEF and collagen in cardiac and renal tissues. These results

ar i ith'thé nofion g -17.4 ytokine mediat-
ing MR-deépendentinduction sisin heart and kidney. In
% 1dies haye $hown that I is a profibrotic cytokine in

experimental autoimmune myocarditis and that it is critical for
cardiac remodeling and progression to dilated cardiomyopa-

enial dysfunction and cardiac hypertro- + « -thy." The knoekdown of IL-17R teduces €0l 1 A expression,

concentration, and cross-linking in hearts of spontaneously
hypertensive rats."* Recent in vitro studies have shown that
IL-17 directly induces proliferation and migration of mouse
cardiac fibroblasts via Akt/microRNA-101/MAP kinase phos-
phatase-1 (MKP-1)-dependent p38 mitogen-activated protein
kinase (MAPK) and extracellular signal-regulated kinase 1/2
(ERK1/2) activation® and that it induces MCP-1 release from
cultured mouse mesangial cells via MAPK-ERK1/2 and p38
pathways.*® We also observed that the treatment of DOCA—
salt rats with anti—IL-17 antibody prevented OPN upregula-
tion. These results suggest that the MR-dependent induction
of MCP-1, macrophage infiltration, and the release of OPN by
activated macrophages® are dependent on IL-17. Recent stud-
ies showed that the serum- and glucocorticoid-induced pro-
tein kinase 1 (SGK1) potentiates Th17 polarization because of
high salt, and SGK1 has been proposed as a molecular mecha-
nism by which a high-salt diet may trigger Th17 development
and promote tissue inflammation.**** Considering that SGK/
is a rapid response gene for the MR, our results suggest that
the reduction of Th17 response by spironolactone may imply
a decrease in SGK1 activity. Further studies are needed to test
this hypothesis directly and the molecular events involved.

In summary, we demonstrated that MR activation pro-
motes Th17 polarization, which begins in PBMCs and spleen,
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followed by polarization in heart and kidney. The Th17 polar-
ization caused by MR activation correlates with decreased
abundance of Treg cells. Blockade of IL-17 ameliorated
hypertension and tissue fibrosis caused by DOCA—salt.

Perspectives

Our results show that IL-17 is implicated in high blood pres-
sure and renal and myocardial fibrosis in mineralocorticoid—
salt hypertension, expanding the role of IL-17 as a profibrotic
cytokine in these tissues. Additional studies will be needed to
determine the molecular mechanisms by which activation of
MR modulates the immune response and the role of IL-17 in
the development and progression of hypertension and tissue
fibrosis. The data presented suggest that inhibition of IL-17
synthesis with the use of MR antagonists may be therapeu-
tically useful to reduce blood pressure and tissue fibrosis in
target organs. Further studies will be required to evaluate the
potential of IL-17 blockade as a therapeutic strategy.
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Novelty and Significance

What Is New?

Deoxycorticosterone acetate and high-salt diet rats present T-helper
17 lymphocyte response and regulatory T-lymphocyte downregulation.
T-helper 17 lymphocyte/regulatory T-lymphocyte imbalance is depen-
dent on mineralocorticoid receptor activation and can be prevented by
spironolactone.

The blockade of interleukin-17 in the context of high-salt diet and min-
eralocorticoid excess ameliorates hypertension, NADPH induction, and
cardiac and renal fibrosis.

What Is Relevant?
These findings show that inappropriate mineralocorticoid receptor acti-
vation in the context of high-salt diet is pathogenic through T-helper 17
lymphocyte/regulatory T-lymphocyte imbalance.

e Spironolactone prevents this adaptive immune response and tissue fi-

brosis, and interleukin-17 may be a new therapeutic target for the treat-
ment of tissue damage in hypertension.

Summary

T-helper 17 lymphocyte/regulatory T-lymphocyte imbalance is a
key contributor to hypertension and cardiac and renal damage in
mineralocorticoid+high-salt-dependent hypertension that may be
ameliorated/prevented by mineralocorticoid receptor pharmaco-

logical blockade and interleukin-17 blockade.
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SUPPLEMENTAL MATERIAL
l. Material and Methods

Animals and Experimental Protocol

We performed three separate sets of experiments: In Protocol 1, we evaluated the time
course of IL-17 induction and the role of MR activity in the induction of Th17 immune
response. In Protocol 2, we analyzed the role of high blood pressure vs MR activation as
inducers of Th17 response in DOCA-salt rats. In Protocol 3, we studied the effect of
systemic IL-17 blockade in hypertension proinflammatory and profibrotic mediators in
DOCA-salt rats. The Ethics Committee of the Universidad de Chile approved the protocols
for animal experimentation according to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

We used male Sprague-Dawley rats (150-180 g). The animals were uninephrectomized
under ketamine/xylazine anesthesia (90 mg/kg and 10 mg/kg IP, respectively). After 1
week of surgery, the rats were randomized to different groups according the experimental
protocol, as described below (n=5 to 8 in each group; 120 animals total).

