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tetter to the editor

an apparent disturbance in acid-base homeostasis. However,
it is not clear whether the association of unmeasured anions
with mortality would differ between CKD patients with and
without acidosis. As we stated in owr paper, the association of
the full anion gap with mortality appears to be independent
of serum bicarbonate,

Souza et al.! also present biochemical evidence of possible
unmeasured cation accumulation. Similarly, Parikh et af?
suggested unmeasured cations as one cause of a low anion
gap in advanced CKD. However, Souza et al.! state that
metabolic alkalosis is common ameng their patients with
unmeasured cation accumulation. }t is unclear as to what
data support this claim, as the mean serum bicarbonate in
this subgroup of patients was 23.9+ 6.3 mEq/L. Finally, we
agree that much remains to be learned about the nature of
accumutated metabolites in CKD and their contribution to
morbidity and mortality in this population.

1. Souza LE, de Queiroz RES, Libdrio AB. Unmeasured anions and cations In
advanced chronic kidney disease. Kidney Int 2013; 84: 413-414,

2. Abramowitz MK, Hostetter TH, Melamed ML. The serum anicn gap is
altered in early kidney disease and associates with mertality. Kidney Int
2012; 82: 701-709.

3. Parikh C, Gyamlani G, Panlilio N ot al. Unmeasured cations: probable cause
of refatively fow anion gap In chronic renat failure. Ren Faif 2001; 23: 91-96.
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How to confirm the specific effect
of spironolactone in chronic
kidney disease caused by ischemic
acute kidney injury?

To the Editor: Jonatan et al! recently published a great
study about the protective effect of spironolactone on
chronic kidney disease {CKD) caused by ischemic acute
kidney ipjury (AKI). The study showed that spironolactone
administered either before or after ischemic kidney injury
could prevent the subsequent CKD. However, we wondered
whether CKD was prevented by the specific effect of
spironolactone or just by alleviating the severity of AKI,
Both clinical ohservation and basic studies have demon-
strated that even many aspects of renal function, such as
serum levels of creatinine, are recovered after AKI; several

Kidney international (2013) 84, 409418

other aspects of the kidney are permanently damaged and
CKD develops.” In addition, the severity of AKI was
associated with the subsequent development of CKD. In the
study of Jonatan ef al,! the spironolactone was given before
or immediately after AKL If spironolactone could really
prevent renal injury induced by ischemic reperfusion
according to a previous study,® renal dysfunction might be
less severe in the group with spironolactone administration.
However, figure i in the study of Jonatan et al.! showed no
significant difference of serum creatinine and proteinuria
between both groups on day 10 after renal injury.

Serum creatinine on the first few days after ischemic renal
injury was needed to clarify the consistency of the severity of
AKL Even though the creatinine levels are similar, the severity
might be attenuated after spironolactone treatment because
serum creatinine was not sensitive enough. To confirm the
effect of spironolactone on CKD development, it might be
administered 1 week after ischemic AKI, when most aspects
of renal function are recovered, to see whether spironolactone
could mitigate the risk factor of subsequent CKD such as
the transforming growth factor-B pathway® or other alleged
mechanisms.

1. Jonatan BC, Rosalba PV, Roxana RR et gl Spironclactone prevents chronic
kidney disease caused by ischemic acute kidney injury, Kidney Int 2012; 83:
93-103.

2. Basite DP, Deborah D, Kelly R et of. Renal ischemic injury results in
permanent damage ta peritubular capillaries and influences long-term
function, Am J Physiof Renal Physiol 2001; 281; F887-F899.

3. Mejla-Vilet JM, Ramirez ¥, Cruz C et o, Renal ischemiaveperfuslon Injury is
prevented by the mineralocorticoid receptor blocker spironclactond. Am J
Physiol Renal Physiol 2007; 293: F78-F86.

4. Wu CF, Chiang WC, Lai CF et of Transforming growth factor -1 stimulates
profibrotic epithelial signaling to activate pericyte-myofibroblast transition
in obstructive kidney fibrosis. Am J Pathol 2013; 182: 118-131.
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Correspondence: Shuei-Liong Lin, Graduate Institute of Physiology, College
of Medicine, National Taiwan University, No. 1, Jen-Al Road, Section 1,
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Kidney International (2013} 84, 415; doi:10.1038/ki.2013.165

The Authors Reply: We thank Drs Chou and Lin for their
observation! that allowed us to further expand the resuits of
our findings. Previously, we showed that mineralocorticoid
receptor blockade (MRB) or adrenalectomy prevented renal
damage induced by a mild ischemic period (20 min).%? In
our recently published study,* rats were exposed to a more
severe ischemic injury {45 min}, and we observed that MRB
before or even after the ischemic insult prevented chronic
kidney disease {CKD) development, which was associated
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Figure 1| Severe ischemic injury is partially prevented by prophylactic spironolactone administration. {a} Renal blood flow in the
sham {white bar), bilateral renal ischemia (black bar), and rats receiving spironelactone (20 mg per kg of body weight) 3 days before ischemia
(gray bar); (b) serum creatining; (c) urinary protein excretion; and {d) urinary heat sheck protein 72 {Hsp72). *P<0.05 vs. the sham group and
YP<0.05 vs. the ischemia-reperfusian (IR) untreated group, AU, arbitrary units; 0.D., optical density; S, sham; Sp, spironolactone.

with a reduction in acute kidney injury (AKI) severity, as was
evidenced by a lower proteinuria 24 h after reperfusion
(Figure ta)*. Here, we added a new set of rats that underwent
45 min of bilateral ischemia and were studied after 24 h, as is
shown in Figure 1. The prophylactic MRB only partially
protected these animals as is exhibited by the reduction of
levels of urinary heat shock protein 72 (Figure 1d).® These
results emphasize that the degree of AKI was lower than that
in untreated rats although serum creatinine was not correc-
ted. In spite of the complete restoration of renal func-
tion observed after 10 days of ischemia, MRB was effective
enough to prevent the increased signaling of inflam-
mation and fibrosis pathways (Figure le and £)? that is not
seen in ischemic untreated rats. Therefore, we believe that
MRB not only reduced the severity of AKI but it also avoided
other aldosterone detrimental effects. We agree with Drs
Chou and Lin that it will be necessary to see the time course
of these pathways to know with more precision the effects of
aldosterone leading to long-term development of CKD,
Indeed, this is 2 part of another ongoing project in our
laboratory.

3. Chou YH, Lin SL. How to confirm the specific effect of spironolactone in
chronie kidney disease caused by ischemic acute kidney. Kidney Int 2013;
84: 415,

2. Mejia-Vilet JM, Ramirez V, Cruz € et al. Renal ischemla-reperfusion injury is
prevented by the mineraloconticoid receptar blocker spironclactone,

Am J Physiol Renol Physiol 2007; 293: F78-F86.

3. Ramirez V, Teujillo J, Valdes R et af. Adrenalectemy prevents
renak Ischemia-reperfusion injury. Am J Physiol Renal Physlol 2009; 297:
F932-F942.

4, Barrera-Chimal J, Perez-Villalva R, Rodriguez-Romo R et al. Spironolactone
prevents chronic kidney disease caused by ischemic acute kidney injury.
Kidney Int 2013; 83: 93-103,

5. Barrera-Chimal J, Perez-Villalva B, Contes-Gonzalez et al. Hsp72 is an early
and sensitive biomarker to detect acute kidney injury, EMBO Mol Med
20171; 3: 5-20.
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A more accurate replacement for
the revised Schwartz equation:
quadratic or Flanders metadata?

To the Editor: Dr Gao et al! presented a new glomerular
filtration rate (GFR) equation, the quadratic equation that
outperformed the well-known revised Schwartz equation in
predicting high GIR values. While we applaud the authors’
well-designed and analyzed study, we would appreciate it if
the following point could be clarified.

The main timitation of the revised Schwartz equation, i.e.,
fack of an age-dependent adjustment factor, was first high-
lighted in a meta-analysis conducted by Pottel et al.? In their
study, Pottel et al. challenged the value of k in the revised
Schwartz equation for healthy children, and developed an age-
dependent modification for k (¥ =0.0414x1n(Age) + 0.3018).
This modified version was shown te overcome the inaccuracy
of the revised Schwartz equation in estimating GFR in children
with normal renal function. Correspondingly, the authors
suggested using this modified version of the Schwartz
equation (named the Flanders metadata equation) in ‘all

Kidney International (2013) 84, 409-418
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Spironolactone prevents chronic kidney disease
caused by ischemic acute kidney injury

Jonatan Barrera-Chimal'?, Rosalba Pérez-Villalva'?, Roxana Rodriguez-Romo'?, Juan Reyna'<,
Norma Uribe?, Gerardo Gamba'? and Norma A. Bobadilla'?
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2Department of Nephrology, instituto Nacional de Ciencias Médicas y Nutricion Salvader Zubirdn, Mexico City, Mexico and *Department
of Pathology, Instituto Nacional de Ciencias Medicas y Nutricion Salvador Zubirdn, Mexico City, Mexico

Acute kidney injury (AKI) has been recognized as a risk factor
for the development of chronic kidney disease {CKD).
Aldosterone has a critical role in promoting renal injury
induced by ischemia. Here, we evaluated whether
spironolactong administered before or after AKI caused by
ischemia protects against CKD. in the first set of experiments,
Wistar rats underwent a sham operation without or with
prior spironolactone treatment, or underwent 45 minutes

of bilateral renal ischemia without or with spironolactone
treatment before ischemia and assessed over 270 days. The
second set of rats received low (20 ma/kg) or high (80 mg/kg)
doses of spironolactone at three different times after the
sham operation or bilateral renal ischemia and were assessed
after 90 days. Untreated animals developed CKD following
ischemia-induced AKI as characterized by a progressive
increase in proteinuria, renal dysfunction, podocyte injury,
glomerular hypertrophy, and focal sclerosis. This was
associated with increased oxidative stress, an upregulation of
tumor growth factor (TGF)-B, followed by upregulation of the
TGF-p downstream effectors phospho-Smad3, collagen |,
fibronectin, and proinflammatory cytokines. Treatment with
spironolactone either before or after ischemia prevented
subsequent CKD by avoiding the activation of fibrotic and
inflammatory pathways. Thus, spironolactone may be a
premising treatment for the prevention of AKl-induced CKD.
Kidney International (2012) 83, 93-103; doi:10.10638/ki 2012.352;

published online 26 September 2012

KEYWORDS: inflammatory cytokines; mineralocorticotd receptor blockade;
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Ischemic kidney injury is the primary cause of acute kidney
injury {AKI) in hospitalized patients and is associated
with high morbidity and mortality rates. In addition, the
incidence of AKI has significantly increased in the past
15 years owing to an aging general population and the
increased prevalence of obesity, diabetes, and hypertension,
which predispose patients to an AKI event.!” AKI occurs
in approximately 15% of hospitalized patients and in up to
40-60% of intensive care unit patients.®’

For many years, it was commonly thought that patients
surviving episodes of AKI recover their renal function without
further consequences. However, recent evidence based on
epidemiological observations in patients who suffer from
AKI strongly suggests otherwise. AKT has thus been proposed
to be a risk factor for developing chronic kidney disease
{CKD) and, in particular, for promoting the transition of
CKD to end-stage renal disease.®*! In support of this hypo-
thesis, the probability of developing CKD or end-stage renal
disease over time is proportional to the severity and duration
of the AKI event.»'%!3 Moreover, of great concern is the
recent evidence demonstrating that 6.6% of AKI patients who
had a complete renal function recovery exhibited a greater
risk of death and de novo CKD after 24 years of follow-up,!2
Until now, however, the progression of AKI to CKD in rats
with two intact kidneys, which would allow elucidating the
mechanisms causing AKI to progress to CKD, has been rarely
explored. Such a model would also be beneficial for identi-
fying pharmacological interventions to prevent injury due to
AXI and/or stop the development of CKD and end-stage
renal discase,

Several stydies involving experimental models have demon-
strated that aldosterone has an important role in the
physiopathology of renal injury induced by ischemic process,
including acute and chronic cyclosporine A nephrotoxicity
and ischemia/reperfusion {I/R).*?! Accordingly, we have
shown that prophylactic spironolactone treatment! or adrenal
gland removal!” completely prevents AKT in rats undergging
bilateral  renal ischemia. TFurthermore, spironolactone
administration at different postischemia intervals prevents or
reduces functional and structural renal injury,®® suggesting
that aldosterone is a key molecule in mediating ischemic renal

93
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injury and that mineralocorticoid receptor {MR) antagonisin,
even after iscucaia, is a helpful strategy to prevent AKL

In this study, we characterized a model of CKD induced
by a single episode of ischemic AKI and the molecular
mechanisms that lead to the development of CKD. Our data
reveal that spironolactone administration before or after the
ischemic insult is a useful strategy to prevent or reduce the
development of CKD.

RESULTS

We have previously shown that, after 24h of bilateral
ischemia, rats develop severe renal dysfunction and tubular
injury.!® Figure 1 shows that renal dysfunction induced by
ischemia was completely resolved after 9 days of reperfusion,
similar to conditions that often occur in clinical settings.
Urinary protein excretion was significantly elevated after 24 h
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Figure 1| Renal dysfunction induced by ischemia was completely
resolved after 10 days of reperfusion, but proinflammatory and
profibrotic cytokines remalned enhanced. (a} Urinary protein
excretion 1, 3, 6, and 9 days after reperfusion, in the sham (o),
bilateral renat ischemia (s), and ischemia | Sp pretreatment {s)
groups. At 10 days after reperfusion, the rats were killed, and renal
function was determined. (b) Mean renal blood flow, (¢} serum
creatinine, and (d} creatinine clearance. (e) Interleukin (IL)-6 mRNA
levels were measured In the renaf cortex. (f) The upper insets show
representative autoradiographs from the phosphorylated-Smad3
(p-Smad3) and Smad3 western blot analysis for sham {white bars),
bilateral renal ischemia {black bars), and ischemia -+ Sp pretreatment
{gray bars) groups. The lower graphs display the corresponding
densitometric analysis. *P < 0.05 vs. the sham group and ¥P<0.05 vs.
the Ischemia group.
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of reperfusion in rats subjected to ischemia and continues to
progressively decline until normal values were reached after
6 days of reperfusion (Figure la). Proteinuria in spirono-
lactone-pretreated rats was 50% lower than the prateinuria in
the untreated group, and normal levels were reached faster.
Consequently, the rats undergoing ischemia recovered renal
function after 10 days, as demonstrated by normal values of
renal blood flow, serum creatinine, and creatinine clearance
(Figure 1b-d). Despite the complete improvement in renal
function, interleukin {IL)-6 mRNA and phosphorylated Smad3
levels were significantly higher than those in the sham-
operated group. Cytokine upregulation was not observed in
spironolactone-pretreated rats (Figure le-f). These results
suggest that although renal function recovered, proinflam-
matory and profibrotic pathways remained active. These
pathways may be able to perpetuate renal injury, which can
lead to CKD, a situation that did not occur in spironolac-
tone-pretreated animals,

Ischemic insult feads to progressive renal dysfunction that
can be prevented with spironolactone pretreatment

We assessed whether an AKI episode induced by ischemia
leads to CKD. Because we have previously shown that /R
imjury is prevented by spironolactone pretreatment or adrenal
gland removal,'®!7 e evaluated whether spironolactone
pretreatment before ischemia also prevents CKD develop-
ment, There was considerable mortality in the A-to-C group
in the first [0 days after ischemia (57%), and survival was
markedly improved by spironolactone pretreatment {15%)
(Figure 2a). Proteinuria was assessed every 30 days. The
animals that survived the ischemic insult developed a
progressive increase in proteinuria, from 20.2 & 1.5 mg/day
at 30 days to 164.8 £ 11.3 mg/day at 270 days. This increase
was not observed in the A-to-C + Sp group (9.2 £ 1.0 mg/day
at 30 days and 27.1 + 2.0 mg/day at 270 days) (Figure 2b).
Despite the similar body weights of all rats at the beginning
of the study, the A-to-C group exhibited a lower average body
weight at the end of the study (583 £ 16.3 g) than did the S,
Sp, and A-to-CH+Sp groups (7521283, 7294192, and
721 £ 11.8 g, respectively). After 9 months, the A-t0-C group
developed renal dysfunction that was characterized by a
significant reduction in remal blood flow and creatinine
clearance {Figure 2c and d). Interestingly, the A-to-C + Sp
group failed to develop renal dysfunction. As shown in
Figure 2e, at the end of the study, the mean arterial pressure
was similar among the groups. Therefore, the renal injury
observed in the rats that developed CKD was not due to
hypertension. Tn agreement with these findings, the rats that
developed CKD exhibited an increase in the levels of urinary
kidney injury molecule-1, an effect that was not observed in
the A-to-C + Sp group (Figure 2f),

Ischemic insult leads to severe renal structural injury:
prevention by spironolactone pretreatment

Representative light microscopy sections from rat kidneys
stained with periodic acid-Schiff are shown in Figure 3a-d.

Kidney Intermational (2013) 83, 93-103



1 Barrera-Chimal et al.: Spironolactone prevents CKD as a consequence of AKi

basic research

4 100 OO0 b 200
000000 =
20 g 160
= b
S e £ 120
2 ' @
[ Y £
‘% 40 g 80
@
20 B 40
o
a9 Ay
9 9 PELE ° g P P
Days
c d
10 25
E por s o
=z 8 T e
E a
R iz
B s g
g 4 €&
5, 5
g G
@
T 9
120 —
Z
E &0
£
5 4
g 10
0

Figure 2| Acute kidney injury leads to the development of
chronic kidney disease (CKDJ), which can be prevented by
spironolactone pretreatment. Four groups were included: sham
surgery (S}, n=19; rats receiving spironolactone 3 days before sham
surgery (20 mg/kg per day), n = 9 (Sp); rats undergoing renal bilateral
ischemia, n =28 (A-to-C); and rats receiving spironolactone 3 days
before bilateral ischemia, n =13 {A-to-C + 5p}. (a) The survival rate in
the A-to-C group {black drcles) was 43%, compared with 85% in the
A-to-C -+ Sp group {gray circles) and 100% in the sham and Sp group
{overtaid white circles), {b} Urinary protein excretion was measured
every 30 days during follow-up: sham (V}, 5p {A), A-to-C (s}, and A-to-
C+ 5p (o). At the end of the experimental periad, {c} renal bloed flow,
{d) creatinine clearance, {€) mean arterial pressure, and (f} urinary
kidney injury molecule-1 (Kim-1) levels were determined in the sham
{(white bars}, Sp {white bars), A-to-C (black bars), and A-to-C+ Sp
groups {gray bars). *P<0,05 vs. the § and Sp groups.

Rats undergoing ischemia exhibited severe structural altera-
tions characterized by glomerular hypertrophy, glomerulo-
sclerosis, cast formation, severe tubular dilation, and
tubulointerstitial fibrosis. By contrast, the A-to-C -+ Sp group
exhibited glomerular and tubular architecture similar to that
of control rats, These findings were corroborated by
quantification of the number of dilated tubules, percentage
of glomerulosclerosis, and glomerular diameter size (Figures
3 and 4). Tubular difation was present in 42.3 1 5.0% of the
total tubules in the A-to-C group, whereas only 13.1£2.7%
of the A-to-C+Sp group displayed dilation {P<0.01).
Similarly, the A-to-C group exhibited a significantly higher
glomerulosclerosis percentage (10.0 +4.4%) than the § and
A-to-C + Sp groups (09 and 0.4 + (.49, respectively).

The degree of glomerular hypertrophy was evaluated by
measuring  glomerulus  diameter and by generating a
distribution of glomerular size. Figure 4a shows the normal
diameter distribution of the control group, wherein most of

Kidney internationo! (2013) 83, 93-103

the glomeruli were in the range of 101-125 pnm (38.3%6), and
only a minor proportion was found in the ranges of
76-100 ptm {19.5%) and 126-150 pm (27.5%). The histogram
for the control group exhibits a typical hell-shaped Gaussian
distribution, as we have shown previously.?! By contrast, in
the A-to-C group, the glomerular diameter distribution was
shifted to the right, reflecting glomerular hypertrophy.
Accordingly, 43.3% of the glomeruli were >151pum in
diameter. In addition, a lower proportion of glomeruli
were found in the diameter ranges of 101-125 um {20.4%),
76400 um  {8.3%), and S50-75um (0%). All of these
differences were statistically significant according to con-
tingency analysis, as shown in Figure 4b. The glomerular size
distribution of the A-to-C+ 8p group was similar to that of
the control group, but not to that of the A-to-C group
(Figure 4c), indicating that glomerular hypertrophy was
nearly absent. In agreement with these findings, renal
hypertrophy in the A-to-C group was also evidenced by a
significant elevation in the mean kidney weight (2.5+0.2¢)
compared with the S and Sp groups (1.6 £ 0.1 and 1.6 £ 0.1 g,
respectively); this increase was not observed in the A-to-
C+ Sp group (1.5+0.1g).

Transmission electron microscopy of rat kidneys with
CKD revealed ultrastructural alterations that included
microvillus degeneration and effacement and detachment
of podocyte foot processes (Figure 4e). These alterations
were rarely observed in the A-to-C -+ Sp group (Figure 4f).
Furthermore, an extensive tubulointerstitial area was affected
by fibrosis in the A-to-C group (Figure 5a and b), but a lower
extent of fibrosis was observed in the A-to-C+ Sp group
(Figure 5¢ and d), These observations were confirmed by the
morphometric analysis represented in Figure 5e. The A-to-C
group exhibited fibrosis in 44.8  16.0% of the tubulointer-
stitial area, compared with 18.7 1 4.5% in the A-to-C 4 Sp
group; this difference was significant.

Tubular dilation is due in part to cellular proliferation

To determine whether the severe tubular dilation observed in
the A-to-C group was associated with tubular cell prolifera-
tion, immunohistochemical analysis of proliferating celt nuclear
antigen {PCNA) was performed. The A-to-C group exhibited
considerable tubular cell proliferation as demostrated by the
number of PCNA + cells, an effect that was almost absent
in the A-to-C -+ Sp group (Figure 6a—). These findings were
cortfirmed by calculating the percentage of nuclei that stained
positive for PCNA (Figure 6d). The positive cells were primarily
located in the dilated tubules, suggesting that enhanced cell
proliferation is promoting tubular dilation in the A-to-C
group. This assumption is also supported by a significant
correlation between the percentage of dilated tubules and the
percentage of PCNA + cells (Figure 6e, r* = 0.87).

Tubulointerstitial fibrosis is mediated by TGF-fi pathway
activation

The role of the tumor growth factor (TGF)-f pathway
in promoting tubulointerstitial fibrosis was also evaluated.
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Figure 3] An acute kidney injury (AKH episode laads to severe structural damage, which can be prevented by Sp pretreatment.

(a, b} Representative images of periodic acid-Schiff (PAS)-stained sections from the A-to-C group, and (¢, d) sactions from the A-to-C +Sp
group. {e) The percentage of dilated tubules was quantified by counting the number of dilated tubules as a proportion of the total number of
tubutes. {f} Glomerulosclerosis percentage for the sham (white bars), Sp {second set of white bars), A-to-C (black bars), and A-te-C +Sp groups

{gray bars). *P<0.05 vs. the S and Sp groups.
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Figure 4| Glomerular hypertrophy and ultrastructural lesions in rats with chronic kidney disease (CKD). {a) The glomerular diameter

distribution is represented in white bars for the sham group, {b) in black bars for the A-to-C group, and (<} in gray bars for the A-to-C + Sp
group. Representative transmission electron micrographs are shown in {d) the sham group, {e) the A-to-C group, and {f) the A-te-C -} Sp group.
Black arrows indicate foot process fusion, and asterisks indicate foat process detachment. Original magnification: 6,309, *P<0,05 vs, the §

group and ¥P<0.05 vs. the A-to-C group.

The A-to-C group exhibited a significant twofold elevation in
TGF-B mRNA levels, This increase was not observed in the
A-to-C+ 5p group (Figure 7a). To assess whether this
pathway was efficiently activated, the renal levels of down-
stream effectors of the TGE-§ pathway, including phos-
phorylated Smad3, fibronectin, collagen 1, and «-smooth
muscle actin («-SMA), were measured by western blot
analysis as shown in Figure 7b-f. The levels of all of these
proteins were significantly elevated in the rats that developed
CKD. Intriguingly, the activation of the TGE-J pathway was
completely prevented in the A-to-C+Sp group. Recent
studies have shown that when Smad2 is phosphorylated, it
can act as an antifibrotic modulator of the TGF-f pathway.?