Protocol 1: Time course of Th17 response and role of MR activity

Uninephrectomized rats were separated in three groups: (1) Control (vehicle, free access
to tap water), (2) Deoxycorticosterone acetate (DOCA)-salt (30 mg/kg + 0.9% NaCl/0.3%
KCI in drinking water) (Sigma-Aldrich, St. Louis, MO, USA), and (3) DOCA-salt plus
Spironolactone (50 mg/kg, DOCA-salt + Spiro) (Laboratorio Chile). DOCA was dissolved in
olive oil and given by intramuscular injection twice a week. Spiro was administered in the
food.” These experimental groups were studied at 8, 16 and 28 days.

Protocol 2: Role of hypertension vs MR activation as inducers of Th17
Uninephrectomized rats were treated for 16 days with DOCA-salt and separated into two
groups: (1) DOCA-salt, and (2) DOCA-salt plus Anti-hypertensive Triple Therapy (0.32
mg/kg Reserpine, 6.5 mg/kg Hydralazine, 4 mg/kg Hydrochlorothiazide), added to the
saline drinking water. A third group of uninephrectomized rats receiving vehicle injection
with free access to water (no salt added) was the paired control group in this protocol.

Protocol 3: Effect of systemic blockade of IL-17A in hypertension, proinflammatory
and profibrotic mediators

The uninephrectomized rats received DOCA-salt treatment for 16 days. Then, the animals
were randomly separated into three groups: (1) DOCA-salt, (2) DOCA-salt plus anti-IL-17A
antibody (100 ug/day, clone: 41809), and (3) DOCA-salt plus IgG2b (100 pg/day, clone
20116) (R&D Systems, Minneapolis, MN, USA), as isotype control. Anti-IL-17A, 1gG2b or
PBS 1X were injected intraperitoneally, every 2 days (six times in all). A fourth group of
rats (control, paired) received intramuscular vehicle injections. The total duration of this
protocol was 28 days.

Physiological studies

One week before surgery the rats were trained for systolic blood pressure measurements
by the tail-cuff method (PowerLab Chart, ADInstrument, Dunedin, New Zealand).® Two
days after surgery, the measurements of blood pressure by the tail-cuff method started
again, to keep the animals trained. The data of blood pressure that we present were
obtained 8 days after starting the protocols. 48 hours before finishing each experimental
period, all rats were housed in metabolic cages. Samples obtained during the last 24 hours
were used for urine output measurements and biochemical analysis. After urine



recollection the rats were euthanized to obtain blood and tissue samples. Aliquots of
plasma and urine were assayed for creatinine using automated chemistry (Jaffe Assay).
The creatinine clearance was calculated according to the standard formula. Urinary protein
was measured using Bradford Reagent, Sigma-Aldrich® (St. Louis, MO, USA).* Plasma
was separated by centrifugation (3000 rpm for 5 min at 4°C). Heart and kidney were
quickly removed, weighed. 50% of the isolated tissue was used to isolate total RNA and to
prepare total protein homogenates. The remaining tissue samples were used for
immunohistochemical analysis.

Total RNA isolation and real-time semiquantitative RT-PCR

Total RNA from heart and kidney samples was extracted with TRIzol (Invitrogen, Carlsbad,
CA, USA), according to manufacturer’s instructions. After checking the RNA quality
(agarose gel electrophoresis)®, we used aliquots of 250 ng as template for reverse-
transcription (random hexamers, Improm Il Reverse Transcriptase System; Promega,
Madison, WI, USA). cDNAs were amplified with 2 U of TagDNA polymerase (Promega,)
and detected by SYBRGreen method (Molecular Probes-Invitrogen). Non-transcribed total
RNA was used as negative control (to detect genomic DNA contamination). All real-time
PCR reactions were performed using a Stratagene thermal cycler (model Mx300P). PCR
amplification of the 18S ribosomal RNA served as internal control. In the preliminary
studies, PCR products were subjected to agarose gel electrophoresis and melting curve
program to confirm amplification specificity.