96

We found that the A-to-C+Sp group, which exhibited
fess tubulointerstitial fibrosis, also displayed a significant
elevation in phospho-Smad?2 levels.

Renal injury induced by an ischemic insult is also mediated
by increased oxidative stress

Urinary HyO, excretion in the A-to-C group was significantly
elevated compared with the § and Sp groups (64.147.5 vs.
104+ 1.1 and 5.9+ LOnmol/min, respectively) (Figure 8a).
However, the elevation in urinary H;O, excretion was abrogated
in the A-to-C+-Sp group (14.8 % 2,5 nmol/min). In addition,
catalase activity was significantly reduced in the A-to-C group
{Figure 8b), and this effect was almost entirely prevented in the

Kidney Internationg! (2013) 83, 93-103
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Figure 5| Tubulfointerstitial fibrosis in rats with chronic kidney
disease (CKD), {a, b) Representative Hight micrographs after Sirius red
staining showing the presence of fibrosis {in red} from the A-to-C
group, and (¢, d} micrographs from the A-to-C+ 5p group. (e} The
percentage of tubulointerstitial fibrosis in each of the four groups at
the end of the 270-day experiment was quantified by morphometiic
analysis far sham {(white bars), Sp {second set of white bars), A-to-C
{black bars), and A-to-C + Sp groups (gray bars). *P<0.05 vs. the §
and Sp groups.

A-to-C+Sp group. No differences in glutathione peroxidase
activity were observed among the groups (Figure 8¢).

Inflammatory cytokine upreguiation is involved in
ischemia-induced CKB

Tumor necrosis factor alpha (TNF-o), monocyte chemolactic
protein-1 (MCP-1), and IL-6 mRNA and protein levels were
assessed by real-time reverse transcription-polymerase chain
reaction and enzyme-linked immunosorbent assay, respec-
tively. As shown in Figure 9, the mRNA levels of these
cytokines were upregulated in the A-to-C group by 1.6-fold
for TNF-o and more than 13-fold for MCP-1 and IL-6,
compared with the S group. By contrast, the A-to-C+Sp
group exhibited mRNA levels similar to the control group.
These ohservations were corroborated at the protein level; a
similar pattern was observed in the enzyme-linked immu-
nosorbent assay results.

CKD induced by AKI was also reduced by spironolactone
administration after the ischemic insult

Spironolactone administered at 0 or 1.5h after the ischemic
insult prevented the development of proteinuria compared

Kidrey International (2013} 83, 93-103
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Figure 6| Tubufar cell proliferation as assessed by proliferating
cell nuclear antigen (PCNA) Immunohistochemistry. To evaluate
whether epithelial cells were proliferating and provoking tubule
difation, immunohistochemistry for PCNA was performed In kidney
sections from the four groups. {a) Representative images from the
sham, (b) A-to-C, and (¢} A-to-C + Sp groups. (d} The percentage of
PCNA 4 cells in the sham (white bars), Sp {second set of white bars),
A-to-C (black bars), and A-to-C+ 5p groups (gray bars). {e) The
correlation between the percentage of PCNA - cells and the
percentage of dilated tubules (= 0.87). *P<0.05 vs. the § and 5p
groups, and ¥P<0.05 vs. the A-to-C group.

with the untreated A-to-C group either at low or high doses
(Figure 10a and d). A low dose of spironolactone adminis-
tered 3h after ischemia was unable to prevent, but did
significantly reduce, the progressive elevation of proteinuria
{Figure 10a). These findings were not associated with
significant changes in renal blood flow (Figure 10b and e)
or creatinine clearance (Figure 10¢ and f), probably because
3 months is an early stage of the CKD, often exhibiting
proteinuria, without renal dysfunction, as was observed after
a longer period of observation after similar ischemia
{Figure 2). Despite the lack of significant differences among
these groups, spironolactone-treated animals exhibited better
renal function than the ischemie group.

At 3 months after inducing bilateral renal ischemia, the
untreated A-to-C group, compared with the sham-operated
group, exhibited morphological alterations, such as tubular
dilation, cast formation, glomerular hypertrophy, and
extensive tubulointerstitial fibrosis (Supplementary Figure
§1 online). All of these changes were reduced in the animals
treated with a low dose of spironolactone (Supplementary
Figure 52 online) and were prevented in animals treated with
a high dose of spironolactone (Supplementary Figure §3
online). In fact, glomerular hypertrophy (measured as the
distribution of glomerular diameters) was prevented in the
groups that received a low dose of spironolactone at 0h
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(Figure 11c) or high dose at cither 0 or 15h after renal
bitateral ischemia (Figure 11f and g, respectively). Although
kidney changes were not completely prevented, these
renoprotective effects of spironolactone were also observed
with a low dose at 1.5 and 3 h after ischemia (Figure 11d and
e, respectively). Morphometric analyses demonstrated that, 3
months after inducing ischemia, the untreated rats exhibited
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Figure 7| Association of renal fibrosis with the tumor growth
factor (TGF)-[} pathway activation. (a) TGF-f} mRNA levels were
quantified by real-time reverse transcription-polymerase chain
reaction {RT-PCR), Densitometric analysis of the western blots was
performed for (b} phospho-Smad3 (p-Smad3), {c} fibronectin, (d)
collagen |, (e} u-smooth muscle actin {¢-SMA), and {f} phospho-
Smad2 in the sham {white bars}, Sp {second set of white bars}, A-to-C
{black bars), and A-to-C+5p groups {gray bars). In each panel, the
upper insets depict representative blots of the corresponding
proteins. *P<0.05 vs. the 5 and Sp groups.
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fibrotic damage in 33.3% of their tubulointerstitium
compared with damage in 3.7% of the tubulointerstitium
in the sham-operated rats (Supplementary Figure S1 online).
In contrast, a low dose of spironolactone administered cither
at 0 and L.5h post ischemia reduced the tubulointerstitial
fibrosis to 14.8% and 15.19%, respectively, and the 3-h
administration reduced the fibrosis to a lesser extent, 20.9%
{Supplementary Figure 52 online). A high dose of spirono-
lactone at 0 or L.5h post ischemia was more effective in
reducing the area affected by tubulointerstitial fibrosis to
11.8% and 7.8%, respectively (Supplementary Figure §3
online).
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Figure 9| The contribution of the inflammatory response to
chronic kidney disease [CKD} development. (a) TNF-z, (¢} MCP-1,
and (e) IL-6 mRNA levels measured in total kidney RNA extracted
from the sham {white bars), Sp (secand set of white bars), A-to-C
{black bars), and A-to-C + Sp groups {gray bars}. (b) TNF-u, (d} MCP-1,
and {f} IL-6 protein levels quantified by enzyme-linked
immunosorbent assay (ELISA) in tissue kidney homogenates.
*P<0.05 vs, the S and Sp groups.
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Figure 8| The contribution of oxidative stress to chronic kidney disease {CKD) development and prevention by spironolactone
pretreatment, {a) Urinary hydrogen peroxidase (H,0;) excretion after 270 days of follow-up. (b) Catalase activity and {c) glutathione
peroxidase {(Gpx) activity in the sham {white bars), Sp (second set of white bars), A-to-C (black bars), and A-to-C + Sp groups (gray bars).

*P<0.05 vs. the S and Sp groups; ¥P<0.05 vs. the A-to-C group.
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Figure 10| Spirenolactone administration after the ischemic
insult prevents the development of proteinuria. (a} Urinary
protein excretion at 1, 30, 60, and 90 days in sham (white circles), in
A-to-C (black circtes), and in rats receiving Sp {20 mg/kg) at 0, 1.5,
or 3 hours after ischemia {gray circles} or {d) treated with a high dose
of Sp (80 ma/kg) (dark gray circles) at 0 or 1.5 h after bilateral
ischemia. After 90 days of follow-up, (b, €) renal blood flow and

{c, f} creatinine clearance were determined in the sham group
{white bars), A-tc-C group {black bars), and the groups receiving a
tow dose of Sp (gray bars) at 0, 1.5, or 3 h after ischemia or a high
dase of Sp (dark gray bars) at 0 or 1.5h after bilateral ischemia.
*P<0.05 vs. sham-operated rats.

Molecular markers of renal fibrosis and inflammation
also provided evidence of the protection conferred by
spironolactone. The upregulation of TGF-B mRNA levels
was prevented or reduced by a low or high dose of spirono-
lactone administered at 8 or 1.5h after ischemia (Figure 12a
and e). However, increased phospho-Smad3 levels remained
clevated in rats treated with a low dosc, but not with a
high dose, of spironolactone (Figure 12b and F). The
renoprotective effect of spironolactone was also associated
with the prevention of ¢-SMA and MCP-1 upregulation
{Figure 12c-h).

DISCUSSION

In this study, we characterized a rat model of CKD induced
by a single episode of AKL We observed that an episode of
AKI was resolved in surviving animals within a period of 10
days. However, although physiological parameters returned
to normal values, activation of proinflammatory and
profibrotic signals persisted. During the following months,
progressive deterioration of renal function and renal
structures was observed in rats surviving AKL leading to
the development of CKD. Thus, this model resembles what is
currently believed to occur in the clinical setting,!'-132337

Kidney International (2013) 83, 93-103

Patients who survive an episode of AKI and apparently
recover renal function may develop CKD later in life.5%* In
this study, we observed that spironolactone administration
before or after the ischemic insult prevented or significantly
diminished the severity of an AK! episode, without signs of
proinflammatory or profibrotic activation after 10 days
of ischemia. Thus, spironolactone pretreatment resulted in
a reduction in rat mortality and in the prevention of
CKD. These observations demonstrate the relevance of the
prevention of AKI episodes to a reduction in the prevalence
of CKD.

CKD development in rats surviving AKI was characterized
by a progressive increase in urinary protein excretion, renal
dysfunction, glomerular hypertrophy, severe tubular dilation,
tubulointerstitial fibrosis, and podocyte injury. Our study
supports the hypothesis that an ischemic insult is sufficient to
lead to progressive CKD in the rat, despite apparent recovery
from the AKI episode. Because it was possible that CKD
resulted from irreversible renal artery damage caused by the
clamping, a group of rats was studied after 10 days of
ischemta, confirming that this was not the case. After 10 days,
renal function returned to normal values. Although renal
histopathology was not analyzed at this point, we have
previously reported that after 3 days of I/R, the tubular
epithelium had almost recovered its normal structure.’%?
However, in this study, we found that profibrotic and
inflammatory cytokines remained at high levels despite a
return to normal renal function values, In addition,
cytokines such as TNF-o and IL-1B, IL-6, I1.-12, IL-15, IL-
18, and 1L-32 are known to be induced as a result of the
ephanced leukocyte activation and leukocyte—endothelial
adhesion observed after I/R. Moareover, the renal tubular
epithelium may generate proinflammatory cytokines such as
TNE-#, IL-6, IL-1B, and TGE-B.>*3* It is important to note
that Basile et al. ¥ and Hérbelt et al% have demonstrated a
persistent reduction in vascular density after I/R that main-
tains a continuous hypoxic and inflammatory state. Further-
more, Conger et al*’ demonstrated that the postischemic
kidney does not properly autoregulate the blood flow.
All of these adverse conditions perpetuate continuous
cycles of hypoxic damage and inflammation that injure
the surrounding tissues and eventually lead to CKD, as has
been clearly discussed by Bedfoord et al’® In agreement
with all these findings, we found that, after 9 months,
the rats that developed CKD exhibited greater levels of
the proinflammatory cytokines compared with the rats
that were pretreated with spironolactone. Interestingly,
MCP-1 upregulation observed 3 months after ischemia was
also prevented when spironolactone was administered
after the insult. Our results suggest that the beneficial
results of spironolactone in preventing chronic inflammation
are a result of its ability to attenuate I/R-induced acute
inflammation.

The CKD induced by an AKI episode was characterized by
a progressive enhancement in urinary protein excretion and
renal dysfunction without changes in mean arterial pressure.
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*P < 0.05 vs. the § group and ¥P< 0,05 vs, the A-ta-C group,

These conditions provide us with an experimental model that
dissects the detrimental effect of an AKI episode on renal
function and structure without changes in blood pressure.
Accordingly, the animals that suffered CKD exhibited severe
structural injury. Glomerular hypertrophy and glomerulo-
sclerosis were observed 9 months after inducing ischemia,
These alterations were also associated with ultrastructural
changes. It is plausible that this glomerular injury is a
consequence of the endothelial injury and the endothelial-to-
mesenchymal transition that occurred after the ischemia M3
Interestingly, in this study, we found that spironolactone
administration both before and after renal ischemia
prevented the transition of AKI to CKD.

Aldosterone binding to the MR has been suggested to
influence endothelial function and vascular tone,!7:19:39:40
Supporting this finding, mice overexpressing MR in the
endothelium exhibit sltered vascular tone,*® and aortic wall
thickness has been reported in patients with primary hyper-
aldosteronism.?! Consistent with this result, aldosterone
infusion in mice reduces the expression of glucose-6-phos-
phate dehydrogenase (G6PDH), a key enzyme in maintaining
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the balance between nitric oxide and reactive oxygen species
production.®? Therefore, aldosterone has been proposed as a
risk factor of vascular injury.‘i" The mechanisms imvolved,
however, have not been clearly elucidated. In this regard, we
have previously demonstrated that MR antagonism precludes
the characteristic hypoperfusion and oxidative stress induced
by IR, suggesting that aldosterone has a pivotal role in
mediating renal dysfunction.!®?2 Jt is possible that the
endothelium and the renal plasma flow of spironolactone-
treated rats in this study was minimally affected as a
consequence of the I/R injury; therefore, the glomerular
structure remained unaffected in the long term.
Tubulointerstitial fibrosis is a common feature of CKD
progression (for a review, see Rodriguez-Iturbe and Gar-
cia*h). In fact, severe tubular dilation and an extensive arca
affected by tubulointerstitial fibrosis were found in the A-to-
C group. These results suggest that the tubulointerstitium
is more susceptible to the effects of an AKI episode and
contributes to the progression and severity of CKD in rats
suffering from AKIL Accordingly, the severity of tubular
damage reportedly exhibits a more significant correlation

Kidney International (2013) 83, 93-103
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Figure 12| Tumor growth factor {TGF}-f and inflammation pathways in rats treated with spironolactone after the ischemic insult,
{a, e} TGF-B mRNA levels quantified by real-time reverse transcription-polymerase chaln reaction [RT-PCR). Densitometric analysis of the
western blots performed for (b, f) p-Smad3 and (¢, g) «-SMA. (d, h) MCP-1 protein levels quantified in renal tissue by enzyme-finked
immunosorbent assay (ELISA). Sham {white bars), A-to-C (black bars), low Sp dose {gray bars), and high Sp dose {dark gray bars). *P<0.05 vs.

the S group and *P <0.05 vs. the A-to-C group.

with the reduction in creatinine clearance than with
glomerular injury scores.*>* These tubular defects were
associated with an increase in tubular cell proliferation, as
demonstrated by the significant increase in PCNA 4 staining
and by the strong correlation with tubular dilation
(= 0.87). In this study, however, the location of PCNA +
cells in the epithelium of the dilated tubules strongly suggests
that the tubular dilation observed in the A-to-C group was
mediated in part by uncontrolled tubular cell proliferation
triggered during the regeneration process after the ischemic
insult, Although a previous study proposed that the increase
in cellular proliferation is a necessary process to regenerate
tubular epithelium in a period that typically is completed
within 4 weeks after ischemia,®” recent evidence demon-
strated that ischemie, nephrotoxic, and obstructive injuries to
the kidney induce a G2/M celt cycle arrest in the proximal
tubular epithelial cells, sustaining proliferation indefinitely,*
In this regard, Wynn* has proposed that this cell cycle arrest
converts normal epithelial cells to a phenotype that promotes
the growth and activation of fibroblasts, turning-on the
fibrotic process after an ischemic insult. In addition, TGE-B
has been recognized as a key mediator of the genesis of renal
fibrosis.*»*® TGF-B also contributes to the fibrogenesis
through inducing epigenetic modifications in fibroblasts
in a process that includes the hypermethylation of the
gene encoding RASALL by the methyltransferase Dnmtl.*
Accordingly, we found that tubulointerstitial fibrosis
developed in the A-to-C group and was associated with
increased expression and activation of TGF-§3, as evidenced

Kidney Internotional (2013} 83, 93-103

by increases in phospho-Smad3 and its target ECM proteins,
Interestingly, activation of the TGF-§ signaling pathway was
not observed in the animals treated with spironolactone
before or after (high dose) ischemia. These data highlight the
contribution of TGF-§ in mediating renal fibrosis after an
ischemic insuit. Although Smad2 and Smad3 interact and
mediate TGF-J signaling, one recent line of evidence has
shown that phospho-Smad2 may act as an antifibrotic
effector of the TGF-f pathway.”® In agreement with those
results, the renoprotection conferred by spironolactone was
associated with increased levels of phospho-Smad?2.

The epithelial-to-mesenchymal transition has been sug-
gested to promote tubulointerstitial fbrosis. "> Under
pathological conditions, tubular cells may dedifferentiate
into myofibroblasts. TGF-§ appears to promote this process
by activating the Smad, ILK, and ERK pathways, as observed
in tubular cells,”® To monitor epithelial-to-mesenchymal
transition, «-SMA protein levels were imeasured in the
kidney. As expected, the renal fibrosis observed in the A-to-
C group was associated with increased «-SMA protein levels,
CKD progression has also been linked to an imbalance
in free-radical production and antioxidant defense.*»>
We confirmed that the rats that developed CKD exhibited
greater urinary H,O, excretion and a reduction in catalase
activity, These changes in -SMA levels and antioxidant
factors were not observed in the A-to-C + Sp group.

In summary, we characterized an experimental model
of CKD induced by AKI in the rat. Several mechanisms
were responsible for CKD development, including increased
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tubular celt proliferation, increased TGF-B pathway activa-
tion and oxidative stress, and overexpression of proinflam-
matory cytokines. By using this model of CKD, we
demonstrated that the prevention of AKI with spironolactone
completely prevents the progression to CKD. Moreover, we
also demonstrate that administering an MR blocker after the
ischemic insult also prevented CKD. Our results suggest
that the treatment of patients with spironolactone after an
AK] episode could be of help in preventing the development
of CKD.

MATERIALS AND METHODS

Al experiments involving animals were conducted in accordante
with the Guide for the Care and Use of Laboratory Animals (National
Academy Press, Washington, DC, 1996} and were approved by the
Animal Care and Use Committee at our Institution.

Protocol 1

In all, 62 male Wistar {weighing 270-300 g) rats were divided into
four groups: (1) rats subjected to sham surgery, n=9 () (2) rats
treated with spironaolactone at 20 mg/kg per day by gastric gavage
3 days before sham surgery, n=9 (Sp); (3) rats undergoing bilateral
ischemia for 45min, n=28 (A-to-C); and (4) rats that received
spironolactone 3 days before bilateral ischemia, =13 (A-to-C+
Sp). All animals were observed for 9 months. In addition, four rats
from the S, A-to-C, and A-to-C + Sp groups were included and
observed for 10 days. All animals were kept in a 12:12h day-night
cycle and with free access to water and food.

Protocol 2
Becanse we recently demonstrated that postischemia MR blockade is
beneficial in the prevention of AKI, with the best renoprotection
ohserved in the first 3h after ischemis,?® this set of experiments
was designed 1o evaluate whether postischemia spironolactone
administration confers protection against the development of CKD.
In all, 33 male Wistar (270-315g) rats were divided into seven
groups: sham-operated rats (8); rats subjected to bilateral renal
ischemia for 45min (A-C); and five groups of rats that underwent
bilateral renal ischemia for 45min, but also received one dose of
spironolactone at 20 mglkg by gastric gavage at 0, 1.5, or 3 h after
ischemia (A-to-C, 0 h; A-to-C, 1.5h; and A-to-C, 3 h, respectively),
or that received a higher dose of spironolactone (80 mgfkg) at 0 or
1.5 h after ischemia (A-to-C 80, Oh and A-to-C 80, L.5h). These
animals were followed up for 3 months,

All other methads are described in the Supplementary Materials
onkine.

Statistical analysis

The results are presented as the mean £ s.e. The significance of the
differences between the groups was assessed by analysis of variance
(ANOVA) using the Bonferroni correction for multiple compar-
isons. All of the comparisons passed the normality test. The
differences in the ranks of glomerular diameters among the groups
were evaluated by contingency analysis, and the differences were
assessed using the »° test with the Yates correction. Statistical
significance was defined as P-value <0.05.
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Figure S1. Renal injury observed 80 days after inducing ischemia.
Figure 52. Glomerular and tubular injury is reduced by a low dose of
spironolactone administrated after ischemnia.

Figura 53, Glomerular and tubular injury is prevented by a high dose
of spironolactone administrated after ischemla.
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http:/fwww,nature com/ki

REFERENCES

1. Go AS, Parikh CR, lkizler TA et of. The assessment, serial evaluation, and
subsequent seguelae of acute kidney injury (ASSESS-AKI) study: design
and methads. BMC Nephro! 2019; 11: 22,

2. Friedewald JJ, Rabb H. Inflammatary cells in ischemic acute renal failuse.
Kidney int 2004; 66: 486-491.

3. Okusa MD, Chertow GM, Portilla D. The nexus of acute kidney injury,
chronic kidney disease, and World Kidaey Day 2009. Clin J Am Soc Nephio!
2009 4: 520-522.

4. Liano F, Pascual ). Epidemiology of acuie renal failure: a prospective,
multicenter, community-based study. Madrid Acute Renal Failure Study
Group, Kidney Int 1996; 50; 811-818,

5. Waikar 55, Curhan GC, Wald R et of. Declining martality in patients with
acute renal failure, 1988 to 2002. } Am Soc Nephrol 2006, 17: 11431150,

6. Kelly KJ. Acute renal failure: much more than a kidney disease, Semin
Nephrol 2006; 26: 105-113,

7. Bonventre IV, Yang L. Cellular pathophysiclogy of ischemic acute kidney
injury. J Clin {nvest 2011; 121: 4210-4221.

8. Cerda J, Lameire N, Eggers P ef ol Epidemiology of acute kidney injury.
Clin £ Am Soc Nephrol 2008; 3; 881-886,

9. Masier MJ, Pham TH, Klein MB et ol. Early acute kidney injury predicts
progressive renal dysfunction and higher mortality in severely burned
aduits. J Burn Care Res 2010; 31: 83-92,

10, Block CA, Scheolwerth AC, Acute renal failure; outcomes and risk of
chronic kidney disease. Minerva Uro! Nefrof 59: 327-335.

11. Venkatachalam MA, Griffin KA, Lan R 2! gl Acute kidney injury: a
springboard for progression in chronic kidney disease, Am J Physiol Renal
Physiol 2010; 298: F1078-F1094,

12, Bucalolu D, Kirchner HE, Norfolk ER et of. Increased risk of death and de
novo chronic kidney disease following reversible acute kidney injury.
Kidney Int 2012; 81: 477485,

13. Chawla 15, Amdur RL, Amadeo S ef of. The severity of acute kidney injury
predicts progression to chronic kidney disease. Kidney Int 2011; 79:
1361-1369.

14. Macunlueglu B, Arikan H, Atakan A et of. Effects of spirenolactone in an
experimental modet of chronic cycdlosporine nephrotoxicity, Trensplant
Proc 2008; 40; 273-278.

15, Thomson AW, McAuley FT, Whiting PH et ol Angiotensin-converting
enzyme inhibition or aldosterone antagonism reduces cyclosporine
nephrotoxicity in the rat. Transplant Proc 1987; 19: 1242-1243,

16.  Meja-Vilet IM, Ramirez V, Cruz C et of, Renal Ischemia-reperfusion injury
is prevented by the mineralocorticoid receptor blocker spironofactene.
Am )} Physiol Renal Physiol 2007, 293: F78-F86.

17. Ramirez V, Teujilla 4, Valdes R et ol Adreralectomy prevents tenal
ischemia-reperfusion injury. Am J Physiol Renal Physiol 2009; 297:
Fa32-F942,

Kidney International (2013) 83, 93-103



J Barrera-Chimal et al.: Spironclactone prevents CKD as a consequence of AK!

basic research

20,

21

22,

23.

24,

25,

26.

27,

28,

29,

30.

3.