The sequences of the primer pairs used for cDNA quantitation are as follows:
Col1A forward (F), 5-TGCTGCCTTTTCTGTTCCTT-3
reverse (R), 5-AAGGTGCTGGGTAGGGAAGT-3

CTGF forward (F), 5-AGCTTGCTTGCAGACAGACCT-3"
reverse (R), 5-TCACTTGCCACAAGCTGTCCA-3

Foxp3 forward (F), 5-AGGCACTTCTCCAGGACAGA-3"
reverse (R), 5'-CTGGACACCCATTCCAGACT-3

IL-17A forward (F), 5-CTTCACCTTGGACTCTGAGC-3’
reverse (R), 5-TGGCGGACAATAGAGGAAAC-3’

IL-18 forward (F), 5-CTGTGACTCGTGGGATGATG-3"
reverse (R), 5’-GGGATTTTGTCGTTGCTTGT-3°

IL-23p19 forward (F), 5-CAGGTTCCCATGGCTACAGT-3"
reverse (R), 5’-TCTGGGGTTTGTTGCTTTTC-3°

MCP-1 forward (F), 5-GATGCAGTTAATGCCCCACT-3’
reverse (R), 5’-TTCCTTATTGGGGTCAGCAC-3’

NOX-2 forward (F), 5-CTGGGCACTCCTTTATTTTTC-3
reverse (R), 5'-CCATTCGGAGGTCTTACTTTG-3"

OPN forward (F), 5-GAGGAGAAGGCGCATTACAG-3°
reverse (R), 5-ATGGCTTTCATTGGAGTTGC-3



RORyT forward (F), 5- GCCTACAATGCCAACAACCACACA -3
reverse (R), 5-TGATGAGAACCAAGGCCGTGTAGA -3

TGF-B1  forward (F), 5-GACCTGCTGGCAATAGCTTC-3"
reverse (R), 5-GGGTCTCCCAAGGAAAGGTA-3"

p22phox forward (F), 5'-CCC CCG GGG AAA GAG GAA AA-3°
reverse (R), 5'-GCA GGC GAC AGC ACT AAG-3°

p47phox forward (F), 5'-GGC CAA AGA TGG CAA GAA TA-3’
reverse (R), 5-TGT CAA GGG GCT CCA AAT AG -3°

NOX4 forward (F), 5'-ACCAGATGTTGGGCCTAGGATTGT-3"
reverse (R), 5'-AGTTCACTGAGAAGTTCAGGGCGT-3"

CD4 forward (F), 5-TCT TCC CAG TCC TGG ATC AC-3°
reverse (R), 5'-CAC CAC CAGGTT CACTTC CT-3°

After setting the PCR protocol and confirm the identity of products, all PCR products
obtained in subsequent experiments were subjected to melting curve program to confirm
amplification specificity. Results were analyzed according to the standard curve method
(correlation coefficient =2 0.98)*. Specific mMRNA abundance was calculated as the ratio of
the specific mMRNA amount relative to the amount of 18S for each sample, measured in
duplicate. Results are expressed as relative abundance in arbitrary units.

Western Blot

For total protein extraction, the tissues were homogenized in ice-cold sucrose buffer (100
mmol/L Tris-HCI, 5 mmol/L MgCl,, 250 mmol/L sucrose, pH=7.6). PBMC were isolated by
density gradient centrifugation on Ficoll-Hypaque (Sigma-Aldrich, St. Louis, MO, USA).
Total protein extract from PBMC was obtained by extraction in Laemlli buffer (200 uL). All
samples (50 pg of protein) were incubated for 5 min at 95°C and separated by SDS-
PAGE. After electrophoresis the proteins were electroblotted onto nitrocellulose
membranes (Thermo-Scientific, Rockford, IL, USA), and probed with primary antibodies
against IL-17A (rabbit polyclonal: H-132, catalog number: sc-7927) and Col1A (mouse
monoclonal, catalog number: sc-59772). Then, blots were incubated 1hr at room
temperature with secondary antibody anti-rabbit-HRP (Calbiochem-Millipore, Billerica, MA,
USA), anti-mouse-HRP (Calbiochem-Millipore) or anti-goat-HRP (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) diluted 1:5000 in 5% non-fat milk TBST washed
again with TBST (three times for 15 min). The levels of protein were normalized to the
levels of B-Actin or a-Tubulin (1:2000, Santa Cruz Biotechnology). Specific binding was
detected using enhanced chemiluminescence (Thermo-Scientific Pierce, Rockford, IL,
USA) and exposed to CL-XPosure TM Film (Thermo-Scientific Pierce). Blots were
quantified by densitometry analysis (Adobe Photoshop 7.0).2%®