32,

33,

34,

Bobadilla NA, Gamba G. New insights into the pathophysiology of
cyclosporine nephrotoxicity: a role of aldosterane. Am J Physiol Renal
Physicl 2007; 293: F2-F9.

Feria |, Pichardo |, Juarez P et al. Therapeutic benefit of spironolactone in
experimental chronic cyclosporine A nephrotoxicity. Kidney Int 2003; 63:
43-52,

Perez-Rojas M, Derive S, Blance JA et ol Renccortical mRANA expression
of vasoactive factors during spirenolactone protective effect in chronic
cyclosparine nephrotaxicity. Am J Physiol Renol Physiol 2005; 289:
F1020-F1030.

Perez-Rejas J, Blanco JA, Cruz C et af. Mineralocorticoid receptor blockade
confers renoprotection In preexisting chronle cyclosporine
nephrotoxicity. Am J Physiof Renal Physiol 2007; 292: F131-£139.
Sanchez-Pozos K, Barrera-Chimal J, Garzon-Muvdi } et al. Recovery from
ischemic acute kidney injury by spironolactone administration, Nephrol
Diat Transplant 2012; 27: 3160-3169,

Menn XM, Huang X, Chung AC et of Smad2 protects against
TGF-beta/Smad3-mediated renal fibrosis. J Am Soc Nephrol 2010; 21:
14771487,

Ishani A, Xue )L, Himmelfarb J et ol Acute kidney injury increases risk of
£SRD amony elderly, J Am Soc Nephrof 2006; 20: 223-228.

Sharfuddin AA, Molitoris BA. Pathophysiology of ischemic acute kidney
injury. Nat Rev Nephrol 2011; 7: 189-200.

Coca SG, Yusuf B, Shlipak MG et ol Long-term risk of mortality and other
adverse outcomes after acute kidney injury: a systematic review and
mieta-analysis. Am f Kidney Dis 2009; 53: 961-973,

Thakar CV, Christianson A, Himmelfarb 1 et ol Acute kidney injury
episodes and chronic kidney disease risk in diabetes mellitus. Clin J Am
Soc Nephrot 2013; 6: 2567-2572,

Barrera-Chimal J, Perez-Villalva R, Cortes-Gonzalez C et al. Hsp72 is an
early and sensitive biomarker to detect acute kidney injury. EMBO Mol
Med 2011; 3: 5-20.

Vaidya VS, Ozer JS, Dieterle F et of, Kidney Injury molecule-t outperforms
traditiona biomatkers of kidney injury in predinical biomarker
qualification studies. Nat Biotechnol 2010; 28: 478-485.

Donnahoo KK, Meng X, Ayala A et ol Early kidney TNF-alpha expression
mediates neutrophil infiltration and injuey after renal
ischemia-reperfusion. Am J Physiof 1999; 277 RO22-R929.

Donnahoo KK, Meldrum DR, Shenkar R et al. Early renat ischemia, with or
without reperfusion, activates NFkappaB and Increases TNF-alpha
bicactivity in the kidney. J Urof 2000; 163: 1328-1332,

topez-Hernandez FJ, Lopez-Novoa JM. Role of TGF-beta in chronic kidney
disease: an integration of tubular, glomerular and vascular effects. Cell
Tissue Res 2012; 347: 141-154.

Stroo |, Stokman G, Teske GJ et ol Chemekine exprassion in renal
Ischemiafreperfusion injury is most profound during the reparative
phase. Int Immuncl 2010; 22: 433-442.

Basile DP, Friedrich JL, Spahic 1 et al. Impaired endothelial proliferation
and mesenchymal transition contribute to vascular rarefaction
foltowing acute kidney injury. Am J Physiol Renol Physicf 2011; 300:
F721-F733.

Kidney Internationol (2013) 83, 93-103

33,

6.

37

38.

3%,

40.

41,

42

43,

44,

45,

46,

47.

48,

49,

51,

52,

53.

54,

Basile DF, Donohoe 0, Roethe K et al. Renal ischemic injury results in
permanent damage to peritebutar capillaries and influences fong-term
function. Am J Physiol Renal Physiol 20061; 281: £887-£899.

Hozbelt M, Lee SY, Mang HE et al. Acute and chrenic microvascular
alterations in a mouse model of ischemic acute kidney injury, Am J Physiol
Renal Physiol 2007; 293: Fa88-F695.

Conger JD, Robinette 1B, Hammaond W5. Differences in vascular reactivity
in models of ischemic acute reral failure. Kidney Int 1991; 39: 1087-1097.
Bedford M, Farmer C, Levin A et ol Acute kidney Injury and CKD; chicken
or eqg? Am J Kidney Dis 2012; 59: 485491,

Griod-Charhbili V, Fassot C, Messaoudi S et ol Epidermal growth factor
receptor mediates the vascular dysfunction but not the remodeling
induced by aldosterone/salt. Hypertension 2011; 57: 238-244,

Nguyen Dinh CA, Griol-Charhbili V, Loufrani L ot al. The endothelia
mineralocorticoid receptor regulates vasoconstrictor tone and blood
pressure. FASER J 2010; 24: 2454-2463.

Muiesan ML, Rizzoni D, Safvetti M et &/, Structural changes in small
resistance arteries and left ventricular geometry in patients with primary
and secondary hypertension, f Hypertens 2002; 20: 1439-1444,

Lecpold JA, Dam A, Maron BA et of. Aldosterone impairs vascular
reactivity by decreasing glucose-6-phosphate dehydrogenase activity.
Nar Med 2007; 13: 18%-197,

Schiffrin EL. Effects of aldosterone on the vascuiature. Hypertension 2006;
47: 312-318.

Rodriguez-Iturbe B, Garcia GG. The role of tubulointerstitial inflammation
in the pregression of chronic renat fallure, Nephron Clin Pract 2010; 116:
<81-c88,

Risdon RA, Stoper JC, de Wardener HE, Relationship between renal
furctien and histalogical changes found in renal-biopsy specimens from
patients with persistent glomerular nephritis, Lancet 1968; 2: 363-366.
Echie A, Mackensen-Haen S, van GH et al The consequenceas of tubulo-
interstitial changes far renal function in glomerulopathies. A morphome-
tric and cytelegical analysis. Pathol Res Pract 1990; 186: 135-144.
Shimizu A, Masuda Y, Ishizaki M et of. Tubular dilatation in the repair
process of ischemic tubular necrosis, Viechows Arch 1994; 425: 281-290.
Yang L, Besschetnova TY, Brooks €R et al. Epithelial cell cycle arrest in G2/
M mediates kidney fibrosis after injury. Nat Med 2010; 16: 535-543.
Wynn TA. Fibrosis under arrest. Nat Med 2010; 16: 523-525,

Schraper HW, Jandeska S, Runyan CE et gl TGF-beta signal transduction
in chronic kidney disease. Front Biosci 2069; 14: 2448-2465.

Bechtel W, McGoohan S, Zeisherg EM et of Methylation daterminas
fibroblast activation and fibrogenesis in the kidney. Nat Med 2010; 16:
544-550.

LI MX, Liu BC, Epithelial to mesenchymal transitton in the progression of
tubukainterstitial fibrosis. Chin Med J (Engl} 2007; 120: 1925-1930.
Garcia-Sanchez O, Lopez-Hemandez FJ, Lopez-Novoa JM. An integrative
view on the role of TGF-beta in the progressive tubular deletion
associated with chronic Kidney disease. Kidney Int 2010; 77: 950-955.
Kao MP, Ang DS, Palf A 2t al. Oxidative stress in renal dysfunction:
mechanisms, clinical sequelae and therapeutic options. J Hum Hypertens
2010; 24: 1-8.

103



Nephralogy 20 (2015} 736-743

Review Article

Epigenetic regulation in the acute kidney injury to chronlc kidney

disease transition

ROXANA RODRIGUEZ-ROMO,'? NATHAN BERMAN,"? ARTURC GOMEZ'? and NORMA A BOBADILLA'?

"Molecular Physiology Unit, instituto de Investigaciones Biamédicas, Universidad Nacional Auténoma de México, and *Department of Nephrology, instituto
Macionai de Ciencias Médicas y Nutricidn Salvador Zubiran, Mexico City, Mexice

KEY WORDS:

A condensation, histane
acetylation/deacetylation, histones,
methylation.

Carrespondence:

Or Norma A. Bobadilla, Unidad de Fisiologia
Maolecular, Vasco de Quiroga No. 15, Tlalpan,
14000 Mexico City, Mexico, Email;
nab@hismedicas.uram,mx;
norma.bobadiffas@incmnsz.mx

Accepted for publication 20 May 2015,
Accepted manuscript online 25 May 2015,

dok 10,111 1/nep. 12521

"sU'MMA'RY-AT A GLANCE :

_acute iqdney mjuw nd epigen il
-regulators

_A faar[y comprehenswe review focustng on '

EPIGENETICS

ABSTRACT.

Epigenetic modifications have emcrged as a new, important contributor to
gene expression regulation in both normal and pathophysiological condi-
tions. Epigenetics have been studied in many discases and conditions such as
acute kidney injury {AKID, a syndronte with a high prevalence that carries a
poor prognesis with increased morbidity and mortality. In addition, it has
recently been shown that AKI increases the risk for the development of
chronic kidney disease {CKD). The specific molecular mechanisms by which
AXI increases the risk of CKD and end stage renal disease (ESRD) remain
unknown, although there is new evidence supporting a role of epigenetic
changes. The most studied epigenetic regulations in AX1 are chromatin
compaction, DNA methylation, and histone acetylation/deacetylation.
These modifications predominantly increase the production of pro-
inflammatory and profibrotic cytokines such as: monocyte chemoattractant
protein-1 {MCP-1), complement protein 3 (C3), transforming growth factor
f§ {TGF-B) that have been shown for perpetuating inflammation, promoting
epithelial-to-mesenchymal transition (EMT) and ultimately causing renal
fibrosis. A review of epigenetic mechanisms, the pathophysiology of AKI
and recent studies that implicate epigenetic modifications in AKI and in the
transition to CKD are discussed below.

gene expression regulation. There are at least eight types of

histone post-transtational modifications: methylation on

In the carly 1940s, Conrad Hal Waddington used the term
epigenetic, epi (above) and genetics (genetic), for the first
time.! An epigenetic modification is defined as any poten-
tially stable and, ideally, heritable change in gene expression
or cellular phenotype that occurs without changes in
Watson-Crick base-pairing of DNA.2 The most described
epigenetic regulations inciuded chromatin compaction, DNA
methylation, histone acetylation/deacetylation, and the
noncoding sequences of RNA. Methylation could occur at
DNA or at histones. In DNA, a methyl group is added to the
cytosine or adenine nucleogides, whereas, in histones, a
methyl group is transferred to lysine or arginine of histone
proteins. Methylation can eccur in different ways: mono-,
bi-, or trimethylation in lysine residues and mono- or
dimethylation in arginine residues. In contrast, acetylation
only occurs in the lysine residues of histones, in which an
N-terminal tail protruding is acetylated. The modifications in

the amino tail of histones H3 and H4 play a crucial role in |
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lysine or arginine, acetylation and deacetylation of lysines,
phosphorylation  on  serine  or  threonine  residues,
ubiguitylation and semovylation of lysines, and there are
more than 60 different residues in which these modifications
have been detected. Other mechanisms such as the small,
mitochondrial or tong non-coding RNA, are implicated. The
precise moment when these post-transductional modifica-
tions occur depends on cell conditions and they never
happen at the same time or in the same histone.

Complex organisms must condense their DNA using pro-
teins that form a complex called chromatin, Chromatin is
mainly composed by histones, which condense or relax the
DNA in order to form iwo types: the heterochromatin
{compact-chromatin}  and the euchromatin  (relaxed-
chromatin}.? The functional and basic unit is the
nuciteosome, which is formed by an octamer of histones.
There are different histones: H2A, H2B, H3, H4 and HIL. A

pair of cach of the former four comprises an octamer in

© 2015 Asian Pacific Seciety of Nephrolagy



Fig. 1 Histones and DNA pearl necklace
arrangement. Chromalin structure is formed by
sets of nucleosomes. Each nucleosome ¢on-
tains a pair of histones: H2A, H28, H3, and H4,
which confarm the functionat octamer. Around
the nucleosomes, DMA is wrapped two {imes.
The HI protein contatns DNA from 10 to 80 bp
of length that connects one nucleosome with
the other one.

which DNA is wrapped two times. A DNA linker chain,
connects the nucleosomes. This structural arrangement is
condensed 10 times more than the relaxed DNA. The histone
H1 functions as a ‘linker’ protein and assists in the formation
of a chromatin fibre, which is formed by a tubular arrange-
ment of nuclessomes and condensed 50 times compared 1o
the relaxed DNA®* (Fig. 1).

The DNA methylation seems to be the most understood
method of epigenetic regulation. This occurs in the cytosines
of cylosine-guanine {CpG) sites. DNA sections rich in CpG
sites are associated with 76% of the promoter regions in the
genome. The enzymes responsible for ihe methylation of
DNA are called methyl-transferases (Domt). Dnmil and
Dnmt2 are considered as maintenance methyltransferases,
whereas Dnmt3 acts as a ‘novo’ methyl-transierase. Dnmtl
and Dnmi2 are responsibie for attaching methyl groups to
DNA hemi-methylated portions during replication, while
Dnmt3 acts alter replicatton.’

The histones acetylation state is regulated by the activity of
histone acetylases (HAT) and deacetylases {HBAC). Nor-
maliy, the acetylation of H3 and H4 increases the expression
of genes involved in the open structure of the chromatin.®

Influence of the environment in
epigenetic patterns

Manuel Esteller ef al. demonstirated thal monozygolic twins
who were exposed to different environmental conditions
during their lives had different patterns of methylation and
acetylation within their genome affecting the gene expres-
sion of each twin, Conversely, when twins grow under the
same conditions, patterns of methylation and acetyiation are
almost identical” Additional evidence is found in studies of
bees, where it has been shown that the larvae that are bound
to be future queens are separated from the rest and fed a
special mixture of honey, commonly called royal jelly, which
has a high content of HADCI0. This diet changes the
acetylation pattern and phenotypic characteristics typical of a
queen bee®

RNA as an epigenetic regulator

In the iast decades, the noncoding sequences of RNA
{n¢RNA)Y have been proven to play a key role in epigenetic

© 2015 Asian Pacific Seciety of Nephrology
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regulation. It is now known that they serve a wide range of
functions including the facilitation of chromosome dynam-
ics, alternative splicing, inhibition and
destruction of mRNA. Despite the vast number of non-
coding RNAs, the ones considered to be the most important
in epigenetic silencing include: siRNAs, which are small mol-
ecules of 21-25 nucleotides, miRNAs, which are also small
molecules that originate as endogenous precursor helix loop
structures, and IncRNAs, which are bigger molecules with a
length of 17 kilobases. The siRNAs and miRNAs regulate
gene expression by an RNA interference phenomenon
causing a repression at the translational level, while the
IncRNAs work by medulating chromatin states and conse-
quently modulating gene expression.”

transcriptional

ACUTE KIDNEY INJURY

Acute kidney injury (AKD is a syndrome characterized by a
sudden decline in renal excretory function, with a conse-
quent failure in maintaining fluid, electrolyte and acid-base
balance. AKT is diagnosed by clinical and iaboratory mani-
festations such as oliguria (not always present) and eleva-
tions in serum creatinine, urea, phosphate and potassivm
concenirations."

This syndrome was first described in the 1940s in London,
where a report of cases of renal failure related 1o crush
injuries was published." In 2004, the Acute Dialysis Quality
Initiative group published the Risk, Injury, Faifure, Loss, and
End-stage renal discase (RIFLE)} classification in which the
term ‘acute kidney injury’ and a formal definition were
established. This definition evolved further into the AKI
Network (AKINY and in Kidney Discase: Improving Global
Outcomes (KDIGQ) definition.'?

KDIGO defined AKI as: an increase in serum creatinine
{SCr) equa! to or greater than 0.3 mg/dL {>26.5 pmol/L)
within 48 h; an increase in SCr equal to or greater than 1.5
times baseline, which is known or presumed to have
occurred within the prior 7 days; or a urine output volame
less than 0.5 mL/kg per h for 6 k. It also classifies AKI into
three different stages (summarized in Table 1.1

It is difficult 10 assess the prevalence of AKI in the com-
munity. Neverthetess, there are some epidemiological studics
showing tha: the incidence of AK! is between 2000 to 4000
people per mitlion-populationfyear.'* AK! is more prevalent
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Table ¥ Acute kidney injury classifications

System Serum creatinine criteria Urine output criteria
RIFLE class
Risk Serum creatining increase Lo <0.5 miskg perh for 6 h

1.5-fold OR GFR decrease
»25% from baseline
Injury Serum creatinine increase to
2.0-fold OR GFR decrease
»50% from baseline
Serurn creatinine increase to
3.0-fold OR GFR decrease
>75% from baseling OR
serum creatining
2354 pmo¥L {>4 mgidL)
with an acute increase of at
least 44 pmoliL {0.5 mgidl)

<0.5 mLikg perhfor 12 h

Failure Anurio for 12 h

AKIN stege

1 Serum creatinine increase
>36,5 umohL {20.3 mg/dl)
OR increase to 1.5-2.0-fold
from baseline

2 Serum creatining ingrease
>2.0-3.0-fold from haseline

3 Serum creatinine increase
=3.0-fald from haseline OR
serum creatining RRY
2354 pmoliL (24.0 meg/dL)
with an acute increase of at
least 44 pmaliL (0.5 mgfdL
DR need for RRT

<0,5 miskg perh for 6 h

<0.5mlskg perhfor 12h

<01.3 mLikg per h for 24 h OR
anuria for 12 h OR need for

GFR, glomerular filtration rate; RRT, renal replacement therapy.

in the inpatien: population, 3.2% te 9.6% of admissions’
and is especially commoen in critically il patients, 40% to
60%.1

The diagnosis and the identification between the different
causes of AKI can be challenging given the Hmited sensitivity
and specificity of biochemical parameters. Buz, significant
progress has been made in the idemtification of diverse
biomarkers like neutrophil gelatinase-associated lipecalin
(NGAL), kidney injury moelecule-1 {Kim-1} interleukin-18
(IL-18}, fatty acid-binding protein | {(L-FABPL), and heat
shock protein 72 (Hsp72), although their widespread use has
been limited for different reasons (lor review!").

There are a myriad of causes of AKE For didactic and
clinical reasons, they are typically divided into pre-renal
{hypo-perfusion of the kidney), intrinsic renal (pathologic
process within the kidneys), and post-renal causes {ohstruc-
tion of urine flow distal to the kidneys), although AKI is
often multifactorial. I is believed that pre-renal and post-
renal AKI begin as functional processes, and it they are
corrected in a timely manner, any residual renal damage can
be limited. Intrinsic AKI, however, represents struciural
damage.'* But, many authors consider AKI to be a contin-
vum of injury that starts with pre-renal AKL'

The cellular and molecular events that take place during
an event of AKI can be divided into {our phases: (i) ‘The
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initiation’ phase, which takes place as a direct consequence
of decreased renal bleod flow (RBF) resulting in significant
cellalar ATP depletion and tubutar epithelial cell infury with
typical histologic alterations (loss or inversion of polarity and
loss of adhesion 1o the basement membrane).® In this phase
there are releases of cytokines and chemokines that initiate
the tnflammation cascade. (il) Sustained hypoxia due to vas-
cular endothelial cell damage and an intense inflammatory
response characterizes ‘the extension” phase, which is
marked by renal epithelial cell injury and death by both
necrosis and apoptosis. Sorme have argued that it is during
this phase that a therapeutic intervention could be most
succeéssful by preventing the amplification of inflammation.!
(iify ‘The maintenance” phase, where the inflammation
becomes regulated and there is an attempt to re-establish and
maintain celiular and tubular integrity. There is marked epi-
thelial cell repair, migration and proliferation, and (ivy ‘The
recovery’ phase in which cellular differentiation continues.
After recuperation of the venal epithelial cell polarity, normal
organ function returns.?

Despite the progress in the understanding of the patho-
physiology of AKI, the cornerstone of treatment remains
supportive care. There are some medications that offer a
theoretical benefit such as loop diuretics or low doses of
dopamine. However, these drugs have not shown any
significant improvement in renal outcomes in different
meta-analyses.® There is some evidence demonstrating
that receptor mineralocorticoid  antagonisie,*¥  anti-
inflammatory,®® and antioxidant therapies®® could improve
outcomes in AKE although large clinical trials are lacking.

AKI1 TO CKD TRANSITION

In the past, the renal outcomes in patients after recovery
from AKE were believed to be benign with a low probability
of developing chronic kidney disease {CKD) and end-stage
renal disease (ESRD). Nevertheless, in the last few years,
evidence has revealed a strong association between AKL and
the consequent development of CKD. Most of the evidence
comes from large observational studies that have consistently
shown that a significant number of patients with AKEL even
those patients without prior kidney disease, after partal or
complete recovery of renal function often then progress to
advanced stages of CKD or even ESRD in some cases. The
number of episodes, the severity of AKI and pre-existing
kidney disease appear to correlate with a greater risk for
progression to CKD.™ In this regard, Bucoloiu ID et a/*f
showed that 6.6% of AKI patients that had a complete renal
function recovery exhibited a greater risk of de novo CKD
and death in the following months. Furthermore, a meta-
analysis that included 13 large studies found that AKI is an
independent risk factor for CKD.* Worldwide, it has been
shown that 20% of patients with an AK! episade will develop
CKD after 3 years.?

© 2015 Asian Pacfc Society of Nephrology



As was commented before, during AK! a number of pro-
cesses are activated to repair the affected renal structures, but
they can lead 1o cell proliferation, hypertrophy and exagger-
ated extracellular matrix production.”’ Renal vasoconstriction
predominates after AKI due to an increase of endothetin-1,
angiotensin I, thromboxane A2, and adenosine, as well as, by
the reduction in nitric oxide {NO) synthesis. > These etfects
are more enhanced by increased leukocyte adhesion to the
endothelium, which occludes small vessels and compromise
renal vascular microcirculation.™ In addition, the number of
renal vessels decreases as a result of caplilary rarefaction
phenomenon.” ' This process seems to be facilitated by the
vascular endotheHal growih factor reduction. ™ As a result,
chronic hypoxia leads to progressive deterioration of the
tubtlar epithictium, leading to cell cycle arrest and epigenetic
alterations that eventually cause the progressive development

of tubulointerstitial Abrosis,#+4°

IS EPIGENETIC REGULATION A NEW
FACTOR IN THE TRANSITION FROM AKI
TO CKD?

It is not surprising to find that epigenetic regulation may
participate in AKI te CKD transition because of its implica-
tion in the cell adaptation to extreme circumstances, such as
oxidarive stress, hypoxia, and mitochondrial injury.*®

Chromatin structure modifications

During an AKI episode, the tubular epithelial cells are sub-
jected to a hypoxic miliey, causing medification not only in
the celiular metabolism, but also in the chromatin structure
and in the binding of different transcription factors.*” It is
well known that there is an increase in the expression of
pro-inflammatory cytokines such as tumour necrosis factor
{TNF-¢t} and monocyte chemoattyactant protein (MCP-1)
after an AKI episode, which persists until 7 days.** This
effect seems to he the result of epigenetic regutation, because
there is an increment in the multiprotein chromatin remod-
elling complex that includes the SWlich/Sucrose Nen-
Fermentable (SWE/SNF} factor. This complex depends on
helicase-like ATPase activity and regulates chromatin struc-
ture. The ATPases of this complex are the machinery that
allow dynamic changes in chromatin structure by activating
or inactivating gene expression. Specifically, the human
SWI/SNF complex is also able to slide nucleosomes along the
DNA, promaoting the transcription start sites and making
then more aceessible for specific genes. This complex con-
tains the Brahma-related genel {BRGI1), whicli is an ATPase
catalytic chromatin remodelling subunit, In the mice, BRG1
is a regulator of the nucleosome remodelling complexes in
the TNF-¢ gene.*” Recent findings have shown that there is
also an increase in MCP-1 independent of the causes of AKIY
{Fig. 2A).
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Histone epigenetic modifications during AKI

Adequate cholesterol synthesis helps to preserve the epithe-
lial celis during an ischaemic insult because cholesterol regu-
lates both plasma membrane integrity and mitochondrial
funciion. Naito M et al.” found that after 3-days of ischae-
mia, there was an increase in the RNA polymerase JT recruait-
ment {Pol M) and sterol regulatory eclement binding
proteins-1 and 2 {(SREBP-1 and SREBP-2) to co-enzyme A
reductase {(HMGCR), which results in enhanced cholesterol
synthesis — this recruitment is possible because, after renal
ischaemia/reperfusion {I/R), the trimethylation of histone
3-lysine 4 (H3K4m3) and the acetylation of histone 3-lysine
9 (H3K9) occur. These coordinated events led o greater
epithelial cell survival during an ischiaemic event (Fig. 2B}.