Flow Cytometry

PBMC and cells collected from rat spleen, obtained with 70-um sterile cell strainer (Becton
Dickinson, San Jose, CA, USA), were incubated for 30 min at 4°C with APC anti-CD4
(1:200) (clone OX35, eBioscience, San Diego, CA, USA). For intracellular staining, cells
were fixed in 4% paraformaldehyde for 10 min at 4°C. After washing, cells were



permeabilized (PBS 1X/BSA 3%/Saponin 0,5%) for 10 min and then incubated with FITC
anti-IL-17A (1:200) (clone eBio17B7, eBioscience) and an Alexa Fluor® 488 anti-Foxp3
(1:200) (clone FJK-16s, eBioscience) for 1hr at 4°C. For IL-17A detection, cells were
stimulated with PMA (10 ng/ml; Sigma-Aldrich), ionomycin (1 mg/ml; Calbiochem) and
brefeldin A (5 mg/ml; Sigma-Aldrich) for 5 hr at 37°C. Cells were analyzed in FACSCanto-II
(Becton Dickinson). Fluorescence data from at least 20.000 events were collected for each
sample. Analysis of data was performed using WinMDI software (downloaded from
http://facs.scripps.edu).

Immunohistochemistry

For IL-17 and CD4, heart and kidney sections were fixed in 10% formalin and embedded
in paraffin to prepare sections in a Leitz Wetzlar Manual Microtome Type 1212 (Wetzlar,
Germany). For collagen immunodetection heart and kidney tissue sections were mounted
in O.C.T embedding medium (Tissue-Tek™, Sakura Finetek, Torrance, CA, USA), snap
frozen in supercooled isopentane and stored at -80°C, before cryosectioning (5-um thick).
Cryosections were methanol-fixed (overnight, -20°C). Sections were washed with PBS 1X
and incubated in 0.3% hydrogen peroxidase for 15 min at room temperature for blocking
endogenous peroxidase activity, washed with PBS 1X and blocked with Serum Vectastain
Elite ABC Kit (PK-6100 VectorLabs, Burlingame, CA, USA) for 15 min at room temperature
and then incubated with IL-17A (1:500) (rabbit polyclonal: H-132, catalog number: sc-
7927), CD4 (1:200) (mouse monoclonal: 5B5, catalog number: sc-70671) and Col1A
(1:500) (mouse monoclonal, catalog number: sc-59772) (all from Santa Cruz
Biotechnology) in Serum Vectastain Elite ABC Kit (PK-6100 VectorLabs, Burlingame, CA,
USA) overnight at 4°C. The sections were incubated with secondary antibodies Vectastain
Elite ABC Kit for 20 min at 37°C and washed with PBS 1X. Staining was completed after 3
min of incubation with freshly prepared ImmPACT™ DAB Peroxidase Substrate (SK-
4105). Then the samples were washed with PBS 1X. For Masson’s staining cardiac and
kidney tissue were fixed in neutral-formalin and embedded in paraffin. Sections were
prepared and stained with Masson’s trichrome.

Data Presentation and Statistical Analysis

Results are expressed as meantSEM. Data were analyzed by 2-tailed ANOVA analysis
followed by Bonferroni post hoc tests. Values of P<0.05 were considered statistically
significant.



Il. Supplemental Tables

Table S1. Physiological Parameters of Control Rats, DOCA-Salt Rats, and DOCA-Salt plus Spironolactone Rats

8 Days 16 Days 28 Days
Parameter Control DOCA-salt DOCA-salt Control DOCA-salt DOCA-salt Control DOCA-salt DOCA-salt
Spiro Spiro Spiro

(msn?:g) 12242 .1 159+8.7* 126+6.3t 120+4.7 170+16* 117+4.0t 11845.3 169+8.3* 115+3.81
"('r‘%?;’)v 3.3+0.1 3.7+0.2 3.310.1 3.1+0.1 3.5+0.1* 3.310.1 3.0£0.1 3.840.1* 3.410.01
'?r‘:]vé?;’)v 5.2+0.1 5.9+0.4 5.1+0.1 5.1+0.0 6.3+0.0* 5.1+0.1t 5.240.1 6.4%0.2* 5.0£0.5t1