ATF3 belongs to the activating transcription factor/cAMP
responsive element-binding protein {ATF/CREB} family and
htas been identified as a transcriptional repressor. During /R
injury there is an induction of ATF3 in the kidney. Accord-
ingly, ATF3-deficient mice exhibited greater renal I/R-
induced mortality, kidney dysfunctior, inflammation and
proximal tubular apoptosis compared with wild-type mice.
When ATF3 was re-established in the kidney, rescue of the
renal I/R-induced injury was observed, suggesting that this
factor increases the expression of cytoprotective molecules.®
In addition, it has been proven that ATF3 interacts with
histonc deacetylase-1 {HDACT) after /R injury, which
results in the condensation of chromatin, the interference of
nuclear factor-xB (NF-xB} binding to the DNA, and the inhi-
bition of inflammatory gene transcription such as, 1L-2b and
P-selectin (Fig. 2B). Unfortunately, the increase in choles-
terol synthesis and ATF3 activation are not enough to
prevent renal injury, but both are important mechanisms
triggered by epithelial celis to reduce renal injury.

DNA epigenetic modifications during AKI

" Another epigenetic modification is DNA methylation/

demethylation. Pratt JR ef al.® show the vpregulation of
complement €3 that was due to an increase in the
demethylation of a cylosine residue in the interferon-y
{1IFN-y) responsive element within the €3 promoler in the rat
kidney that had undergone [/R. Accordingly, Huang N et al.>’
confirmed these findings in C57BLE/6 mice that underwent
renal HR. Moreover, they demonstrated that this epigenetic
modification promoted a decrease in Tett and Tet2, which
catalyzes the oxidation of 5-methylcytosine (5-mC) into
S-hydroxymethylcyiosine. This reduced oxidation was asso-
ciated with an increase in the expression of IL-10 and IFN-y
receplor-2. Another interesting finding of this study was that
the demethylation of the C3 promoter persisted for at least 6
months in transplanted rat kidneys (Fig. 2B). In a recent
study, DPNA methylation was evaluated in two groups of
patienis with CKD: with rapid decline in kidney function and
with stable kidney function. Interestingly, the stable kidney
function group exhibited a greater hypemethylation in
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Fig. 2 Epigenetic modifications that accur after an episode of acute kidney injury. (A} Relaxation of chromatine which is mediated by SwitchiSucrose Non
Fermentable (SWISNF} factor, sliding the nucleosomes along the DNA and promoting the transcription start sites mare accessible for specific genes. This complex
contains the Brahma-related gene 1 {BRG1), a reguilater of the nucleosome remodeliing complexes in tumour necrosis facterer (TNF-a) and monocyte
chemoaltractant protein-1 {MCP-1) genes. (8) The DNA demethylation affows the receuitment of RNA palymerase il {(Pol 11} and sterol regulatory element binding
proteins 1 and 2 {SREBP-1 and SREBP-2) to co-enzyme A reductase (HMGCR), which results in enhanced cholesterod synthesis that leads to a greater survival el the
epithelial cell during an ischaemic event. Also, there is an induciion of the transcriptional repressor ATF3 in the kidney, which helps to reduce the kidney
dysfunction, inflammation and proximal tubular apoptosis. In addition, complement €3 upregulation is observed as a result of anincrease in demethylation of a
cytosine residue in the interferon-y responsive element within the €3 promater. This demethylation of the C3 promoter has been reported to pearsist at least
&-months in transplanted rat kidneys, (C) Histones deacetylation promotes myofibrobiast protiferation and epithelialto-mesenchymal transition (EMT), In addition,
the increased expression of histone 2 variant {H2A.Z) promotes the increase » of fibrotic and inflammatory genes such as MCP-1, transforming growth factor-B
[TGF-[i1}, collagen Hl.

nephronophthisis 4 (NPHP4), 1Q motif, Sec? domain tion, Pang M ef al. used an in vivo model of unilateral ure-
{IQSEC1), GEPLO0G, and transcription factor 3 {TCF3), genes thral obstruction to demonstraie that TSA blocks the EMT
involved in the epithelial-to-mesenchymal transition {(EMT), induced by transforming growth factor-B {TGF-B) in renal

suggesting that this epigenetic modification confers certain tubular epithelial cells, suppresses the expression of
renoprotection in these patients with lower rate of renal a-smooth muscle actin {o-SMA) and fibronectin and attenu-
pragression.’* ates the accumulation of renal interstitial fibroblasts in

the kidney (Fig. 2C).** Additionally, it has been reported
that pharmacological HDAC inhibition promotes anii-
inflammatory and antifibrotic effects in other diseases such
The inhibition of HDAC activity by trichostatin A (TSA) as Alzheimer’s, Parkinson’s and multiple sclerosis.™

decreased the proliferation induced by platelet-derived In 2008, Marumo T ef al.*" reported a transient decrease in
growth factor (PDGF) of NIH-3T3 skin fibroblasts, In addi- histone acetylation in the proximal tubular cells of mice that

Histone changes during AKI
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was appreciated immediately lollowing severe unilateral IfR.
This effect was recovered after 24 h due to a decrease in
HDACS, In a second study, these authors reproduced these
findings and showed that HDACS knockdown by RNAI sig-
nificantly increased histone acetylation and upregulated
BMP7 expression promoting the tubular epithelium recov-
erv. In contrast, Zager efal™ used an enzyme-linked
immune-absorbent assay {ELISA) of renal cortexes and
found an increase in renal acetylated histone H3 levels after
I/R; these changes were seen 24 h after injury and persisted
for 3 weeks. This discrepancy could be explained through a
different temporal response following IR,

Atthough histone acetylation meodifications appear to be
involved in the transition of AKI to CKD, the story is more
complicated, because it has been demonstrated in mice that
underwent unilateral R that two gene-activating histone
alterations also accur: histone 3, lysine 4 trimethylation
(H3K4m3} and increased expression of histone 2 variant
{H2A.7). Both changes promote an increase in the expres-
sion of fibrotic and inflammatory genes such as MCP-1,
TGF-B1 and collagen 1* {Fig. 2€). Moreover, Marumo T
et al.*® explored the role of HDAC in tubulointerstitial injury
by using the model UUO, in which HDAC and HDAC2 are
activated and are reducing  histone
acetylation in the injured kidney. As expected, TSA treat-
ment  attenuated titbube -
interstitial fibrosis. The induction of cotony-stimulating
factor-1 {CSF-1), a chemokine known to be involved in
macrophage infiltration in tubulointerstitial injury, was also
reduced. Accordingly, the knockdown of HDACT or HDAC2
significantly reduced CSF-1 induced by TNF-¢ in renal
tubular cels.

Another epigenetic maodification described in cancer and
diabetes is the dysfunction of histone acetyl-transferases
{HATs), which also have been seen as potential targets for the
design of new therapies. In renal I/R injury, the administra-
tion of curcumin {diferuloylmethane), which is a specific
inhibitor of HAT (p308/CREB-binding protein), reduced oxi-
dative stress and improved renal function, suggesting the
participation of HAT in premaoting renal injury.®?

" After AKI, the surviving epithelial cells proliferate to
re-establish the normal tubular structure, although some of
these cells may remain arrested in the G2/M cell cycle phase,
delaying renal structure recovery and promoting the devel-
opment of chronic fibrosis.®** Thus, it is reasonable to
hypothesize that drugs able to stimulate the cell cycle may
have a beneficial effect on this pathology. Accordingly,
m4PTB, a histone deacetylase inhibitor, was able 1o promote
renal pragenitor cell protiteration, accelerate the recovery of
AKI induced by gentamicin in zebrafish, and reduce renal
ischaermnic injury in mice. The protective effect of m4PTB was
associated with increased proliferation of the tubular cells
mediated by bath inducing the expression of genes involved
in the cell cycle and with a higher number of cells in the
S-phase. Long-term kidney fibrosis was also reduced by

responsible  for

macrophage infiitration and
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mA4PTR.* Similarly, Novitskaya T ef 21! recently showed that
the administration of phenylthiobutanoic acids (PTBAs), a
new class of histone deacetylase (HDAC) inhibitor, was also
able 10 accelerate thie AKT recovery and reduce fibrosis in a
nrogressive maodel of AKIinduced by aristolochic acid, due to
increased tubular profiferation and decreased G2/M cell cycle
arrest. In addition, Richard A Zager ef al.*” showed in mice
that the progressive renal disease observed throughout the 3
weeks after ischacmia was associated with a progressive
increase from 5% {at baseline} 1w 75% {at 3 weceks) in
pro-inflammatory  cytokinefchemokine such as:
MCP-}, TNF-o, and TGF-Bi. These changes were in accord
with a progressive gene-activating H3 acctylation.

All of these studies together suggest that epigenetic
changes that occur after an ischaemic insult can persist
despite the resolution of the AKI episode and seem o be
partiatiy responsible for the persistent inflammation, pro-
fibrotic milieu and EMT that have been shown to contribute
16 CKD development. Further research is stifl needed regard-
ing these findings, bt these are promising findings that
provide opportunities to find and develop new targets 1o
prevent AXKI and the progression to CKD.
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Abstract

Administration of the mineralocorticoid receptor antagonist spironofactone prevents the de-
velopment of chronic kidney disease (CKD) after a severe ischemic injury. However, whether brief
periods ofischemia lead to CKD and whether spironolactone administration after ischemia may be
a useful therapeutic strategy to prevent the gradual deterioration of structure and function re-
mains unexplored.

Nineteen male Wistar rats were divided into four groups: rats that underwent renal bilateral is-
chernia for 10, 20, or 45 min were compared with sham operated rats. Additionally, thirteen male
Wistar rats that underwent renal bilateral ischemia for 20 min were divided into an untreated
ischemic group () and two groups receiving spironolactone, 20 mg/kg by gavage,-at either 0 {Sp0}
or 1.5-h after ischemia (Spl.5). The rats were followed up and studied after 9 maonths.

Mild (20 min) and severe (45 min) ischemia induced a progressive increase in proteinuria at varying
magnitudes, whereas minor ischemia (10 min) did not modify proteinuria. CKD induced by
maderate ischemia was characterized by renal hypertrophy and twbulointerstitial fibrosis. These
effects were associated with activation of the transforming growth factor B (TGFP) signaling
pathway and up-regulation of endothelin receptor A (ETA) and alpha smooth muscle actin
(«SMA). Spironolactone treatment immediately or |.5-h after the ischemic insult prevented the
onset of these disorders.

Our results show that moderate ischemic insult leads to long-term structural and molecular
changes that may compromise renal function in later stages. Additionally, we demonstrate that
spironolactone administration after mild ischemia prevents this detrimental effect.

Key words: Aldosterone, fibrosis, acute kidney injury, chronic kidney disease

Introduction

Ischemia/reperfusion injury is the main cause of  knowledge of the mechanisms involved in AKI, this
acute kidney injury (AKI) occurring in approximately  syndrome has high morbidity and mortality rates (4).
15% of hospitalized patients, and its incidence rises to More worrisome is the recent accumutlating ev-
40-60% in intensive care unit (ICU) patients (1) (2) (3).  idence indicating that patients who survive an AKI
Despite recent advances in new therapies and the episode have a higher risk of developing chronic

http:/iwww.ijbs.com
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kidney disease (CKD) in the following years (5).
Therefore, AKI has been recognized as a risk factor for
the development of CKD (6) (7). A recent study
showed that 6.6% of AKI patients who had complete
recovery of renal function had a greater risk of death
and de novoe CKD in the following months (8). A re-
cent meta-analysis that included thirteen large studies
found that AK] is an independent risk factor for CKD
(9). Worldwide, 20% of patients with an AKI episode
will develop CKD after 3 years, which represents
300,000 patients in high-income countries, and this
value might be higher than 1.8 million in low- and
middle-income countries {10).

In support of several epidemiological studies,
animal models have shown that after a renal ische-
mia/reperfusion event, the recovery process may be
incomplete, producing progressive renal dysfunction,
tubulointerstitial fibrosis and chronic inflammation
(for review (11}). We have previously shown that al-
dosterone plays a key role in the physiopathology of
renal injury induced by ischemia, In this regard, we
showed that adrenal gland removal or mineralocor-
ticoid receptor (MR) blockade with spironolactone
before or even after ischemia prevents the acute {24 h)
functional and structural injury induced by I/R
(12-14). Interestingly, CKD was prevented when spi-
ronolactone was administered upon severe ischemic
injury, and the untreated ischemic group developed
progressive renal dysfunction, proteinuria, glomeru-
lar hypertrophy, glomerulosclerosis, aberrant tubular
dilation and tabule-interstitial fibrosis (15). These re-
sults suggest that MR blockade is a powerful strategy
to prevent CKD induced by a longer period of ische-
mia in the rat (15). However, this severe ischemic in-
jury model might only be applicable to patients un-
dergoing cardiovascular surgery or renal transplanta-
Hon.

The probability of developing CKD or end-stage
renal disease (ESRD) over time is proportional to the
severity and the duration of the AKI event (16). Until
now, studies performed in rats have explored the ef-
fects of severe ischemic injury (45 to 60 min of renal
ischemia) on long-term renal functional and structural
deterioration {15;17-24). Because in most of the pa-
tients AK! occurs unexpectedly, and renal injury ap-
pears as a result of a lower degree of hypoperfusion,
we addressed the following issues in this study:
whether mild ischemic injury (20 min) is able to in-
duce chronic renal injury, and whether spironolactone
admindistration post-ischemia is effective in prevent-
ing the long-term effects of mild ischemia.

Methods

All experiments involving animals were con-
ducted in accordance with the Guide for the Care and

Use of Laboratory Animals (National Academy Press,
Washington, DC, 1996) and were approved by the
Animal Care and Use Comumittees at our institutions
(Comision de Investigacién en Animales del Instituto
Nacional de Ciencias Médicas y Nulricién Salvador
Zubiran and Comision Institucional para el Cuidado y
Uso de Animales del Laboratorio del Instituto de In-
vestigaciones Biomédicas).

To test the impact of various durations of ische-
mia on the progressive increase of proteinuria, nine- .
teen male Wistar rats (270-300 g) were divided into
four groups: sham-operated (n=4}, I/R of 10 min
(n=5), I/R of 20 min (n=5), and I/R 45 min (n=5). To
investigate the efficacy of MR antagonism on the
long-term effects of mild ischemia, thirteen male
Wistar (270-300g) rats were divided into three
groups: rats that were subjected to bilateral renal is-
chemia for 20min (I, n=5} and two groups of rats that
underwent bilateral renal ischemia for 20 min receiv-
ing only one dose of spironolactone (20 mg/kg by
gastric pavage) either immediately or 1.5 h after is-
chemia (Sp0, n=4 and Sp1.5, n=4, respectively). These
groups were compared with the sham-operated
group used in the first set of experiments.

lschemialreperfusion model

Rats were anesthetized with an intra-peritoneal
injection of sodium pentobarbital (30 mg/kg) and
placed on a heating pad to maintain rat core body
temperature at 37 °C. Renal pedicles were isolated
and bilateral ischemia was induced by the collocation
of a non-traumalic clamps during 10, 20 or 45
minutes. Ischemia was verified visually by change in
kidney color, Reperfusion was achieved by release of
the clips and confirmed by return of blood to the
kidney. The incision was closed in two layers with 3-0
sutures. For sham surgery, anesthesia, laparotomy
and renal pedicle dissection, without clamp colloca-
tion was performed. After the surgery the rats were
allowed to recover and followed up for 270 days.

Functional parameters

Urinary protein excretion was determined every
30 days throughout the follow up in all studied
groups using the urine cotlected over a 24-h period.
At the end of the experimental periods (9 months),
rats were anesthetized with sodium pentobarbital (30
mg/kg) and placed on a homoeothermic table. The
left femoral artery was catheterized with polyethylene
tubing (PE-50). The mean arterial pressure (MAP) was
monitored with a pressure transducer {model p23 db,
Gould} and recorded on a polygraph {(Grass Instru-
ments, Quincy, MA). An ultrasound transit-fime flow
probe was placed around the left artery and filled
with ultrasonic coupling gel (HR Lubricating Jelly,
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Carter-Wallace, New York, NY) to record the renal
blood flow (RBF). Blood samples were taken at the
end of the study. Urine and serum creatinine concen-
trations were measured with Quantichrom creatinine
assay kit (DICT-500), and renal creatinine clearance
was calculated by the standard formula C = (U X
V)/P, where U is the concentration in urine, V is the
urine flow rate, and P is the serum concentration.
Urinary protein excretion was measured by the TCA
turbidimetric method (25).

Light microscopy analysis

Histopathological analysis was performed in all
rats after 9 months. The right kidney was removed
and the cortex and medulla were isolated; then, the
tissue was frozen in liquid nitrogen and stored at -80°
C. The left kidney was perfused through the femoral
catheter with a physiological solution. Following
blanching of the kidney, the perfusate was replaced
by freshly prepared 10% neutral-buffered formalin,
and perfusion was continued until fixation was cony-
pleted. After appropriate dehydration, renal tissue
was embedded in paraffin, sectioned at 4 pm and
stained with periodic acid-Schiff (PAS) reagent or
Sirius red stains. The degree of tubuleinterstitial fi-
brosis was evaluated by morphometry in Sirius
red-stained preparations (magnification x400). Ac-
cordingly, five to eight subcortical fields per section
were randomly selected in kidneys from the groups
studied. Tubulointerstitial fibrosis consisted of extra
cellular matrix expansion with collagen deposition
together with distortion and collapse of the tubules;
fibrosis was evidenced by red coloration in Sirius red
stained slides. The affected area was delimited, and
the percentage of tubulointerstitial fibrosis was cal-
culated by dividing the fibrotic area by the total field
area, excluding the glomerular and tubular haminal
areas. All of the slides were blindly analyzed.

Woestern Blot analysis

Total renal proteins were isolated from renal
cortex from each rat and homogenized in lysis buffer
(50 mM HEPES ph 7.4, 250 mM NaCl, 5 mM EDTA,
0.1% NP-40, and complete protease inhibitor {Roche).
Protein samples containing 50 ug of total protein were
resolved by 85% SDS-PAGE electrophoresis and
electroblotted onto polyvinylidinedifluoride mem-
branes (Millipore). Membranes were then blocked
with 5 % blotting-grade non-fat dry milk. After that
membranes were incubated in 01 % blotting-grade
non-fat dry milk with their respective antibodies.
Specific antibodies against w-smooth muscle actin
(Sigma A2547, 1:5000}, Smad3d (sc-101154, 1:500),
phosho-Smad3  (Millipore, 1:500), TGF-f (sc-146,
1:500), ETa (Abcam, 1:5000) and ETy (Abcam, 1:5000)

were used, After incubation with primary antibody,
membranes were washed and incubated with their
respective secondary antibody. As a leading control,
membranes were incubated overnight at 4 °C with
goat anti-actin antibody (Santa Cruz Biotechnology,
1:5000 dilution). Actin was detected using donkey
anti-goat 1gG-HRP (1:5000, Santa Cruz Biotechnolo-
2y). Proteins were detected with an enhanced chemi-
luminescence kit (Millipore) and autoradiography,
following the manufacturer’s recommendations. The
bands were scanned for densitometric analysis.

Endothelin ELISA

Endothelin-1 levels were analyzed using a
commercially available ELISA kit {(Endothelin-1 (1-31)
Assay kit; Immuno-Biological Laboratories Inc.) ac-
cording to the manufacturer’s inshuctons. Tissue
homogenates and standards were added to the
pre-coated wells and incubated overnight at 4°C.
Endothelin-1 was captured by the antibody and then
detected by adding the labeled antibody and the
chromogen. The optical density of the samples was
read at 450 nm by a plate reader and was compared to
a standard curve generated from known concentra-
tions of endothelin-1 that ranged from 1.56 to 200
pg/mL. The protein concentrakion in the tissue ho-
mogenates was determined by the Lowry method
{BioRad). The endothelin-1 concentration was nor-
malized by the amount of protein added to the well.

Statistical analysis

The results are presented as the mean + 5.E. The
significance of the differences between the groups
was assessed by analysis of variance (ANOVA) using
the Bonferroni correction for multiple comparisons.
All of the comparisons passed the normality test. Sta-
tistical significance was defined as having p values
<{.05.

Results

Mild and severe ischemic insult leads to pro-
gressive increase in proteinuria.

As expected, 45 min of renal ischemia induced a
progressive increase in proteinuria from 21.8 + 3.4
(one month) to 320.4 + 22.8 mg/24 h (nine months
post-ischemia) {Figwre 1). A brief period of ischemia
(20 min) also induced a progressive increase in uri-
nary protein excretion, although the extent was sig-
nificantly lesser than in the group with 45 min ische-
mia, from 12,1 2.2 fone month) to 189.6 + 36.2 mg/ 24
h (9 months post-ischemia). In contrast, rats that suf-
fered a minor ischemic insult (10 min) did not develop
proteinuria after the nine-month follow-up.
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Figure |. Effect of various durations of ischemia on prateinuria develop-
ment. Faur groups were inciuded: sham (S}, and rats thas underwent bilateral renal
ischemia of 18, 20 or 45 min duration. The urinary protein excretion was determined
every 30 days: sham {white dircles, n=4), IR 45 min {black squares, n=5), /R 20 min
{dark gray squares, n=5} and VR 10 min (gray squares, n=5). *p<0.05 vs.
Sham-operated rats and ¢ p<0.05 vs. IR 45 group,

The progressive increase in proteinuria in-
duced by a brief ischemic period is reduced by
spironolactone administration after the is-
chemic insuit.

We next evaluated the effectiveness of
post-ischemic treatment with spironolactone to pre-
vent long-term functional, structural and molecular
damage. The progressive increase of proteinuria in-
duced by 20-min of ischemia was significantly less-
ened after nine months in the groups treated with
spironolactone immediately (Sp0) or 1.5-h {Sp1.5) af-
ter ischemia (3.7 + 185 and 66.1 + 19.2 mg/day, re-
spectively) (Figure 2A). Despite the presence of pro-
teinuria in the untreated ischemic group, the rats did
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not exhibit renal dysfunction at the end of the ex-
periment; similar values of renal blood flow and cre-
atinine clearance were observed among the groups
(Figures 2B and 2C). None of the rals presented with
an increase in mean arterial pressure, indicating that
phenotypic changes are directly related to the dura-
tion of ischemia and not secondary to systemic hy-
pertension (Figure 2D).

Long-term renal structural changes induced by
a brief ischemic period

Representative light microscopy sections from
rat kidneys stained with periodic acid-Schiff are
shown in Figure 3A-D. IR induced structural changes
characterized by glomerular hypertrophy, glomeru-
lasclerosis, and cast formation {Figure 3B). In contrast,
the Spl and Sp1.5 groups exhibited glomerular and
tubular archifecture similar to those observed in
sham-operated rats (Figure 3C-D). Accordingly, the
untreated ischemic group exhibited an increase in the
percentage of glomerulosclerosis {14.4%), which was
not observed in rats treated with spivonolactone
(Figure 3E). Renal hypertrophy was evaluated by
kidney weight. Despite similar body weights among
the groups, the kidney weight and body weight ratio
(KW /BW) was 40% higher in the IR group than in the
sham operated group (8.0042 + 0.0004 vs. 0.00291 &
0.0001, p=0.03), as shown in Figure 3F. This renal hy-
pertrophy was not observed in any of spironolac-
tone-treated groups (0.0030 + 0.0001 and 86.0032 *
0.0001 for Sp0 and Spl.5, respectively). '

o 4

1

]

5 3

2e

Ot 4L

£ E

£

b 1

=4

15
Oy

g F0]

)

]

@ 904

a

&

EE oo

¢ E

L

c 3]

(]

3

= o

S utxl Spo

Spl.s

Figure 2. Mild acute kidney injury leads to the development of proteinuria, and the effect was ameliorated by spironolactone administration, Four graups
were included: sham (S, w=4), rats that underwent bilateral renal ischenia far 20 min {UTx], a=5) and rats that received spironofactone (29 mgfkg) at G or 1.5 hours after ischemia
{5p0, and Sp1.5, respectively, n=4). A) Urinary protein excretion was determined every 30 days during the follow-up: sham {black circles), A-C {black squares), Spl igray squares)
and Sp1.5 {gray trangles). At the end of the $-month period, B} creatinine clearance, C) reratblood flow and D) mean arteriai pressure were determined in the sham (white bars),

untreated ischemic group (black bars}, and spironohctene-treated graups (gray bars), *p<.05 vs, sham operated rats and #P<0.05 vs. the UTd group.
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Figure 3. Twenty minutes of bifateral renal IR led to renal structural injury, which can be prevented by spironolactone administration. Representative
images of periodic acid-Sehiff (PAS)-stained sectians fram A} Sham (n=4), 8} untreated ischemic group (n=5), C) Sp0 {n=4} and D) Sp1.5 {n=4} groups. The mzin effects observed
were; Tubular difation, tubular cast formation and glomeruiar selerosis. Original magrification: X 80, E} Glomenslosclerosis percentage and £} Ratio between kidney weight and

body weight (KYW/BW]}. *p<0,05 vs. all the groups.

Figure 4 shows the representative microphoto-
graphs from kidney slides stained with Sirius red and
the morphometric analysis of the various groups. The
untreated ischemic group exhibited a significant area
affected by tbulointerstitial fibrosis {Figure 4C-4D).
Tn contrast, the spironolactone-treated groups showed
practically no staining for Sirius red (Figure 4E-4H)
These observations were confinmned by the morpho-
mefric analysis presented in Figure 4B,

Long-term molecular changes induced by a
brief ischemic period and prevention by spi-
ronofactone,

The role of the TGF-p pathway in promoting the
observed fibrosis was assessed. The ischemic un-
treated group exhibited a significant increase in
TGE-p protein levels (Figure 5A). To assess the acti-
vation of this pathway, the renal levels of a down-
stream effector of the TGF- pathway, phos-
po-Smad-3, were evaluated by Western blot analysis
(Figure 5B). Accordingly, phospho-5mad3 was sig-
nificantly elevated in the untreated ischemic group.
Similar to the effect abserved at the TGF-p level, the
increased phosphorylation of Smad-3 was not ob-
served in the spironolactone-treated groups. Addi-
tionally, the structural injury was associated with a
significant up-regulation of renal a-SMA protein lev-
els. This progressive increase was prevented in the
spironolactone-treated groups (Figure 5C).

Recently, it was suggested that endothelin-1 ac-

tivation and enhanced ET 4 expression may contribute
to the progression of AKI to CKD (18). For this reason,
the protein levels of ET-1 and its receptors ETa and
ETp were measured. Although no difference in the
infra-renal content of ET-1 was observed (Figure 6A),
we found an up-regulation of ET4 receptors in the
untreated ischemic group, and the effect was pre-
vented by spironolactone treatment (Figure 6B). Re-
garding the ETy receptor, an up-regulation in all is-
chemic groups was observed (Figure 6C).

Discussion

The development of CKD in the years folowing
an AK! episode is a major public health issue, and it is
associated with poor quality of life in the patients and
increased expenses fo the health system. The associa-
tion between AK! and CKD has been consistently
recognized in several epidemiological studies. For
example, complele recovery of renal function after an
episode of AKI in patients with normal baseline kid-
ney function is associated with increased risk of the
development of incident stage 3 CKD (5). Moreover,
Chawla LS et al. showed that the severity of the AKI
episode is strongly associated with the risk of CKD
progression (16). However, most of the experimental
studies, including a study from our laboratory
(15;19;26-29), investigating the possible association
between AKI and CKD have focused on the long-term
effects of a severe ischemic lesion; therefore, more
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information on the effects of a brief period of ischemia
on chronic renal injury is required. In this study, we
First characterized whether the severity of the is-
chemic insult was associated with the presence and
intensity of chronic renal injury induced by renal bi-
lateral ischemia. Rats that underwent a longer period
of ischemia {45 min} developed heavy proteinuria

beginning in the third month after ischemia, as we
previously reported (15). A mild period of ischemia
(20-min) also induced a progressive increase in pro-
teinuria, but this was evident only after 5 months of
the initial insult and was less severe compared with
the longer-period ischemia group.

Tl Fibrosis %

Figure 4. Tubulointerstitial fibrosis development after 9 months of renal ischemia. Representative light micrographs after Sirius red staining showing the presence of
fibrasis {in red) from the A Sham {n=4}, C and D} ischemic untreated ischemic group {n=5), E and F) Sp0 (n=4) and G and H) Sp1.5 (n=4). B) The percentage of whulointerstitial
fibrosis in each of the five grotps at the end of the 270-day experiment was guantified by masphometric analysis for sham (whice bars), unrreated ischemic group (black bars), and
spironohactone-treated groups (gray bars), Qriginal magnification: X100 (A, C, E, G) and X400 (D, F, H}. *p<0.05 vs. all the groups.
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Figure 5. Molecular changes assoctated with the pro-fibratic TGF-B pathway activation. A} TGF-§ protein levels were quantified by Western blot, &) p-Smad1 and
C) a-smaoth muscle acsin (a-SHA); the densitometric analysis is depicted in the graphs for the sham {white bars, n=4}, untreated ichaemic group {blck bars, n=5), and
spironolactone groups (gray bars, n=4}, In each panel, the upper insets depict representative blots of the corresponding proteins. *p<0.05 vs, sham operated rats.
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Figure §. Molecular changes associated with the endothelin pathway. A) Protein levels of endothelin were guantified in renal tissue by an ELISA assay, B) endothelin
receptor A (ETa),and C) endothelin receptor B (ETe) protein levels. Sham (white bars, n=4), untreated ischemic group {black bars, n=5), and spironolactonestreated groups (gray
bars, n=4). * p<0.05 vs. sham operated rats.

In contrast, a brief period of ischemia (10 min}  exhibited structural and molecular damage, evi-
did not lead to proteinuria by the conclusion of the  denced by glomerular and tubular injury, as well as
experiment (9 months after ischemia); we cannot ex- by effects on pro-fibrotic signaling pathways.
clude the possibility, however, that rats would de- We previously reported that spironolactone ad-
velop CKD after a longer period of ime. This finding  ministration before or after ischemia may be a useful
is important because many patients in whom AKI  strategy to prevent the development of CKD induced
may not be accurately diagnosed may be at risk of by a longer period of ischemia. However, this is-
developing chronic renal injury that may compromise  chemic insult can only be extrapolated to renal trans-
renal function. Indeed, a recent study from Linder A, plant or cardiac surgery patients. To investigate a
et al. (30) showed that patients who underwent amild  model closer to the common clinical situation, such as
AKI episode have significantly decreased long-term  patents receiving contrast media or hospitalized pa-
survival than critically ill patients with no signs of  tents with lower degree of hypoperfusion, in this
AKIL Although proteinuria developed in rats that study, we investigated spironolactone efficacy in
underwent 20 min of ischemia, the renal function of  preventing chronic renal injury induced by mild is-
the rats was normal nine months after ischemia. These  chemic injury when administered after ischemia. A
data suggest that the structural injury might be  brief period of ischemia induced structural changes,
masked by the glomerular compensatory hypertro-  such as glomerular hypertrophy, glomerulosclerosis,
phy and the nephron functional reserve at this ime  and extensive tubulointerstitial fibrosis. All of these
after mild ischemia, Therefore, although renal dys-  changes were completely prevented by spironolac-
function was not present at this time, these animals  tone administration immediately or up to 1.5-h after
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ischemia. Various mechanisms underlying the asso-
ciation between AKI and CKD have been proposed
and include chronic hypoxia, abnormalities in the cell
cycle of epithelial cells, inflammation, endothelial
injury and capillary ravefaction (19;21;29;31). Recently,
Kramann et al. (32) showed a reduction in the total
number of capillaries and the single capillary area and
its perimeter in mice that underwent a severe ische-
mia, whereas in moderate ischemia, although the
number of cortical capillaries did not change, the size
of the capiliaries was significantly smaller, suggesting
that mice with moderate ischemia may also be a target
of clronic hypoxia cycles that eventually induce ca-
pillary rarefaction after a longer period of time, In-
deed, we observed that a mild ischemic insult led to
chronic renal injury.

After an ischemic injury, many pathways are ac-
tivated fto promote tubule regeneration; however,
some of these pathways remain activated even if the
repatr is complete, typical of the TGF-f} pathway. This
mechanism is of particular importance because TGF-p
may promote fibroblast trans-differentiaion into
myofibroblasts and the consequent pro-fibrotic phe-
notype (33). Indeed, we found that the protein levels
of TGP-B, as well as the downstream effector
p-Smad3, are increased in rats that underwent a brief
period of ischemia. Moreover, an increase in o-SMA, a
myofibroblast marker, was also observed. These ef-
fects were prevented in the spironoclactone-treated
rats except for the TGF-§ elevation in the 5p1.5 group,
however the SMAD-3 phosphorylation was lesser
than the untreated ischemic group, suggesting inhib-
itory SMADs could be inhibiting SMAD-3 phosphor-
ylation.

A recent report suggested that endothelin-1 ac-
tivation and enhanced ETa expression may be impli-
cated in the progression from AKI to CKD (18}
Therefore, we studied the levels of the endothelin-1,
ETA and ETg receptors. We could not detect an in-
crease in endothelin-1 levels; however, this discrep-
ancy may be explained by the stage of CKD in which
endothelin expression is assessed. In severe CKD,
when an extensive area is injured, these cells do not
contribute to endothelin production. The differences
between rat vs, mice and the effect of bilateral ische-
mia vs. unilateral ischemia may also account for these
results. However, we cannot exclude the idea that
endothelin is indeed participating in the progression
of CKD), because enhanced expression of the ET, and
ETg receptors in the rats that underwent mild ische-
mia was found. Interestingly, the spironolactone
treated rats did not present an up-regulation of the
ETa receptor. These data suggest that after ischemia,
ETa remains active and the balance of the receptors
may favor the vasoconstrictor effect, which may en-

hance the chronic hypoxia. In contrast, in spironolac-
tone treated rats, this balance may favor the ETg re-
ceptor, thereby promoting normal perfusion of the
kidney and preventing chronic renal injury.

In sunumary, we provide evidence that in an
experimental model of AK], the duration of ischemia
is correlated with the strength and timing of the onset
of proteinuria. A mild ischemic lesion was enough to
produce progressive proteinuria, renal hypertrophy,
glomerular injury, and tubulointerstitial fibrosis. The
structural changes were associated with increased
TGF-B  pathway activation and ETs receptor
up-regulation. These changes were prevented or re-
duced by spironolactone even if administered after
the ischentue insult had occurred. Our data demon-
strate the effectiveness of MR antagonism in pre-
venting chronic renal injury induced by a mild is-
chemic insult in a model of a clinical situation.
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Despite clinical recovery of patients from an episode of
acute kidney injury (AKI), progression to chronic kidney
disease (CKD} is possible on long-term follow-up. However,
mechanisms of this are poorly understood. Here, we
determine whether activation of angiotensin-ll type 1
receptors during AKI triggers maladaptive mechanisms that
lead to CKD. Nine months after AKI, male Wistar rats
develop CKD characterized by renal dysfunction,
proteinuria, renal hypertrophy, glomerulosderosis, tubular
atrophy, and tubulointerstitial fibrosis. Renal injury was
associated with increased oxidative stress, inflammation,
a-smooth muscle actin expression, and activation of
transforming growth factor fi; the latter mainly found in
epithelial cells. Although administration of losartan prior to
the initial ischemic insult did not prevent or reduce AKI
severity, it effectively prevented eventual CKD. Three days
after AKI, renal dysfunction, tubular structural injury, and
elevation of urinary biomarkers were present. While the
losartan aroup had similar early renal injury, renal
perfusion was completely restored as early as day 3
postischemia, Further, there was increased vascular
endothelial growth factor expression and an early
activation of hypoxia-inducible factor 1 &, a transcription
factor that regulates expression of many genes that help
reduce renal injury. Thus, AT1 receptor antagonism prior to
ischemia prevented AKI to CKD transition by improving
early renal blood flow recovery, lesser inflammation, and
increased hypoxia-inducible factor 1 @ activity.
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patients who are undergoing major cardiac surgery,
experiencing hemorrhage, dehydration, septic shock,
diabetes mellitus, or receiving nephrotoxic drugs or contrast
media (see review, by Bonventre).! The hatlmark of ischemic
AKI is the reduction in renal blood flow {RBF},” provoking
endothelial and tubular epithelial injury.™ For many years, it
was believed that patients recovering from an AKI episode
had no further consequences in the kidney function. How-
ever, it is now known that AKI constitutes a risk factor for
the development of chronic kidney disease (CKD) and the
transition from CKD to end-stage renal disease (ESRD),>™®
A recent meta-analysis that included 13 major studies with
patients who experienced an AKI episode concluded that AKI
is an independent risk factor for CKD development.® More-
over, from a large number of patients who may suffer an AKI
episode throughout their life, it is estimated that 20% would
develop CKD in the next 3 years, meaning an estimated 0.3
million patients in higher-income countries and 1.8 million
patients in lower-income countries.’®
During AKI, a number of signaling pathways are activated
to repair the affected structures. However, for reasons that are
not completely understood, this can lead to cell proliferation,
hypertrophy, and disproportionate extracetlular matrix pro-
duction.” In the postischemic kidney, renal vasoconstriction
is enhanced because of an Imbalance of vasoactive sub-
stances.'’™" In addition, the number of vessels in the outer
medulla decreases as a result of capillary rarefaction,'*'® This
pracess can be facilitated by the downregulation of vascular
endothelial growth factor.'” Therefore, the reduction in the
nuimber of vessels generates chronic hypoxia that leads to
progressive deterioration of the tubular epithelium, leading to
cell cycle arrest and epigenetic alterations that eventuatly
cause the progressive development of tubulointerstitial
fibrosis.'>"? Thus, it is essential to delve deeply into the
mechanisms by which an AKI episode can trigger an inade-
quate renal response.
We have recently characterized a model of CKD induced
by a single ischemic process in the rat. After recovering
from the AKI episode, the animals exhibited progressive

ﬁ cute kidney injury (AKI) is a common complication in
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proteinuria, renal dysfunction, and significant histological
alterations. Mineralocorticoid receptor blockade before the
ischemic insult completely prevented the development of AXT
and thus the progression to CKD. Interestingly, spi-
ronolactone administration 1-3 h after ischemia also pre-
vented transition from AKI to CKD, implying that activation
of the rennin-angiotensin-aldosterone system is involved in
the progression to CKD after an AKI episode. We also
observed that renal function was completely recovered
10 days after the AKI episode, but signs of inflammation in
the kidney persisted that were associated with progression
from AKI to CKD along the following months.*” We previ-
ously showed that angiotensin 1! receptor blockade (ARB) did
not prevent AKI induced by unilateral ischemia and because
of the cross-tatk between vascular and inflammatory effects of
angiotensin II, in the present study, we analyzed to what
extent ARB with losartan before the ischemic insult was
effective in abrogating the severity of the AXI episode and/or
the progression to CKD after the AKI episode was resolved.

RESULTS

Figure 1 shows the renal function, structural findings, and
biochentical parameters after 24 h of ischemia, Mean arterial
pressure was similar among the groups (Figure la). Renal
injury induced by 45 min of bilateral ischemia was charac-
terized by a significant reduction in the RBF (Figure 1b),
reduction in creatinine clearance {Fignre 1c), increased serum

a b
o 150 15
‘_EI e
5 E 100 SE 10
Ba 5%
S350 2z 5
o -
28 s
& gil., 0
£0 i

Proteinuria
ma/24 h

ey ;-mn = - B0

180 E‘_g]
= 2 S 40 g
< 120 ‘;:,23
5 23 20
g 60 28
T Y5

0 E oles=

aldosterone (Figugre id), elevation of proteinuria (Figure le),
and severe tubular injury (Figure 1f and 1h). Renal injury was
also evidenced by the significant elevation of urinary bio-
markers Hsp72 and Kim-I (Figure li and j, respectively),
Ischemic renal damage was associated by nitric oxide reduc-
tion (Figure 1k} and elevation of oxidative stress (Figure 11) as
we previously reported.?””” All of these alterations were not
modified by losartan pretreatment, including the elevation of
serum aldosterone. Thus, the development of AKI after a
single ischerhic insult was neither prevented nor reduced by
losartan administration.

Int another set of experiments, the animals were followed
for 9 months after the ischemic insult with and without
losartan pretreatment and compared with their respective
control groups. As Figure 2a shows in the first 90 days after
AKI recovery none of the groups exhibited proteinuria.
However, a progressive increase was observed in the untreated
ischemic group (UTxI) compared with the sham and losartan
control groups, The increased proteinuria was not observed in
the animals exposed to ischemia, but previously {reated with
losartan (Los-Pre), in spite of similar AKI degree {Figure la).
None of the rats developed hypertension (Figure 2b}, as we
previously reported.”® Therefore, all functional and structural
alterations were associated with the ischemic process. At the
end of the experimental period, UTx] group exhibited a sig-
nificant reduction in creatinine clearance (Figure 2c), which
was accomparied by a slight reduction in RBE These renal
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Figure 1| The prophylactic administration of losartan did not prevent renal Injury induced by ischemia/reperfusion, (a} Mean arterial
pressure, {b) renal blood flow, (c} creatinine clearance, (d} serum aldosterone, (e} proteinuria, Sham n = at least 7, UTxl n = at least 6, and

Los-Pre n = at least 8 rats; each rat represents ane experiment. {f-g) Periodic acid-Schiff-stained kidney slides from an UTxl and Les-Pre groups,
respectively, (h} tubular injury percentage, total tubules taken fike 100%, and was determined in at least 5 rats per group. {I} Urinary Hsp72
levels by western blot (n = 6 rats per group, one assay), (j) urinary Kim-1 excretion (n = 8, one assay, {k) urinary NO,/NO; excretion {n = 5, one
assay), and {1} urinary H,0; excretion (in at least 6 per group, one assay) in sham {white bars), ischemic (black bars), and Los-Pre (gray bars). All
parameters were analyzed 24 h after ischemia, and data are shown like mean £ s.e. ™P < 0.05 versus sham group by analysis of variance and
the Bonferroni test.
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Figure 2| The prophylactic administration of losartan prevents the progression to chronic kidney disease after an acute kidney injury
episode. (a) Urinary protein excretion measured every 30 days during follow-up: open circles represent sham-operated rats {n = at least 6);
open squares represent rats that received losartan {50 mg/kg per day} 3 days before sham surgery (n = at least 6); black circles represent rats
that underwient renal bilateral ischemia (n = at least 9); gray squares represent rats that received fosartan 3 days before renal bilateral ischemia
{n = 8}, {b} Mean arterial pressure (n = at least 6 per group), (¢} creatinine clearance (n = at least 7 per group), and (d} renal blood flow {n = at
feast & per group). All parameters were determined after $ months in sham {white bars), Los (second white bars), ischemic (black bars), and tos-
Pre groups (gray bars). *P < 0.05 versus all groups, ®p < 0.05 versus Los-Pre group, both by analysis of variance and the Bonferroni test,

UTxI group was confirmed by the glomerulosclerosis per-
centage {18%), whereas the Los-Pre group was safeguarded

functional changes were not observed in the ischemic group
that received losartan.

Nine months after AK] episode was recovered, histopatho-
logical analysis revealed that the UTxT group developed severe
structural damage, such as glomerular hypertrophy, tubular
atrophy, and cast formation (Figure 3¢), compared with
control groups {Figure 3a and b). These changes were absent
in the Los-Pre group (Figure 3d). Glomerular injury in the

from glomerulosclerosis (Figure 3e). A strong correlation
between glomerulosclerosis and  proteinuria was found
{Figure 3f, P = 0.0001). ‘

The UTx] group developed significant renal hypertrophy,
as their kidney weight was 74% heavier than that of the

control group (Supplementary Figure S1A online). The
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Figure 3| An acute kidney injury episode leads to extensive structural alterations and prevention by losartan. Representative images
of periadic acid-Schiff-stained kidney sections from (a) sham-operated, (b) Los, {c) UTxl, and {d} Los-Pre (magnification x100). (e} The per-
centage of glomerulosclerosis was quantified by counting at least 50 glomeruli, which were considered 100% in sham, n = 7 (white bars), Los,
n = 8 (second white bars), UTx}, n == 7 {black bars}, and Los-Pre, n = 8 {gray bars). (f} Pearson correlation between glomerulfosclerosis % and
urinary protein excretion. *P < 0.05 versus all groups by analysis of variance and the Bonferroni test,
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Figure 4| Chronic kidney disease induced by an acute kidney injury episode was associated with tubulointerstitial injury and
prevented by losartan pretreatment. Representative light micrephotographs of kidney slides stained with Sirius red from (a, b) sham-
operated, (¢, d} Los, (e, f} UTx}, and (g, h) Los-Pre group {magnification x 100 or x400, respectively),

animals that developed CKD had a higher percentage of
glomeruli with diameters greater than 151 {tm, compared
with the sham or the los-Pre group (Supplementary
Figure SI online).

An extensive area was aftected by tubulointerstitial fibrosis
in the UTxl group (Figure 4e and f) compared with the
control groups (Figure da—d). The Los-Pre group exhibited
little staining for Sirus red (Figure 4g and h). These obser-
vations were confirmed by the morphometric analysis
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presented in Figure 5a. Tubulointerstitial fibrosis exhibited a
strong correlation with proteinuria (Figure 5b, P = 0.0001).
Tubular diation was observed in the UTxI group, exhibiting
a 16.7% greater width than the sham-operated group or
the Los-Pre group {543 + 1.4 vs, 474 £ 1.1, or 49.2 & 1.6,
respectively, P < 0.05). In addition, the UTxI group
showed higher renal smooth muscle actin {¢-SMA) protein
levels than the control groups (Figure 5¢). In contrast,
the ischemic group receiving losartan treatment did not
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Figure 5| Involvement of tubule-interstitial fibrosis, proteinurla, and o-smooth muscle actin (SMA} in the acute kidney injury {AK)
transition to chronic kidney disease {CKD). (a) Percentage of tubulointerstitial area affected by fibrosis {n = at least 6 per group), evaluated in
10 fields per each rat. (b} Pearsan carrelation between proteinuria and tubulointerstitial fbrosis. (¢} Insets and densitometric analysis of the
western blot of «-SMA and B-actin, respectively (n = 4 per group by duplicate). {d} Urinary Kim-1 levels (S and Los: n = 4, UTxl and Los-Pre: 6 per
group, one assay) for sham-operated {white bars), Los (second white kars), UTxi (black bars), and Los-Pre {gray bars). *P < 0.05 versus all groups
and P < 005 versus sham-operated rats by analysis of variance and the Bonferroni test. TIF, tubulointerstital fibrosis.
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Figure 6| Pro-fibrotic transforming growth factor-f} (TGF-B) cytokine contribution to chronic kidney disease pragression, {(a} TGF-B
mMRNA levels were quantified by real-time reverse transcription-polymerase chain reaction, §, n = 7; Los, n = 8; UTx, n = 6; and Los-Pre group,
n = 7, by duplicate. (b} Renal cortex TGF-f protein [evels were assessed by tissue microarray immunohistochemistey and digital image analysis
per triplicate in at least 4 rats per group; the protein levels were quantified as total density expression of TGF-J3, three different sections per rat.
(€} insets and densitometric analysis of the western blot of ColtAl and B-actin, respectively; n = 4 per group by duplicate, Representative
images of kidney tissue microarray and immunohistochemistry for TGF-B in {d} sham-operated, {e) Los, {f} UTx|, (g} Los-Fre {magnification
%400), and (h} isotype control, {i} Pearson correlation between TGF- total expression and tubulointerstitial Rbrosis. Sham-operated {white
bars), Los (second white bars), UTx] (black bars), and Los-Pre {gray bars). *P < 0.05 versus all groups by analysis of variance and the Bonferroni

test, TIF, tubulointerstital fibrosis,

show this renal o-SMA upregulation. Renal structural
damage was also confirmed by wrinary kidney injury
molecule-1 levels (uKim-1).>**! The UTxI group displayed a
fourfold increase in uKim-1 (Figure 5d). The renoprotection
conferred by prophylactic losartan administration was also
demonstrated by the normalization of tubular atrophy and
uKim-1.