Creatinine

Clearance 2.2+0.1 1.1+0.2* 2.1+0.1t 2.1+0.3 1.3+0.3* 2.0+0.1t 2.2+0.3 0.5+0.1* 2.1+0.2t
(mL/min)

Proteinuria 4504 12.51.7* 4.520.81 3.6+1.6 10.3%1.6* 3.0£0.61 4.0£1.1 15.043.2* 3.0£0.7¢
(mg/day)

Abbreviations: SBP, systolic blood pressure; HW/BW, heart weight/body weight ratio; KW/BW, kidney weight/body weight ratio;

Spiro, spironolactone. Statistically significant differences between groups are indicated. Data are expressed as average values +SEM
(n=7). *P<0.05 versus control; 1P<0.05 versus DOCA-salt.



Table S2. Effect of Anti-hypertensive Therapy on Physiological Parameters of
Control and DOCA-Salt Rats

Parameter Control DOCA-salt DOCA-salt + Triple
SBP (mmHg) 104+0.9 163+8.0 * 114£1.6
HW/BW (mg/g) 3.8+0.3 4.2+0.3 4.0£0.1
KW/BW (mg/g) 5.9+0.5 8.1+0.1 * 6.3+0.3 T
Creatinine 2.10.0 1.1#0.3* 3104 t

Clearance (mL/min)

Proteinuria (mg/d) 3.7£0.7 15.3x2.6 * 5.0£0.3 1

Physiological parameters of control (vehicle), DOCA-salt, and DOCA-salt treated with
antihypertensive therapy (“Triple”). Statistically significant differences between DOCA-salt
and DOCA-salt + Triple are indicated (n=6). *P < 0.05 versus value of control group; TP <
0.05 versus DOCA-salt. Abbreviations: SBP, systolic blood pressure; HW/BW, heart
weight/body weight ratio; KW/BW, kidney weight/body weight.



Table S3. Physiological Parameters of Control, DOCA-Salt, DOCA-salt+Anti-IL-17

and DOCA-salt+lgG2b Rats

DOCA- DOCA-salt +
Parameter Control DOCA-salt salt+Anti-IL-17 IgG2b
HW/BW (mgl/g) 4.2+0.3 5.440.2* 5.440.1* 5.740.3*
KW/BW (mgl/g) 7.1£0.1 8.9+0.3* 8.3+0.3* 8.8+0.4*
Creatinine Clearance 1.940.1* 0.840.1* 0.8+0.1* 0.8+0.1*
(mL/min)
Proteinuria (mg/d) 4.5+0.9* 14.5+1.0* 16.9+1.2* 15.9+2.1*

Physiological parameters of rats from control (vehicle), DOCA-salt, DOCA-salt+Anti-IL-17
IgG and DOCA-salt+lgG2b (control IgG) groups (28 days). *P < 0.05 versus value of
control group, n=5-8 rats per group. Abbreviations: HW/BW, heart weight/body weight
ratio; KW/BW, kidney weight/body weight.
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Figure S1. Th17 polarization in Splenocytes of DOCA-salt rats is prevented by
spironolactone. (A) RORyT mRNA and (B) IL-17A mRNA abundance measured by qRT-
PCR with specific primers; 18S rRNA was used to normalize abundance of mRNA. (C) IL-
17A protein abundance at 8 and 16 days of treatment, measured by Western blot and
using B-actin as loading control. (D) Detection of CD4"/IL-17A" cells in splenocytes at 8
days of treatment by flow cytometry. Data are expressed as average values + SEM (n=5)
*P < 0.05 versus value of control group; TP < 0.05 versus DOCA-salt group; tP < 0.05

CD4

versus DOCA-salt, at 8 days of treatment.
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Figure S2. Spironolactone ameliorates induction of cytokines that promote/maintain
Th17 polarization in PBMC and spleen of DOCA-salt rats. qRT-PCR for: (A and D)
TGF-B1, (B and E) IL-18, and (C and F) IL-23 (p19 subunit), in (A-C) PBMC and spleen
(D-F) kidney at 8 and 16 days of treatment. 18S rRNA was used to normalize abundance
of mMRNA. Data are expressed as average values + SEM (n=5) *P < 0.05 versus value of
control group; TP < 0.05 versus DOCA-salt group; £P < 0.05 versus DOCA-salt, at 8 days
of treatment.
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Figure S3. Increase of CD8'/IL17" cells in PBMC and splenocytes of DOCA-salt rats
is prevented by spironolactone. (A) Detection of CD8"/IL-17A" cells in PBMC (upper
panels) and splenocytes (lower panels) at 8 days of treatment by flow cytometry. (B) Bars
represent average values + SEM (n=5) *P < 0.05 versus value of control group; TP < 0.05
versus DOCA-salt group.
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Figure S4. Effect of spironolactone on the expression of Th17
polarization/maintenance cytokines in heart and kidney of DOCA-salt rats. Transcript
abundance estimated by qRT-PCR. (A and D) TGF-81, (B and E) IL-18, and (C and F)
IL-23 (p19 subunit), in (A-C) heart and (D-F) kidney at 8 and 16 days of treatment. 18S
rRNA was used to normalize abundance of mMRNA. Data are expressed as average values
+ SEM (n=5) *P < 0.05 versus value of control group; TP < 0.05 versus DOCA-salt group;
1P < 0.05 versus DOCA-salt, at 8 days of treatment.
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Figure S5. Infiltration of IL-17" and CD4" cells in heart and kidney of DOCA-salt rats.
Immunohistochemistry of IL-17A (upper panels) and CD4 (lower panels) in (A) heart of
DOCA-salt rats (after 16 days of treatment), and in kidney of DOCA-salt rats after 8 (B)
and 16 days (C) of treatment. Arrows indicate positive signals for IL-17A and CD4. Scale

bar=50 um.



Control DOCA-salt DOCA-salt+Spiro
A 5
3,3% 2,6% 4,8%
™
w = i
cD4 i
B Il Control C Il Control
] DOCA-salt ] DOCA-salt
[C] DOCA-salt+Spiro 61 xt ] DOCA-salt+Spiro
6' *1, l

+ T —

9 S@ 4

X | r®

o 4 b *

S E®

- e

3 - 58 o

E'_) 21 w >~

o

] [ mill |

0- 0- |

8 days

8 days

16 days

Figure S6. Spironolactone upregulates Foxp3 in spleen of DOCA-salt rats. (A) Flow
cytometry of CD4"/Foxp3” cell population in spleen and (B) quantification, at 8 days of
treatment. Data are expressed as average values + SEM (n=7). qRT-PCR for Foxp3 in (C)
spleen, at 8 and 16 days of treatment. 18S rRNA was used to normalize abundance of
Foxp3 mRNA. Data are expressed as average values + SEM (n=5). *P < 0.05 versus
value of control group; TP < 0.05 versus DOCA-salt group.
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Figure S7. Effect of triple antihypertensive therapy (TT) in cardiac and renal fibrosis
of DOCA-salt rats. (A) gqRT-PCR for Col1A, in heart and kidney of control, DOCA-salt and
DOCA-salt+TT rats. (B) Col1A protein abundance measured by Western blot and using
tubulin as loading control in heart and kidney from control, DOCA-salt and DOCA-salt+TT
rats. Bars represent meantSEM (n=4). (C) Representative Masson’s trichrome histological

staining of heart and kidney from control, DOCA-salt and DOCA-salt+TT rats. Scale
bar=30 um.
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Figure S8. Effect of Anti-IL-17A treatment on systolic blood pressure in DOCA-salt
rats. Arrow indicates the beginning of treatment of DOCA-salt rats (Protocol 3, new
set of animals) with Anti-IL-17A or control IgG2b. Data are expressed as average values +
SEM (n=4 animals per group). +P < 0.05 vs Control; *P < 0.05 of DOCA-salt+Anti-IL-17A
vs DOCA-salt+lgG2b.
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Figure S9. Effect of systemic blockade of IL-17A in DOCA-salt rats. gRT-PCR in heart
and kidney for: (A) Col1A, (B) CTGF, (C) MCP-1, (D) CD4, (E) p22phox and (F) p47phox
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at 28 days of treatment. 18S rRNA was used to normalize abundance of mRNA. Data are

expressed as average values + SEM (n

8) *P < 0.05 versus value of control group; 1P <

0.05 versus DOCA-salt group; P < 0.05 versus DOCA-salt+lgG2b group.
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Figure S10. Effect of systemic blockade of IL-17A in cardiac and renal fibrosis of
DOCA-salt rats. Representative Masson’s trichrome histological staining of (A) heart and

(B) kidney from control, DOCA-salt, DOCA-salt+Anti-IL-17 and DOCA-salt+IlgG2b rats.
Scale bar=30 um.