Figure 6a shows that the renal cortex transforming growth
factor-P (TGF-B} mRNA levels were significantly enhanced in
the UTxE group, an effect that was reversed by losartan
treatment. This finding was corroborated by TGF-§} immu-
nohistochemistry from renal microarrays derived from the
different studied groups {Figure 6d-g). The UTxI group
exhibited greater TGF-f staining, mostly in the tubufar
epithelium (Figure 6f), compared with the control groups
{Figure 6d and e}. This staining was not observed in the Los-
Pre group (Figure 6g). Accordingly, digital image analysis
from these microphotographs revealed a significant upregu-
fation of TGF-B (Figure 6b) in the UTxI group, which was
reversed by losartan administration preischemia. As a resuit
of TGF-f activation, collagen 1 protein levels were signifi-
cantly enhanced; this effect was not seen in the Los-Pre
group (Figure 6¢). The influence of TGF-f on renal fibrosis

Kidney International (2016} 89, 363-373

was indicated by the significant correlation between the
total expression of TGPF-f and tubulointerstitial fibrosis
{P = 0.001, Figure 61).

Tubular epithelial proliferation was assessed by immuno-
staining of proliferating cell nuclear antigen and Xi67. Pro-
liferation was very low in the contrel groups, as shown by
representative microphotographs and by counting positive
tubular epithelial cells (Figure 7a—d}). In contrast, a significant
increase in proliferation was observed in the UTxI group
(Figure 7e and g, respectively), In the Los-Pre group, the
observed proliferation was similar to the control group
{Figure 7{ and h, respectively).

All functional and structural alterations observed in the
UTxI group were associated with greater oxidative stress,
which was assessed by the urinary excretion of H,0,
(Supplementary Figure 52A online), in spite of increasing
intra-renal G6PD mRNA levels (Supplementary Figure S2B
online). Interestingly, oxidative stress enhancement was not
observed in the losartan-treated group. Another event
involved in the progression to CKD is the activation of
inflammation. Consequently, monocyte chemoattractant
protein 1 and interleukin-6 mRNA levels were upregulated in
the UTxI group (Supplementary Figure S2C-D online). This
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Figure 7 | Tubular atrophy observed in rats with chronic kidney disease was associated with epithelial cell proliferation and preserved
by losartan. Tubular proliferation was assessed by proliferating cell nuclear antigen (PCNA) and Kis7 immunohistochemistry as shown in the
representative microphotographs from kidney slides (magnification x400). (a, ¢} Sham-operated rats. (b, d) Los. {e, g) UTxl, {f, h} Los pre. The
mean + SD of PCNA and Ki67-positive epithelial cells is shown under the corresponding image, *P < 0.05 versus all groups by analysis of

variance and the Bonferroni test,

pattern was not observed in the Los-Pre group, showing a
state of minor inflammation.

To determine the mechanisms by which losartan prevented
the AKI to CKD transition, although AKI development was
not prevented, we studied a set of rats in an early stage
postischemia.

In Figure 8 appears the physiological and biochemical
results at 3 days postischemia. We found that, in the UTxI
group, the renal hypoperfusion and dysfunction persisted
(Figure 8b and c) without proteinuria (Figure 8d). At the
structural level, tubular injury was evident (Figure 8¢) and
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correlated with the elevation of urinary Hsp72 and Kim-1
{Figure 8g and h, respectively). All these alterations were
similarly observed in the Los-Pre group, except in the ecarly
recovery of RBF (Figure 8b).

Figure 9 shows the physiological, biochemical, and mo-
lecular findings at 5 days postischemia. We found that, in the
UTxI group, the renal dysfunction lasted (Figure 9b and 9c}
without proteinuria (Figure 9d), but with urinary Kim-1 that
persisted elevated (Figure 9¢). AH these abnormalities were
not seen in Los-Pre group. Although urinary H,0, elevation
in the UTxI group did not reach statistical difference
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Figure 8| Renal dysfunction and structural injury persist after 3 days of ischemia, and losartan only prevented renal hypoperfusion. (a)
Mean arterial prassure, (b) renal blood flow, {c} creatinine clearance, {d) proteinuria, (e} periodic acid-Schiff-stained kidney slides from an
UTx and (f) Los-Pre groups, respectively; (g} urinary Hsp?72 levels and {h} urinary Kim-1 excretion. Sham operated is represented by white bars,
n = at least 5; UTxl is represented by black bars, n = at least 6 rats; and Los-Pre is represented by gray bars, n = at least 5. *P < 0.05 versus
alt graups, "P < 0.05 versus sham, by analysis of variance and the Bonferroni test.
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Flgure 9| The renal dysfunction and Inflammation persist after 5 days of ischemia but not in losartan pretreated rats. {a) Mean arterial
pressure, (b} renal blood flow, {¢} creatinine clearance, {d} proteinuria, (e} urinary Kim-1 excretion, {f} urinary H,0; excretion, {g} interleukin
(IL)-10 mBNA levels, th) IL-6 mRNA fevels, (i} tumor necrosis factor (TNF)-o0 mRNA levels, and (j} plasma TNF- levels. Physiolegical parameters
and plasma TNF-¢ levels were determined once, whereas mRNA fevels were determined at least by duplicate, Sham cperated is represented by
white bars, n = 5; UTxl Is represented by black bars, n = 5; and Los-Pre is represented by gray bars, n = 4. All parameters were analyzed 5 days
after ischemia, *P < 0.05 versus all groups, ™P < 0.05 versus sham, and P < 085 versus Los-Pre by analysis of variance and the Bonferroni test.

(Figure 9f), interlukin-6 and tumor necrosis factor-o. were
significantly elevated {Figure 9h-j}. Interestingly, the faster
recovery of the renal dysfunction in the Los-Pre group was
associated with normalization of urinary H,0, excretion and
inflammatory cytokines expression.

HIF-le is a transcription factor that promotes the tran-
scription of genes necessary for the survival of the cell when
there is a drop in the oxygen supply. Renal HIF-1¢. mRNA
levels were similar among the groups and were not modified

after 1, 5 (Supplementary Figure 53 online), or 15 days post-
ischemia (Figure 10g). In contrast, the total and nuclear
HIF-1a protein levels, measured by tissue microarray in the
kidney cortex and medulla, increased significantly after
15 days in the Los-Pre group (Figure 10e—f, respectively, and
10i-k, respectively), an effect that was not observed in the UTxl
group (Figure 10c¢, d and k). Most of the expression was
localized into the tubular epithelium. To evaluate the HIF-1a
nuclear transcriptional activity, the protein levels of vascular
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Figure 10} HIF-1¢ and VEGF in the renal cortex after an ischemle event, HIF-1a/protein was assessed after 15 days of ischemia by tissue
microarray immunohistachemistry and digital image analysis per triplicate in at least 4 rats per group in renal cortex (a, ¢, and e} and in renal
medulia (b, d, 2nd f). {a, b} Representative microphotographs of the sham group, (¢ and d} the UTx group, and the (e and f} Los-Pre group.
{g) HIF-1¢. mRNA levels after 15 days of ischemia, {i) total density expression of HIF-1#, three different sections per rat tissue microarray, and
{k} nuclear HIF-1et/protein. (h) Insets of the western blot of VEGF and B-actin, respectively; n = 4 per group by duplicate. {} and 1) VEGF/3-actin
densitometric analysis for dimer and monomer VEGF conformation, respectively. Sham operated is represented by white bars; UTxl is repre-
sented by black bars; and Los-Pre is represented by gray bars. *P < 0.05 versus all groups by analysis of variance and the Bonferroni test. VEGF,
vaseular endothelial growth factor. HIF, hypoxia-inducible factor.
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endothelial growth factor (VEGF) were assessed after 15 days
postischemia. Western blot analysis revealed two bands cor-
responding to the monomer and dimer VEGFE conformation
(Figure 10h). The densitometric analysis of both dimer and
monomer {Figure 10j and 1, respectively) shows a slight
reduction in the UTx group, but the differences were not
significant by analysis of variance. According to the greater
nuclear HIF-1¢ observed in the Los-Pre group, monomer
and dimer VEGF was significantly enhanced (Figure 10h, j
and 1),

DISCUSSION

In this study, we have investigated the mechanisms that lead
to CKD induced by a single AKI episode, and we have also
provided evidence of the impertance of an early intervention,
the prophylactic administration of losartan, for stopping or
slowing down CKD progression. Our data show that,
although losartan pretreatment did not protect the rats
against AK1, it was effective to prevent the transition to CKD.
The UTxI group developed CKD characterized by renal
hypertrophy, renal dysfunction, glomerular hypertraphy,
slomerulosclerosis, tubular atrophy, and tubulointerstitial
fibrosis. These functional and structural alterations were
associated with increased ¢-SMA protein levels, oxidative
stress, inflammation, and activation of TGF-f.

Previously, we showed that angiotensin I blockade with a
low dose of losartan (8 mg/K} did not prevent renal injury
induced by unilateral ischemia, and only a higher dose
(80 mg/K) had a minor effect.” Here, we showed that pro-
phylactic losartan administration did not prevent AKI
induced by severe bilateral renal ischemia. However, after 9
months, the Los-Pre group preserved an adequate renal
function, as well as glomerular and tubular architecture,

Under hypoyic conditions, the transcription factor HIF-14
has a crucial role in regulating the expression of more than
100 target genes involved in cell proliferation, angiogenesis,
ghuicose metabolism, and apoptosis, among others (see review
by Shoji er al.*®), HIF-1¢, expression is regulated by proteo-
somal degradation mediated by prolyl hydrexylase domain
(PHD) containing protein enzymes. Indeed, PHD inhibitors
nat only induced HIF-1¢ activation but also reduced renal
injury induced by ischemia/repertusion,”” subtotal nephrec-
tomy,™ allogenic kidney transplant,” or nephritis.™" These
data suggest that HIF-14 exerts a protective role under AKI,
In this study, we found that HIF-14 mRNA levels were not
different among the groups after 1, 5, or 15 days post-
ischemia, but the total and nuclear HIF-1of expression
assessed by tissue microarray was significantly enhanced in
the Los-Pre group after 15 days of ischemia. This activation
could result from AT1 receptor inhibition by losartan, because
it has been proposed that PHD inhibition induces AT1 re-
ceptor downregulation and a lesser perivascular fibrosis in
coronary arteries.”’ Our data also suggest that after an
ischemic insult there is an ineffective HIF-10 activation to
face the renal hypoperfusion, wvascular rarefaction, and
inflammation. In contrast, losartan treatment was able to
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induce HIF-1¢, nuclear translocation and activation, which
was detected by inducing VEGF transcription. Our data
suggest that VEGF could diminish capillary rarefaction,
improve renal perfusion, and reduce chronic hypoxia.
Although we cannot explain how ARB induced HIF-14 after
15 days of ischemia, it could result by inducing one of the
following: lesser HIF-1¢ degradation, greater HIF-1a/HIF-1f
dimerization, or enhanced nuclear translocation. Qur results
show that the HIF-14 activation after ischemia was associated
with the prevention of AKI to CKD transition, however, the
mechanism by which ARB activates HIF-1¢. remained to be
explored.

After 9 months, the persistent proteinuria in UTxI group
correlated with glomerulosclerosis and  tubulointerstitial
fibrosis, suggesting that abnormal proteinuria is due to
gradual damage to both the glomerular filtration barrier, by
diffuse podocyte effacement and reduction in nephrin
expression (data not shown), and tubular epithelium atrophy
and dilation after an AKI episode. This picture is very similar
to that abserved in the recently characterized Mesoamerican
nephropathy, in which affected patients were normotensive
but exhibited glomerular enlargement, glomerulosclerosis,
chronic tubulointerstitial injury, tubular atrophy, and inter-
stitial fibrosis.”> Thus, our findings support the hypothesis
that this nephropathy is related with one or several episodes
of AKL*

Renal ischemic injury has been associated with atubular
nephrons.33 Therefore, it is likely that, in the first weeks
postischemia, a significant number of nephrons are lost. The
nephron reduction means that the remaining functional
nephrons must compensate for the lost function through
hyperfiltration and hypertrophy. Indeed, renal hypertrophy
was evident in the UTxI group and avoided by prophyiactic
losartan administration. A recent study showed that renal
hypertrophy induced by ischemia depends on the extent
of tubular epithelium death mediated by tumor necrosis
factor-¢, signaling pathway activation.™ These abnormalities
certainly accelerate the deterioration of the functional
nephrons. Thus, it feasible that the Los-Pre group had lesser
atabular nephrons, which is reflected by better renal function
and glomerular structure preservation. Indeed, Pagtalunan
et al.™” showed that losartan postischemia was able to reduce
the number of atubular nephrons.

Proximal tubular epithelial cells suffer death by necrosis
or apoptosis, and others lose their polarity and slough off
after an AKI episode. Consequently, epithelial dedifferenti-
ation and proliferation are triggered with the purpose of
restoring the tubular epithelium. Tubular repair, however, is
altered by processes such as cell arrest'® and epigenetic
changes'” that instead of improving renal architecture
switch on fibrogenesis. Our study showed that the UTxi
group exhibited an atrophic tubular epithelium that was
associated with increased proliferation, assessed by Ki67 and
proliferating cell nuclear antigen. Similar results have been
observed in renal biopsics from patients suffering AKI™
These results indicate that tubular proliferation is
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perpetuated as a maladaptive phenomenon, which was not
seen in the Los-Pre group.

Progressive tubulointerstitial fibrosis is a key player in
chronic renal injury and involves chronic peritubular
inflammation, tubular cell dedifferentiation, and myofibro-
blast activation.””*® Furthermore, sustained teukecyte accu-
mulation and activation inside the kidney could extend
periods of ischemia due to vascular congestion and may
induce direct tubular and endothelial cell damage by the
release of inflammatory mediators.™ In our study, we
observed that an ischemic insult promoted an extensive
tubulointerstitial area affected by fibrosis. This alteration was,
in part, mediated by TGF-f upregulation. Yang et al."® pro-
posed that, after a severe ischemic insult, the tubular
epithelium produces large amounts of TGF-f. Our results
with tissue microarray confirmed these previous findings;
TGE-B was upregulated, and most of the TGF-fi immuno-
staining was found in the tubular epitheliwm. The Abrotic
response was not observed in Los-Pre group. Bechtel o al"”
have shown that injured epithelial cells trigger phenotypical
modulation of fibroblasts to activated myofibroblasts.
Accordingly, we observed that renal ¢£-SMA levels, a marker of
fibroblast transdifferentiation, were increased in the UTxl
group, and this effect was prevented in the Los-Pre group.

Our data suggest that AT, receptors must be blacked at the
moment of the ischemic insult to avoid angiotensin-II
involvernent in the ineffective endothelial and tubular repa-
ration, which occurred in long term. In this regard, and
because AKI occurs in 30% of patients undergoing cardiac
surgery, several clinical studies have examined the effect of
angiotensin-converting enzyme inhibitors (ACEis) or ARB on
AKI incidence. However, inconclusive results have been
published on AK! incidence in cardiovascular surgery:
increased,’® or no change,”™* or even reduced.”** Recently,
Coca et al.** studied the effect of held or continued ACEI/ARB
treatment in patients undergoing cardiac surgery compared
with patients not treated with ACEI/ARB and demonstrated
similar levels of urinary biomarkers such as NGAL,
interlukin-18, Kim-1, and liver-type fatty acid binding pro-
tein among the patients and a reduction in the glomerular
filtration rate in the group that continued with ACEi/ARB
therapy. Furthermore, glomerular filtration rate reduction has
not been attributed as an adverse effect because these drugs
improve peritubular capillary perfusion, which in turn could
reduce tubular ischemia and necrosis.** Unfortunately,
long-term evaluation of patients suffering from AKI and
receiving ACEi or ARB therapy has not been reported.

Previously, we shawed that prophylactic administration of
spironolactone completely prevented AKT and the transition
to CKD.*® In this study, losartan pretreatrnent before
ischemia did not prevent either aldosterone elevation or AKI
severity within 24-h postinsalt, demonstrating that ARB
protection was independent of MR receptor antagonism and
suggesting that aldosterone and angiotensin 11 differentially
regulate both renal hemodynamics and the involvement of
signal pathways for endothelial and tubular reparation,

Kidney Intesnational (3016} 89, 363-373

Our findings not only reinforce the great importance of an
AKI episade as a risk factor for the development of CKD but
also show the deleterions effect of the activation of AT1 re-
ceptors during an ischemic insult and its impact on the lasting
renal function and structure. This study also shows the po-
tentiality of ARB in preventing the AKI transition to CKD by
a mechanism related with the early recovery of RBF, pre-
vention of an inflammatory process, enhanced HIF-1¢0 nu-
clear translocation, and early induction of VEGE after the
ischemic insult. Timely identification of AKI, together with
an effective prophylactic intervention, would have a marked
impact in siowing down CKD progression.

MATERIALS AND METHODS

Al experiments involving animals were conducted in accordance
with the NTH Guide for the Care and Use of Laboratory Animals
(htips://grants.nih.gov/grants/olaw/Guide-for-the-Care-and-use-of-
laboratory-animals.pdf) and were approved by the Animal Care and
Use Commiittee at our Institutions.

Thirty-four male Wistar rats weighing 250-300 g were divided
into four groups—i{(i) sham-operated rats, n = 8 (5); (ii) sham-
operated rats plus losartan (50 mg/kg/day by gastric gavage) 3 days
before surgery, n = 8 (Los); (iii) rats who underwent bilateral renal
ischemia for 45 min, n = 9(UTxI), and (iv} group that received
losartan 3 days before hilateral renal ischemia, # = 9 (Los-Pre)—and
were observed for 9 months. In another set of experiments, 21 rats
from $, 26 from Utx], and 25 from Los-Pre groups were studied and
divided into four different periods: 1, 3, 5, or 15 days after ischemia.
Al animals were kept in a 12:12 h day-night cycle and had free
access to water and food.

Ischemia/reperfusion model

Rats were anesthetized with an intra-peritoneal injection of sodium
pentobarbitat {30 mg/kg) and placed on a heating pad o maintain
core body temperature at 37 °C. Renal pedicles were isolated, and
bilateral renal ischemia was induced using a non-traumatic clamp on
each renal artery for 45 min. Ischemia was verified visually by a
change in the kidney color. Reperfusion was achieved by release of
the clips and eonfirmed by return of oxygenated blood to the kidney.
The incision in the muscle and the skin was closed with 3-0 vicryl
and silk sutures, respectively. For sham surgery, laparofomy anid
remal pedicle dissection, without clamping, were performed in
anesthetized rats.

Statistical analysis

The results are presented as the mean & s.e. The significance of the
differences between groups was assessed by analysis of variance using
the Bonferroni correction for multiple comparisons. All compari-
sons passed the normality test. The differences in the ranks of
glomerular diameters among the groups were evaluated by contin-
gency analysis, and the differences were assessed using the 7 test
with the Yates correction. The correlation among the data was
evatuated by Pearson’s test. Statistical significance was defined when
the I value was < 0.05.

More detailed Methods appear as Supplementary Material.
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México, Distrito Federal, a los 9 dias del mes de mayo de 2013, se celebro el
examen para obtener el grado de DOCTOR EN CIENCIAS, que sustentd
JONATAN BARRERA CHIMAL, de nacionalidad mexicana, registrado con el
nimero de cuenta 303114288, quien curséd los estudios en el periodo
comprendido de 2010 a 2013, y cumplid con los requisites académicos
sefialados en el plan de estudio correspondiente, habiendo presentado la lesis
"ESTUDIO DE LOS MECANISMOS INVOLUCRADOS EN LA LESION
RENAL AGUDA Y SU PROGRESION A ENFERMEDAD RENAL CRONICA:
DIAGNOSTICO Y TERAPEUTICA"

Dirigida por la: Dra. Norma Araceli Bobadilla Sandoval

VAIVERADAD NACIONAL El Comité Académico del Programa designd el jurado, formado por los

AvorerA DE PIEXEC profesores que a continuacidén se mencionan y que fungieron como:
ACTA DE FYAMEN Presidente: D o, Vededco Madihegz ™ %Ci\ ot
Vocal: De. Juan Carlos Gémore Har i Loy

Vocal:

Vocal;

— q - U
Secretario: L, i\J(ffa\"mEi H\UCE.‘& ?336*\)(1(_\&”(1 3‘("\}\&1['11{1.\

Al términc del examan el jurado resclvié: ﬁ 2 \“(5'5\.'1{‘,\('\ 0

CN \H( N \( o oot ‘ L
Se dio por concluido el acto academ:co con las firmas de los sinodales que
en él mtervnnteron "

Q{ L\ | iM\ AL ]

Pres{%dente ./T Sekretario (

Vocal Vocal

"POR MI RAZA HABLARA EL ESPIRITU"
El suscrite, Coordinador del Programa de Doctorado en Ciencias
Biomeédicas, cerlifica que las firmas son auténticas y corresponden al jurado
designado,

DR. DANIEL PINERO DALMAU
COORDINADOR

Por la Direccidn General de Administracidn Escolar

Jefe del Departamento de Examenes y Titulos Subdireclor de Control Documental

5002078213034




UNIVERSIDAD NACIONAL AUTONOMA DE MEXICO
DOCTORADQ EN CIENCIAS BIOMEDICAS
INSTITUTO DE INVESTIGACIONES BIOMEDICAS

ESTUDIO DE LOS MECANISMOS INVOLUCRADOS EN LA LESION RENAL
AGUDA Y SU PROGRESION A ENFERMEDAD RENAL CRONICA
DIAGNOSTICO Y TERAPEUTICA

TESIS
QUE PARA OPTAR POR EL GRADO DE:
DOCTOR EN CIENCIAS

PRESENTA:
JONATAN BARRERA CHIMAL

DIRECTOR DE TESIS:
DRA. NORMA ARACELI BOBADILLA SANDOVAL
INSTITUTO DE INVESTIGACIONES BIOMEDICAS

COMITE TUTOR:
DRA. MARIA EUGENIA GONSEBATT BONAPARTE
INSTITUTO DE INVESTIGACIONES BIOMEDICAS
DR. JULIO EDUARDO ROQUE MORAN ANDRADE
INSTITUTO DE FISIOLOGIA CELULAR

MEXICO, D. F, MAYO DE 2013



UNIVERSIDAD NACIDNAL AUTONOMS DE MEXICO
DOCTORADD EN CIENCIAS BICAMDICAS

MFLCACICHN DE ANGICTENSINA I EN LA PROGREZCK A ENFERMEDAD
RERAL CRONIGA (ERC COMO CONSECUERDIA OF LA LEZI0N RERAL
AGLDA,

TEZR
BUE FARA OFTAR FOR EL GRADOC DE:
DCGTOR EN CIENCIAS

PREGENTA: ROORIGUER ROMO ROXARA MNERVA

TUTOR PRINGIPAL

LRA. NORMA A SOBADILLA BANDOYAL
NATITUTO DE INVESTIGACIONE D BIOMEDICAS

Comitk Tt

Dry. Elepa Zambant GOt ey
Fardbad de pedona

Oy, Carmmens Clapp Jenbner Labars
ratrhnio de Keurpdwiogia

Caadnd de Mevico, Mayo 2318



ALTERACTONES FUSTOLOGICAN FN A PROGRESION

A ENTUVRNMEDAD RENAL CRONICA STULINDARIY A UN

EVINTO DY LESION RENAT AGUDA

TE=DS
OUE PARAOBTENFR E1 UITHLO Di

RN

PRESENT A

ARTURO GOMEZ ROMERO

TUFTORA:

D3R AL NORVIA ARACELEBOBADI LA SANDOVAL

2015

P




G

e i e

Favuirran D CeNTias
Secrebaria Generad
Dyitvisidn oo Patoddios Profosionalos

SR Clomstaein Jde Faunen Profesionnd

A qnivn i‘n!'l‘vﬂp(nhin

P

peie tiiecbive = hewee cotstar goe A rinee Gomes Bomeeo, shoone e

7ode abtd e 2006

IRITECRNT

;.1

v gy ol e bt e dde bty dontome o b TEanmides tod et ante

41y

a Clern ab e A bBmined taoren Pecolar Gt UN AL L Secretann e Bl

aoopsra ehiener s b esdubs prodesioned

Atontamente
SPow A Rz Thapea A B Buelnaen

. . GRS - . .
Crtan Ui |-‘n~n'1‘\g§1‘6\“‘]‘3:*-1-@a,_§ T AnR o 220G

;z? N,

LA LLONAALEY?

i O e

AT AT AU T\

bvirgiera

-

Pliclogion gie se topaite e esta Paovbad s sieronton mpredus et evamen protestonal et de

i




INSTITUTO NACIONAL DE
CIENCIAS MEDICAS
Y NUTRICION
SALVADOR ZUBIRAN

Dr. Jorge Barrios Payan
Secretario de la CINVA
PRESENTE.

Estimado Dr. Barrios:

México, Cd.Mx., a 8 de Mayo del 2018

Por este conducto me permito solicitar el cierre del protocolo: “Implicacidn de la Aldosterona en

el desarrollo de enfermedad renal crénica como consecuencia de una lesion renal aguda” con

registro CINVA: NMN-45-11-13-1, debido a que el protocolo ha concluido.

Sin otro particular por el momento, quedo de usted.

Avenida Vasco de
Quiroga No. 15
Colonia Belisario
Dominguez Seccion XVI
Delegacion Tlalpan
Codigo Postal 14080
México, Distrito Federal
Tel. (52)54870900

WWw.incmnsz.mzx

Atentamente,

S

Dra. Norfha A. Bobadilla Sandoval
Investigador en Ciencia Médicas F
Depto. Nefrologia y Metabolismo Mineral
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INSTITUTO NACIONAL DE . ’
CIENCIAS MEDICAS México Cd., Mx a 26 de abril de 2018.
Y NUTRICION

SALVADOR ZUBIRAN
No. Oficio CINVA 048-18

Dra. Norma A. Bobadilla Sandoval
Depto. Nefrologia y Metabolismo Mineral
Presente.

Estimada Dra. Bobadilla.:

Por este conducto le informo que su proyecto con titulo "IMPLICACION DE LA
ALDOSTERONA EN EL DESARROLLO DE ENFERMEDAD RENAL CRONICA
COMO CONSECUENCIA DE UNA LESION RENAL AGUDA”, con registro CINVA
NMM-45-11-13-1 finalizod en julio 2017. Debido a que el periodo de realizacion y la
prérroga han concluido, le solicito de la manera mas atenta favor de llenar el formato de
cierre del proyecto que se anexa a la presente (en hoja membretada e impresa) y adjunte
los siguientes documentos indispensables para la conclusion del proyecto:

1. Informe final
2. Productos de Investigacion derivados del proyecto (articulos, tesis, libros, capitulos
p
de libro, patentes, presentaciones en congreso, entre otros). ,
e T CIENCIAS
e ACIONAL DE
K msmg{_} _% “g_ AS ¥ Nmmm&r\}‘
Zz‘r; sgALVADO LB RATE

CPARTANMILIN Y ue WET -2
w‘f METABOLISMO MINERAL

e

Sin mas por el momento quedo de usted.

Atehtamente,

Dr. Jorge Rarrios Payan
Secretario de la Comisién de Investigacion en Animales

c.c.p. M.\V.Z. Mariela Contreras Escamilla, Jefa del DIEB

NABS/nom
g INVEST. EXP! _i-HMLNTAL Y
Avenida Vasco de e BIOTERIO
Quiroga No. 15 AV a0 >
Colonia Belisario 0 & MAY 2018 m
Dominguez Seccién XVI ‘ 2 S
e NST. NAL. CIENCIAS MEDICAS
Dglggacmn Tlalpan !YNUTRUGION INGMYN "S.2.7
Codigo Postal 14080 o 2 "
o 5 " ) 1) P
México, Distrito Federal i() L:)' 1A L\’L

Tel. (52)54870900
www.incmnsz.mx
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“2015, Ailo del Generalisimo José Maria Morelos y Pavon”

INSTITUTO NACIONAL DE
CIENCIAS MEDICAS
Y NUTRICION

SALVADOR ZUBIRAN i G 2 : 5
Mexico, D. F., a 10 de Julio del 2015.

Dra. Norma A. Bobadilla Sandoval
Depto. de Nefrologia y Metabolismo
Mineral
Presente.
REF: CINVA-45 NVIM-45-11-13-1

Estimada Dra. Bobadilla:

Habiendo analizado detalladamente el Protocolo de Investigacion Experimental titulado:

“Implicacion de la aldosterona en el desarrollo de enfermedad renal cronica como
consecuencia de una lesion renal aguda”

Este comité ha dictaminado aprobar la prorroga con vigencia de dos afios a partir de esta
fecha. En el caso de concluir antes el protocolo, favor de enviar la carta de cierre del mismo.

Sin mas por el momento quedo de usted.

e HOH
~ Dr. Jorge Barrios Payan ffi@m lNSg!"rUmN.!thr.iﬁ’h?}i"l_'ﬁﬁagfqagg
Comision de Investigacion en Animaleg ‘Gz WEDICAS Y NUTRICIGN |
INChiNS 7 T RAN j
* : OH:
R 22 JUL 15 4 Oloo
B \?Jti";'-'\.‘u.!_\ =N = )
:lNVt:bnGAcno:\jvexgc’—:O N Al
c.c.p. Dr. Gerardo Gamba, Director de Investigacion .Y BIOTERY it

M.V.Z. Mariela Contreras Escamilla, Jefa del Bioterio
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Avenida Vasco de
Quiroga No. 15
Colonia Belisario
Dominguez Seccion xXVI
Delegacion H.llp)mNAB/nOlT]
Codigo Postal 14080
Mexico, Distrito Federal
fel. {(52)54870900
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INSTITUTO NACIONAL DE
CIENCIAS MEDICAS
Y NUTRICION
SALVADOR ZUBIRAN

Comité de la CINVA
Presente

“2015, Afio del Generalisimo José Maria Morelos y Pavon”

México, D.F. a 3 de Julio del 2015

Estimado Comité de la CINVA:

Por este conducto me permito solicitar una prérroga de dos afios del protocolo: “IMPLICACION DE
LA ALDOSTERONA EN EL DESARROLLO DE ENFERMEDAD RENAL CRONICA COMO CONSECUENCIA
DE UNA LESION RENAL AGUDA”, con registro CINVA: NMM-45-11-13-1, la solicitud se basa que
aunque ya terminamos todos los experimentos en animales e incluso hemos publicado ya un par

de articulos, en este momento nos encontramos realizando los estudios moleculares e

histopatoldgicos de otra parte del proyecto por lo que, en cuanto terminemos enviaremos el

manuscrito, sin embargo no sabemos si los revisores nos pediran méas experimentos y nos gustaria

mantener vigente ante la CINVA el protocolo

Agradezco la atencion prestada a la presente.

Avenida Vasco de
Quiroga No. 15
Colonia Belisario
Dominguez Seccion XVI
Delegacion Tlalpan
Codigo Postal 14080
México, Distrito Federal
Tel. (52)54870900
www.incmnsz.mx

Atentamente,

Dra. Norma A. Bobadilla Sandoval
Departamento de Nefrologia y Meatholismo Mineral



INSTITUTO NACIONAL DE
CIENCIAS MEDICAS
Y NUTRICION
SALVADOR ZUBIRAN

Dra. Norma Bobhadilla Sandoval

Depto. de Nefrologiay
Metabolismo Mineral
Presente

Estimada Dra. Bobadilla:

2015, Afio del Generalisimo José Maria Morelos y Pavon”

México, D.F. a 23 de Junio del 2015

Por este conducto le informo que su proyecto: “IMPLICACION DE LA ALDOSTERONA EN EL
DESARROLLO DE ENFERMEDAD RENAL CRONICA COMO CONSECUENCIA DE UNA LESION RENAL
AGUDA”, con registro CINVA: NMM-45-11-13-1 finaliz6 en mayo de este afio. Por lo que, le
solicito de la manera mads atenta me haga saber si el proyecto requerira una prérroga. En caso
afirmativo, favor de enviar a la CINVA el periodo de extensién que solicita y de requerir un mayor
ntimero de animales especificar y justificar como se utilizaran y los procedimientos experimentales
que se llevardn a cabo con los mismos. En caso de no requerir una prérroga favor de llenar el

formato de cierre del protocolo que se anexa a la presente.

Sin otro particular por el momento, quedo de usted.

Avenida Vasco de

Dr. Jorge Barrios Payan

CINVA

Atentamente,
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Quiroga No. 15 c.c.p.Dr. Gerardo Gamba Ayala, Director de Investigacidrc OMITE DE iNVES“GAC‘@

Colonia Belisario
Dominguez Seccion XVI
Delegacién Tlalpan
Codigo Postal 14080
México, Distrito Federal
Tel. (52)54870900
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MVZ Mariela Contreras Escamilla, Jefa del Bioterio.



INSTITUTE NACIONAL DE CIENCIAS MEDICAS Y NUTRIGION
SALVADOR ZUBIRAN

Abril 23, 2012

Dra. Norma A. Bobadilla Sandoval " MEDICAS ¥ NUTRIGION
Investigador en Ciencias Médicas F : —SAINADOR 7‘“—”-'—*-‘?‘”“ ‘1}/
Departamento de Nefrologia y Matabolismo Mineral VU9 MAY 2012 | 0
Presente. B

-

(@ z INGTITUTO NAGIONAL DE cmncmﬂ U/ '
3

ﬂ

ceksl I

DEPTO. DE NEFROLGBIM Y]
ME TABOLISHMO MINERAL )
Con referencia al proyecto de investigacion: “Implicacién te fa-aldosterona en fa

enfermedad renal crénica (ERC) como consecuencia de la lesion renal aguda”.

Registro CINVA: 45
Clave: NMM-45-11-13-1

La Comision de Investigacion en Animales (CINVA), revisdé su respuesta a las
observaciones emitidas por esta Comision y se decidié APROBARLO para su desarrollo.

MVZ., M. Se; Cert.L.A.M. Rafael Herndndez Gonzalez
Coordinador de la Comisidn de Investigacién en Animales

ccp. Dr. Rubén Lisker Y.- Director de Investigacion
MVZ., M.en C. Octavio Villanueva Sanchez .Secretario de la Comision de
Investigacion en Animales

MVZ.M.en C. Ma. de la Luz Streber J.- Comisidn de Investigacion en Animales
Dra. Nimbe Torres y Torres.- Comision de Investigacion en Animales

e Vasco de Quiroga 15,

lnvestigacié'n '
Tradicion Servicio e Delegacion Tlalpan
o C.P. 14000 México, D. F.
Asistencia Docencia
° Tel. 54-87-09-00

20007700



0 0 INSTITUTO NACIONAL BIE CIENCIAS MERDICAS Y NUTRICION
ININ S 7 SALVADOR ZUBIRAN

México D.F. a 11 de Abril de 2012

MVZ. M.Sc. Rafael Hernéndez Gonzélez
Coordinador de la Comisidn de
Investigacion en Animales (CINVA)

Estimado Dr. Hernandez:

Me permito enviarle a usted el proyecto Registro: CINVA: 45, CLAVE: NMM-45-11-13-1, en
el que se realizaron las correcciones indicadas por la Comisién de Investigacion en
Animales (CINVA), desafortunadamente no las imprimimos cuando aparecieron en el

sistema y actualmente no tenemos acceso a las mismas.

Esperando contar con la anuencia de la comisién quedo de usted.

Atentamente

Dra. Nornja A. Bobadilla Sandoval
Investigador en Ciencias Medicas F
Departamento de Nefrologia y Metabolismo Mineral

Investigacion e Vasco de Quiroga 15,
e Delegacion Tlalpan
e (., P. 14000 México, D. F.

e Tel. 54-87-09-00

Tradicion Servicio

Asistencia Docencia

20007700
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E! presente formulario pretende facilitar la evaluacién de su proyecto e identificar las
necesidades de animales de laboratorio, equipo y manejo para su proyecto de
investigacion. Para el llenado de los cuadros consulte la informacion que describe cada
seccién de los mismos:

Fecha de inicio [T o o Fecha de terminacion [~
del estudio: e del estudio:

Indique con el inciso correspondiente las caracteristicas de los animales, condiciones
de alojamiento y maniobras experimentales que requiere el proyecto:

1. 2, 3. 4. No. Totat | 6. 6. 7. 8. Nivel 9. Nivel de | 10. 11.
Especie| Raza, Condicién H M Distribucién Alojamlento Densidad biosegur, afectacién Dasting Eutanasia
cepa microbiol.
Rata Wistar A | e 480 5 por semana AC Animal por Nivel | Categoria [ Sobredosis
caja D Anestesia

intravenosa

1. Nombre genérico o especie: escriba el nombre comun o cientifico de los animales
que empleara en su estudio.

2. Raza o cepa o tipo genético: escriba la nomenciatura que mejor describe las
caracteristicas genéticas del animal que necesita (ej: raton: BALB/c, C57BL6, Cd1,
un/un, Rata: wistar, Fischer 344, sprague-dawiey, NHI, Conejo: nueva Zelanda albino,
Hamster: dorado)

3. Tipo o condiciéon microbiolégica: A) convencional: animal con flora microbiolégica
desconocida, sin signos aparentes de enfermedad, B) SPF: (specific pathogen free)
libre de patégenos especificos (indicar tipo de patégenos indeseables ej: virus,
bacterias, hongos, parasitos), C) Otro: especifique.

4. Numero total: indique el nimero de animales que utilizara en el estudio, H: hembras,
M: machos, incluyendo grupos piloto. En cao de utilizar animales de un sélo sexo
favor de invalidar ia columna correspondiente.

5. Distribucién: indique la cantidad y la frecuencia en que se requiere que se le
entreguen los animales ej: todos en una entrega, 10 cada semana, al mes, bimestre,
trimestre, semestre, etc.

6. Alojamiento: indique con letra el tipo que corresponda:
A) Caja de policarbonato de piso sélido
B) Jaula con piso de malla o rejilla
C) Jaula metabdlica
D) Microaislador
E) Caja de policarbonato de piso sélido con filtro
F) Perrera
G) Corral
H) Corraleta metabdlica
1) Pecera




7. Densidad poblacional: indigue como alojara a los animales ej: un animal por caja,

parejas, 3, 5, etc. Consultar la Norma Oficial Mexicana NOM-062-Z00-1999,
Especificaciones técnicas para la produccidon cuidado y uso de los animales de
laboratorio. Publicada por la SAGARPA en el Diario Oficial el miércoles 22 de agosto
del 2001.

8. Nivel de bioseguridad: Debera indicar el nivel de riesgo bioldgico que existe para el

personal que maneja a ios animales o sus desechos, tanto para los investigadores,
alumnos y técnicos del bioterio.

Nivel 1) Trabajo con agentes quimicos, fisicos o biolégicos que no producen
enfermedad y no son un riesgo para la salud de personas sanas y el medio ambiente
Nivel I) Trabajo con agentes quimicos, fisicos o biolégicos que tienen un peligro
potencial bajo o moderado para la salud del personal y del medio ambiente (ej:
Salmonelosis, Toxoplasmosis, Hepatitis B)

Nivel Hl) Trabajo con agentes quimicos, fisicos o biolégicos que tienen un peligro
potencial alto para la salud humana y animal o pueden producir la muerte cuando
se inhalan (ej: Tuberculosis, Coxiella Burnetti)

Nivel IV} Trabajo con agentes quimicos, fisicos o biolégicos exdticos transmisibles
por aerosoles y mortales para seres humanos y animales (ej: virus ébola, virus
hanta)

9. Nivel de afectacién de los animales indique el nivel de invasividad y el grado de dolor

10.

1"

que sentira el animal durante los procedimientos experimentales o manipulacién:
Categoria A) Experimentos con invetebrados, huevos, protozoarios, organismos
uniceluiares. Uso de metazoarios, cultivo de tejidos u 6rganos obtenidos después
de la muerte del animal.

Categoria B) Experimentos que causen molestia o estrés minimo (inyeccién no
dolorosa, restriccién de movimiento, marcado o aretado de las orejas)

Categoria C) Experimentos que causan esirés menor o dolor de corta duracion,
realizados con analgensia o anestesia (colocacién de canula, biopsia, cirugia menor)
Categoria D) Experimentos que causan estrés o dolor moderado a severo controlado
con anestesia (procedimientos quirdrgicos mayores)

Destino final: indicar el destino final de los animales al termino de los experimentos:
A) Vivo sin cirugia

B} Vivo post-cirugia

C) Cirugia terminal (no despierta de la anestesia)

D) Eutanasia

.Eutanasia indique el método empleado para dar muerte al animal. Consultar la

Norma Oficial Mexicana NOM-062-Z00-1999, Especificaciones técnicas para la
produccion cuidado y uso de los animales de laboratorio. Publicada por Ila
SAGARPA en el Diario Oficial el miércoles 22 de agosto del 2001, capitulo 9,
eutanasia.



En el siguiente cuadro marque con la clave que se indica en el nivel de habilidad y
experiencia de usted y su personal para realizar las maniobras experimentales
mencionadas en la columna de la izquierda.

Clave:

A) Entrenado, habil y con experiencia.
B) Sera entrenado y supervisado por el I.P
C) Requiere instruccién, entrenamiento y supervisién por el personal del D.L.E.B.

En caso de que las maniobras experimentales sean realizadas por el personal del
bioterio se marcara con una X el espacio correspondiente en ia columna D.I.E.B.

Investigador o personal que trabajara directamente con los animales
(investigadores asociados, alumnos, tesistas, ctc)

MANIOBRA

D.I.E.B.

Inmovilizacién

Anestesia
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Implicacién de la aldosterona en la enfermedad renal cronica (ERC) como consecuencia de la
lesion renal aguda

Antecedentes:

La aldosterona es una hormona mineralocorticoide cuya accidn clasica es el mantenimiento del
volumen extracelular a través de aumentar la reabsorcién de sodio y promover la excrecidn de potasio.
La mayoria de las acciones conocidas de la aldosterona, tanto en células epiteliales como no epiteliales
son mediadas a través de |a activacion de los receptores mineralocorticoides, los cuales son capaces de
regular la expresiéon y ftrascripcion de diversos genes (1). Los receptores mineralocorticoides se
encuentran en el tubulo distal y colector pero también se han localizado en otros tejidos como corazon,
cerebro y endotelio vascular. Esta localizacién junto con la evidencia reciente en humanos y en
animales que muestra que la aldosterona juega un papel importante en la fisiopatologia de las
enfermedades cardiovasculares y renales ha modificado en forma importante el conocimiento de las
acciones de la aldosterona (2,3).

El estudio pionero que demostré que la aldosterona participa en la fisiopatologia de la
enfermedad renal, fue realizado en 1996 por el grupo de Thomas Hostetter (4), quienes al utilizar el
modelo clasico de progresion de daiio renal, el de la nefrectomia 5/6 en la rata, demostraron que el uso
combinado de un inhibidor de la enzima convertidora de angiotensina (enalapril) y un blogueador de los
receptores AT1 de angiotensina (losartan), reducia, como era de esperarse, la proteinuria y el
porcentaje de glomeruloesclerosis. Este efecto renoprotector del enalapril y losartan, no era observado
cuando se restablecian los niveles de aldosterona ai mismo nivel que el grupo no tratado. Estos
resultados probaron por primera vez, que el dafio renal en este modelo era mediado en gran parte por
la aldosterona.

En la practica médica, tres estudios, dos piloto y un doble ciego controlade con placebo
evidenciaron que el tratamiento con espironolactona reduce de forma importante la excrecién urinaria de
proteinas en pacientes con ERC, en estos estudios se observé ademas, una correlacion significativa
entre los niveles de proteinuria y los niveles de aldosterona, es decir, los pacientes que presentaban
mayor excrecion urinaria de proteinas eran los que tenian mayor aldostercna circulante (5,6). Estos
estudios clinicos indican que el blogueo de los receptores de mineralocorticoides reduce el dafio renal e
incluso ofrece un efecto protector adicional sobre el uso de inhibidores de la enzima convertidora de
angiotensina y antagonistas de los receptores AT1 en los pacientes con ERC.

Estudios recientes de nuestro laboratorio analizaron el efecto de la administracién de
espironolactona en ratas con nefrotoxicidad crénica por CsA. La administracién de CsA durante 21 dias
indujo dafio estructural renal caracterizado por arteriolopatia y fibrosis tubulcintersticial, asociado a un
aumento en las concentraciones de RNAm del TGF- B, fibronectina y colagena | y V. Por su parte, las
ratas que recibieron simuitaneamente CsA y espironolactona presentaron una reduccion significativa de
arteriolopatia asi como de fibrosis tubulointersticial. Este efecto renoprotector se relaciond con la
prevencién de la sobre-expresién del TGF- B y de proteinas de la matriz extracelular (7). De forma
simultanea la administracion de espironolactona inhibié por completo la reduccion en la depuracién de la
creatinina, lo que sugiere que la aldosterona es un mediador importante tanto del dafio funcional como
del estructural en este modelo de nefropatia y que esta implicada en la regulacién del tono vascular
renal en este modelo.

Para investigar si la aldosterona esta involucrada en la regulacién del tono vascular renal,
estudiamos el efecto de la espironolactona sobre el flujo sanguineo renal y la tasa de filtracion
glomerular en ratas tratadas con CsA durante 7 dias para producir un modelo agudo y reversible con
CsA el cual se caracteriza por vasoconstriccion potente (8). En este estudio observamos que la
administracién de espironolactona inhibié por completo la caida en la tasa de filtracion glomerular
inducida por la CsA, logrando el reestablecimiento del flujo sanguineo renal.

Finalmente completamos el abordaje de este efecto renoprotector al estudiar el efecto de la
espironolactona en ratas tratadas previamente con CsA por 18 dias y con nefrotoxicidad crénica
documentada. Se administrd espironolactona junto con CsA por 18 dias méas y se compard con un
grupo que soélo recibié CsA durante un periodo simifar (9). Aungue no se logré revertir fa disfuncion renal
ya establecida, si se evitdé un mayor deterioro de ia funcion renal. Estructuralmente, la espironolactona
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brindé una proteccién renal significativa asociada a la reduccién del engrosamiento de las arteriolas,
apoptosis y fibrosis tubulointersticial.

En conjunto, nuestros resultados sugirieron fuertemente, que la aldosterona modula el tono de la
vasculatura renal y que en la nefrotoxicidad por CsA produce vasoconstriccion renal y contribuye al
dafio por este inmunosupresor. Si esto es cierto, entonces el bloqueo de los receptores de
mineralocorticoides podria ser un agente protector contra el dafio renal inducido por
isquemia/reperfusion donde la vasoconstriccion renal tiene un papel preponderante.

Fl dafio renal por isquemia-reperfusion (I/R) es la mayor causa de LRA en rifiones nativos y
transplantados (10). La LRA es un sindrome que se desarrolla después de una caida transitoria en flujo
sanguineo renal, produciéndose un incremento abrupto en los niveles de creatinina serica, como
resultado del dafio funcional yfo estructural causado por el rifion. Para investigar el papel de la
aldosterona sobre la vasoconstriccién renal observada en la LRA, utilizamos el modeio de dafio renai
inducido por isquemia/reperfusion. Este modelo se caracteriza por la elevacién de los niveles de
aldosterona plasmatica asi como una caida del flujo sanguineo renal. Las ratas sometidas a isquemia
desarrollaron disfuncion renal, que se caracterizdé por un aumento en los niveles de creatinina sérica,
como consecuencia de la reduccion de la tasa de filtracion glomerular. De manera interesante, en los
tres grupos que recibieron el tratamiento profilactico con espironolactona, se previne completamente la
elevacion de la creatinina sérica, debido al restablecimiento de la funcién renal a valores normales(11).

Estos resultados muestran que la aldosterona participa en el desarrollo de la LRA y que su
bloqued muestra ser una herramienta Util para el tratamiento de este padecimiento. Sin embargo, aun
quedaba la posibilidad de que la espironolactona ejerciera sus efectos por acciones no especificas, es
decir, que la renoproteccion no fuera mediada a través del blogueo de los receptores a
mineralocorticoides, sino a través de un mecanismo indirecto. Para resolver esta interrogante,
disefiamos un estudio para evaluar si la ausencia de aldosterona tiene efectos similares a los efectos de
la espironolactona en prevenir el dafio renal inducido por I/R (12). Por lo tanto, en un estudio publicado
por nuestro grupo recientemente evaluamos si la adrenalectomia, maniobra en la que los niveles Sericos
de aldosterona son practicamente nulos, se previenen las lesiones inducidas por un fenémeno de I/R.
Como era de esperarse, la I/R produjo disfuncién renal y necrosis tubular severa que se asocié con un
aumento significativo de los marcadores de dafio tubular. En contraste, la hipoperfusion e hiperfiltracion,
asi como la necrosis tubular aguda inducida por I/R, no se observé en los animales que fueron
adrenalectomizados antes de inducir I/R.

En conjunto todos nuestros estudios previos sugieren fuertemente que: 1) la aldosterona juega
un papel clave en mediar el dafio renal por I/R, 2) que el efecto benéfico de la espironolactona es
debido a su habilidad de bloquear a los receptores a mineralocorticoides y 3) que el antagonismo de los
receptores a mineralocorticoides puede ser utilizado como una estrategia para prevenir la LRA.

Por ofra parte, estudios recientes han mostrado que el haber padecido de LRA es un factor de
riesgo para desarroltar enfermedad renal cronica (ERC), sin embargo, poco se conoce acerca de los
mecanismos involucrados (13,14,15). Una consecuencia importante de fa LRA es que puede
incrementar la progresion del dafio renal cronico preexistente y el desarrolio de ERC terminal (16). Por
lo que, resulta indispensable el estudio de los mecanismos que desencadena la LRA para afectar la
funcién y estructura a largo plazo y encontrar maniobras farmacolégicas que eviten el desarrollo de
ERC.

Objetivo general

1. Establecer si el bloqueo de los receptores a mineralocorticoides antes o despues de inducir una
LRA severa puede evitar o prevenir la progresion a enfermedad renal cronica.

Objetivos particulares

Desarrollar y caracterizar un modele de LRA que conlleve al desarrollo de ERC.

2. Evaluar los posibles mecanismos responsables por lo que un periodo de isquemia pueden llevar
al desarrollo de ERC. Entre ellos, procesos fibréticos y de trans-diferenciacion epitelio-
mesénguima, alteraciones en la proliferacién celular y activacién de la respuesta inflamatoria.
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3. Determinar si la administracién antes o después de inducir lesion renal aguda puede prevenir el
desarrollo de alteraciones funcionales y estructurales observadas en la ERC.

4. Evaluar los posibles mecanismos de la renoproteccion conferida por espironolactona en la
prevencion de la progresion a ERC,

Material y Métodos

induccion de los modelos experimentales:

Modelo de Isquemiasreperfusion (I/R): Las ratas se anestesiardn y se interrumpira el fiujo a los
rifiones mediante la colocacién de un clip en cada arteria renal durante 45 min. Los animales se
suturarén y se dejaran evolucionar por 180 y 270 dias hasta su sacrificio. La espironolactona se
administrard intra-gastricamente con una dosis de 20 mg/kg en dos formas diferentes:
profilacticamente y después de inducir I/R. Para el protocolo profilactico, la espironolactona se
administrara 72 h antes de inducir I/R y para el segundo protocolo, 3 h posteriores a la induccién de
la I/R.

Grupos a incluir y Seguimiento de los animales: Se incluirdn cinco grupos experimentales cada uno
constituido por 24 animales, la mitad de las ratas se sacrificaran a los 180 dias y la otra mitad a los
270 dias

1) Ratas a las que se les practicara una cirugia falsa y serviran como el grupo control (Shamy.

2) Ratas a las que se les administrara esprironolactona 72 h antes de la cirugia falsa (Sham+Sp)
3) Ratas que se someteran a isquemia bilateral de 45 min y reperfusion posterior (I/R)

4) Ratas a las que se les administrara espironolactona 72 h antes de inducir /R (Sp+I/R)

5) Ratas a las que se les inducird /R y que recibiran espironolactona 3 horas después de la
isquemia.

Los animales se mantendran durante 180 ¢ 270 dias en un ciclo de luz-obscuridad 12:12 y con
acceso libre al alimento y agua. Cada 30 dias se colocarén en jaulas metabdlicas para recoleccion

de orina de 24 h.

1. Mediciones fisiologicas: Se registrara el peso corporal, consumo de alimento y agua a lo largo
del estudio, todos los animales se colocaran en jaulas metabdlicas para la recoleccién de orina
de 24 horas al inicio del protocolo y cada 30 dias, cuantificando el volumen urinario, también se
tomara una muestra de sangre para medir creatinina, osmolaridad, hematocrito, niveles séricos
de, aldosterona, angiotensina | y renina, también se determinara la proteinuria y se registrara la
presion arterial de los animales. Se determinara la tasa de filtracion glomerular, flujo sanguineo
renal, electrolitos, se llevaran a cabo estudios histopatolégicos y moleculares, cuantificacion de
lipoperoxidacién de tejido renal.

Filtracion glomerular: Las ratas se anestesiaran con pentobarbital sédico (30 mg/kg de peso
corporal i.p.). La preparacion quirdrgica se realizard por medio de microcirugia de la siguiente
forma: se colocara a la rata en la mesa termoregulada a 37 °C, se cateterizaran la traquea con
un tubo de polietileno PE-240, las venas yugulares, la arteria femoral con tubo de polietileno PE-
50, y la vejiga con tubo de polietileno PE-90. Durante todo el experimento se registrara la presién
arterial media en un poligrafo Grass. Las ratas se mantendran en condiciones de etvolemia por
la infusion de 10 mi/kg de plasma durante la cirugia seguida de una infusion de de azucar baja
en calorias (BC) al 5% después de un periodo de equilibrio de 45 min, se recolectara la orina
durante 30 minutos, tomandose muestras de sangre de la arteria femoral al inicio y al final de la
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recolecciéon. El volumen de sangre sera reemplazado con sangre de una rata donadora por la
vena yugular. La concentracién de azGcar BC en plasma y orina se determinara por el método
de Davidson ?

Flujo Sanguineo Renal (FSR): Una vez realizada la cirugia y que el animal se encuentre en
condiciones de euvolemia, se disecara la arteria renal izquierda y se colocard una sonda
conectada al flujometro Transonic System en donde se registrara en forma continua el FSR.
Sodio y Potasio: El sodio y el potasio se determinaran en suero y orina por el método i6n-
selectivo utilizando el aparato analizador de electrolitos Nova-4.

Estudios Histopatolégicos: El rifion izquierdo sera perfundido al finalizar el estudio a traves de
la arteria femoral con una solucion de fosfatos vy fijado con una solucién de formol al 10 %,
posteriormente serd embebido en parafina y se realizaran cortes histologicos, se realizara una
tincién de PAS y rojo de sirio, para determinar la presencia de arteriolopatia y el grado de fibrosis
tubulo intersticial mediante microscopia de luz respectivamente. Ademéas se cuantificara el grado
de apoptosis mediante la técnica de tinel. Para estudiar si la proliferacion celular se encuentra
afectada se realizaran inmunotinciones para PCNA en los cortes de tejido renal.

Estudios Moleculares: Se extraera el rifion derecho y se separa microscopicamente en corteza
y médula renal y se congelard en nitrégeno liquido y se almacenard a -80°C hasta su
procesamiento.

Extraccion de RNA total: Se exiraera el RNA total de la corteza y medula renal por
homogenizacion con tripiure. Una vez aistado el RNA, se determinara pureza y concentracion
mediante espectrofotometria y mediante un gel de agarosa al 1% se verificara la inte%ridad del
mismo. RT-PCR en tiempo real: Se llevara a cabo la transcripcion reversa (TR)*°%°" a partir
del RNA total y posteriormente, la amplificacion del DNAc mediante PCR en tiempo real para los
genes TGF-beta, alfa-SMA, Hsp72, HIF1-alfa, Twist, Cinasa Rho, Kim-1, procaspasa 3, Bal 2,
Breal, enzimas antioxidantes (glutation peroxidasa, catalasa y superoxido dismutasa) y 18S, este
ultimo como gen control mediante RT-PCR en tiempo real, utilizando oligonucledtidos
especificos para cada gen y una sonda marcada con un fluoréforo para detectar la amplificacion
por PCR en tiempo real. Se calcularan los niveles relativos de expresion para cada uno de los
genes antes mencionados en relacion al gen control.

Analisis de Western Blot: Las proteinas seran extraidas por homogenizacion corteza y medula
renal en 4 volimenes de buffer de lisis (225mM manitol, 75mM de sacarosa, 0.1mM de EDTA,
0.5 mM de MOPS, 5 mM de benzamidina y 5mM de DTT), los homogenizados seran
centrifugados a 4000 g por 8 min, se retiraran los restos celulares y se determinara la
concentracion de proteinas por el método de Lowry. Se cargaran 50mg de proteinas en un gel
SDS- PAGE al 7.5%. Posteriormente, seran transferidas a una membrana PVDF, y se incubaran
con anticuerpos especificos para E-caderina, alfa-SMA, Fibronectina, Cotégena | y IV, TGF-
B, Smad 2 y 3, asi como el estado de fosforilacién de Smad, la actina se utilizara como proteina
control. Para estudiar la posible participacion de las MAP cinasas y de la via del NfkappaB, se
determinaran los niveles de proteina de ERK 1 y de su estado de fosforilacion asi como del
factor de transcripcion NFkappaB y su forma fosforifada (activa). La cantidad de proteina se
detectard mediante un ensayo de quimiolumnicencia por autorradiografia de las bandas, y se
cuantificaran por analisis densitométrico.

Evaluacion de los niveles de lipoperoxidacion: En muestras de homogenado de tejido renal
se determinaran los niveles de malondialdehido como marcador de la lipoperoxidacion de
membranas celulares, a través de la técnica de TBARS.

Alimentacién: NO

Agua: NO

Maniobras conductuales: NO

Modificaciones Ambientales: Se emplearan cajas de policarbonato de piso solido con camas
de aserrin para cada una de las ratas, para su estancia en el bioterio, ademas seré necesario el
uso de jaulas metabdlicas al inicio del tratamiento y 24 horas antes del sacrificio, para
recoleccion de orina de 24 horas.

Restriccion fisica y ejercicio: NO

Inmunizacion: NO



8. Administracion de medicamentos: Se empleard anestésicos: como éter para recolectar
muestras de sangre al inicio del tratamiento, ketamina: xilasina (dosis: 50/10) al momento de
realizar los experimentos de determinacién de tasa de filtracion glomerular.

9. Inoculacién de agentes biologicos: NO

10. Uso de sustancias peligrosas; NO

11. Radiaciones: NO

12. Trauma: NO

13. Cirugia: 10 ratas de cada grupo seran anestesiadas con ketamina/Xilasina (50/10 mg/Kg de
peso corporal i.p.}. La preparacion quirlrgica se realizarda por medio de microcirugia de la
siguiente forma: se colocara a ia rata en la mesa termoregulada a 37 °C, se cateterizaran la
traguea con un tubo de polietileno PE-240, las venas yugulares, la arteria femoral con tubo de

14. polietileno PE-50, y la vejiga con tubo de polietileno PE-90. Durante todo el experimento se

registrard la presién arterial media en un poligrafo Grass. Las ratas se mantendran en
condiciones de euvolemia por la infusion de 10 ml/kg de plasma durante la cirugia seguida de
una infusion de aztcar BC 5% y después de un periodo de equilibrio de 45 min, se recolectara la
orina durante 30 minutos, tomandose muestras de sangre de la arteria femoral al inicio y al final
de fa recoleccién. Ef volumen de sangre sera reemplazado con sangre de una rata donadora por
la vena yuguliar.
Otras106 ratas de cada grupo seran anestesiadas nuevamente con ketaminafXilasina (50/10
mg/Kg de peso corporal i.p.). Se colocaran en una mesa termoregulada a 37 °C, se realizara una
incision media en el abdomen, posteriormente se removera el rifion derecho, separandolo
macroscépicamente en corteza y médula renal, se congelard en nitrogeno liquido y se
almacenara a -80°C hasta su procesamiento para los estudios moleculares. Finaimente las ratas
restantes de cada grupo se anestesiaran con el mismo analgésico y relajante muscular antes
mencionado (50/10 mg/Kg de peso corporal i.p.). La preparacion quirdrgica se realizara por
medio de microcirugia de |a siguiente forma: se colocara a la rata en la mesa termoregulada a 37
°C, se cateterizaran la traguea con un tubo de polietileno PE-240 y una arteria femoral con tubo
de polietileno PE-50, posteriormente seran perfundidos los rifiones a través de la arteria femoral
con una solucién de fosfatos y fijados con una solucidn de formol al 10 %, posteriormente seran
embebidos en parafina y se realizaran cortes histoldgicos, para determinar los cambios
histolégicos caracteristicos del modelo experimental.

Obtencion de muestras: Se recolectara orina de 24 horas mediante la colocacion de los
animales en jaulas metabdlicas, Volumen: 4ml, Conservacion: -20°C, Frecuencia: Basal y cada
30 dias, condiciones previas. ninguna, Se recolectara muestra de sangre al inicic del tratamiento
a través de seno ocular usando capilar, al finalizar el estudio a través de la arteria femoral,
Volumen: 1mi, Conservacién: -20°C, Frecuencia: Basal y al finalizar los 36 dias, condiciones
previas: ninguna.

15. Obtencidn de tejidos: Se obtendran los rifiones a través de escision quirirgica, bajo anestesia.

16. Eutanasia: se llevara a cabo a través de una sobredosis de anestesia por via intravenosa. 7"

17. Disposicion de cadaveres: sera determinado de acuerdo con lo establecido en la NOM-087-
ECOL-1995

Analisis estadistico

Los resultados obtenidos se analizaran por ANOVA de una via y las diferencias entre grupos se
determinaran con la prueba de Student-Neumann-Kuels. Los datos se presentaran como el promedio +
el error estandar.
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ANEXOS AL PROYECTO CON TiTULO:
Implicacion de la aldosterona en el desarrollo de enfermedad renal crénica

como consecuencion de una lesion renal aguda

Hemos recibido:

Forma Unica de Registro, Proyecto completo y los siguientes anexos:



Implicacion de la aldosterona en la enfermedad renal crénica (ERC) como consecuencia de la
lesion renal aguda

Antecedentes:

La aldosterona es una hormona mineralocorticoide cuya accién clasica es el mantenimiento del
volumen extracelular a través de aumentar la reabsorcion de sodio y promover la excrecién de potasio.
La mayoria de las acciones conocidas de la aldosterona, tanto en células epiteliales como no epiteliales
son mediadas a través de la activacion de los receptores mineralocorticoides, los cuales son capaces de
regular la expresion y trascripcion de diversos genes (1). Los receptores mineralocorticoides se
encuentran en el tabulo distal y colector pero también se han localizado en otros tejidos como corazon,
cerebro y endotelio vascular. Esta localizacion junto con la evidencia reciente en humanos y en
animales que muestra que la aldosterona juega un papel importante en la fisiopatologia de las
enfermedades cardiovasculares y renales ha modificado en forma importante el conocimiento de las
acciones de la aldosterona (2,3).

El estudio pionero que demostré que la aldosterona participa en la fisiopatologia de la
enfermedad renal, fue realizado en 1996 por el grupe de Thomas Hostetter (4), quienes al utilizar el
modelo clasico de progresién de dafio renal, el de la nefrectomia 5/6 en la rata, demostraron que el uso
combinado de un inhibidor de la enzima convertidora de angiotensina (enalapril} y un bloqueador de los
receptores AT1 de angiotensina (losartan), reducfa, como era de esperarse, la proteinuria y el
porcentaje de glomeruloesclerosis. Este efecto renoprotector del enalapril y losartan, no era observado
cuando se restablecian los niveles de aldosterona al mismo nivel que el grupo no tratado. Estos
resultados probaron por primera vez, que el dafio renal en este modelo era mediado en gran parte por
la aldosterona.

En la practica médica, tres estudios, dos piloto y un doble ciego controlado con placebo
evidenciaron que el tratamiento con espironolactona reduce de forma importante la excrecion urinaria de
proteinas en pacientes con ERC, en estos estudios se observé ademas, una correlacion significativa
entre los niveles de proteinuria y los niveles de aldosterona, es decir, los pacientes que presentaban
mayor excrecién urinaria de proteinas eran los que tenian mayor aldosterona circulante (5,6). Estos
estudios clinicos indican que el blogueo de los receptores de mineralocorticoides reduce el dafio renal e
incluso ofrece un efecto protector adicional sobre el uso de inhibidores de la enzima convertidora de
angiotensina y antagonistas de los receptores AT1 en los pacientes con ERC.

Estudios recientes de nuestro laboratorio analizaron el efecto de la administracion de
espironolactona en ratas con nefrotoxicidad cronica por CsA. La administracion de CsA durante 21 dias
indujo dafio estructural renal caracterizado por arteriolopatia y fibrosis tubulointersticial, asociado a un
aumento en las concentraciones de RNAm del TGF- B, fibronectina y colagena | y IV. Por su parte, las
ratas que recibieron simultaneamente CsA y espironolactona presentaron una reduccion significativa de
arteriolopatia asi como de fibrosis tubulointersticial. Este efecto renoprotector se relacioné con la
prevencién de la sobre-expresién del TGF- 8 y de proteinas de la matriz extracelular (7). De forma
simultanea la administracién de espironolactona inhibié por completo la reduccién en la depuracion de la
creatinina, lo que sugiere gue la aldosterona es un mediador importante tanto del dario funcional como
del estructural en este modelo de nefropatia y que esta implicada en fa regulacién del tono vascular
renal en este modelo.

Para investigar si la aldosterona esta involucrada en la regulacion del tono vascular renal,
estudiamos el efecto de la espironolactona sobre el flujo sanguineo renal y la tasa de filtracion
glomerular en ratas tratadas con CsA durante 7 dias para producir un modelo agudo y reversible con
CsA el cual se caracteriza por vasoconstriccion potente (8). En este estudio observamos que la
administracién de espironolactona inhibi6 por completo ia caida en la tasa de filtracion glomerular
inducida por la CsA, logrando el reestablecimiento del flujo sanguineo renal.

Finalmente completamos el abordaje de este efecto renoprotector al estudiar el efecto de la
espironolactona en ratas tratadas previamente con CsA por 18 dias y con nefrotoxicidad crénica
documentada. Se administré espironolactona junto con CsA por 18 dias mas y se compar6 con un
grupo que sélo recibié CsA durante un periodo similar (9). Aungue no se logro revertir la disfuncion renal
ya establecida, si se evité un mayor deterioro de la funcion renal. Estructuralmente, la espironolactona
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brindé una proteccion renal significativa asociada a la reduccién del engrosamiento de las arteriolas,
apoptosis y fibrosis tubulointersticial.

En conjunto, nuestros resultados sugirieron fuertemente, que la aldosterona modula el tono de la
vasculatura renal y que en la nefrotoxicidad por CsA produce vasoconstriccién renal y contribuye al
dafio por este inmunosupresor. Si esto es cierto, entonces el bloqueo de los receptores de
mineralocorticoides podria ser un agente protector contra e dafio renal inducido por
isquemia/reperfusién donde la vasoconstriccién renal tiene un papel preponderante.

El dafio renal por isquemia-reperfusion (I/R) es la mayor causa de LRA en rifiones nativos y
transplantados (10). La LRA es un sindrome que se desarrolla después de una caida transitoria en flujo
sanguineo renal, produciéndose un incremento abrupto en los niveles de creatinina sérica, como
resultado del dafio funcional y/o estructural causado por el rifién. Para investigar el papel de la
aldosterona sobre la vasoconstriccién renal observada en la LRA, utilizamos el modelo de dafio renal
inducido por isquemia/reperfusion. Este modelo se caracteriza por la elevacion de los niveles de
aldosterona plasmatica asi como una calda de! flujo sanguineo renal. Las ratas sometidas a isquemia
desarrollaron disfuncién renal, que se caracterizé por un aumento en los niveles de creatinina sérica,
como consecuencia de la reduccion de la tasa de filtracion glomerular. De manera interesante, en los
tres grupos que recibieron el tratamiento profilactico con espironolactona, se previno completamente la
elevacion de la creatinina sérica, debido al restablecimiento de la funcién renal a valores normales(11).

Estos resultados muestran que la aldosterona participa en el desarrollo de la LRA y que su
bloqueé muestra ser una herramienta Gtil para el tratamiento de este padecimiento. Sin embargo, aun
quedaba la posibilidad de que la espironolactona ejerciera sus efectos por acciones no especificas, es
decir, que la renoproteccion no fuera mediada a través del bloqueo de los receptores a
mineralocorticoides, sino a través de un mecanismo indirecto. Para resolver esta interrogante,
disefiamos un estudio para evaluar si la ausencia de aldosterona tiene efectos similares a los efectos de
la espironolactona en prevenir el dafio renal inducido por I/R {12). Por lo tanto, en un estudio publicado
por nuestro grupo recientemente evaluamos si la adrenalectomia, maniobra en la que los niveles séricos
de aldosterona son practicamente nulos, se previenen las lesiones inducidas por un fendmeno de I/R.
Como era de esperarse, la I/R produjo disfuncién renal y necrosis tubular severa que se asocio con un
aumento significativo de los marcadores de dafio tubular. En contraste, la hipoperfusién e hiperfiltracion,
asi como la necrosis tubular aguda inducida por I/R, no se observé en los animales que fueron
adrenalectomizados antes de inducir I/R.

En conjunto todos nuestros estudios previos sugieren fuertemente que: 1) la aldosterona juega
un papel clave en mediar el dafio renal por I/R, 2) que el efecto benéfico de la espironolactona es
debido a su habilidad de bloquear a los receptores a mineralocorticoides y 3) que el antagonismo de los
receptores a mineralocorticoides puede ser utilizado como una estrategia para prevenir la LRA.

Por otra parte, estudios recientes han mostrado que el haber padecido de LRA es un factor de
riesgo para desarroliar enfermedad renal crénica (ERC), sin embargo, poco se conoce acerca de los
mecanismos involucrados {13,14,15). Una consecuencia importante de la LRA es que puede
incrementar la progresion del dafio renal cronico preexistente y el desarrollo de ERC terminal (16). Por
jo que, resulta indispensable el estudio de los mecanismos que desencadena la LRA para afectar la
funcion y estructura a largo plazo y encontrar maniobras farmacolégicas que eviten el desarrollo de

ERC.

Objetivo general

1. Establecer si el bloqueo de los receptores a mineralocorticoides antes o después de inducir una
LRA severa puede evitar o prevenir la progresion a enfermedad renal cronica.

Objetivos particulares

Desarrollar y caracterizar un modelo de LRA que conlleve al desarrollo de ERC.

2. Evaluar los posibles mecanismos responsables por lo que un periodo de isquemia pueden Hevar
al desarrolio de ERC. Entre ellos, procesos fibréticos y de trans-diferenciacion epitelio-
mesénquima, alteraciones en fa proliferacion celular y activacién de la respuesta inflamatoria.
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3. Determinar si la administracion antes o después de inducir lesién renal aguda puede prevenir el
desarrollo de alteraciones funcionales y estructurales observadas en la ERC.

4. Evaluar los posibles mecanismos de la renoproteccién conferida por espironolactona en la
prevencion de la progresion a ERC.

Material y Métodos

Induccién de los modelos experimentales:

Modelo de Isquemia/reperfusion (I/R). Las ratas se anestesiardn y se interrumpira el flujo a los
rifiones mediante la colocacién de un clip en cada arteria renal durante 45 min. Los animales se
suturaran y se dejaran evolucionar por 180 y 270 dias hasta su sacrificio. La espironolactona se
administrara intra-gastricamente con una dosis de 20 mg/kg en dos formas diferentes:
profilacticamente y después de inducir I/R. Para el protocolo profilactico, la espironolactona se
administrara 72 h antes de inducir IR y para el segundo protocolo, 3 h posteriores a la induccion de
la I/R.

Grupos a incluir y Seguimiento de los animales: Se incluiran cinco grupos experimentales cada uno
constituido por 24 animales, la mitad de las ratas se sacrificaran a los 180 dias y la otra mitad a los-
270 dias

1) Ratas a las que se les practicara una cirugia falsa y servirdn como el grupo control (Shamj.

2) Ratas a las que se les administrara esprironolactona 72 h antes de la cirugia falsa (Sham+Sp)
3) Ratas que se someteran a isquemia bilateral de 45 min y reperfusion posterior (I/R)

4) Ratas a las que se les administrara espironolactona 72 h antes de inducir I/R (Sp+I/R)

5) Ratas a las que se les inducira I/R y que recibirdan espironolactona 3 horas después de la
isquemia.

Los animales se mantendran durante 180 o 270 dias en un ciclo de luz-obscuridad 12:12 y con
acceso libre al alimento y agua. Cada 30 dias se colocaran en jaulas metabdlicas para recoleccion
de orina de 24 h.

1. Mediciones fisiologicas: Se registrara el peso corporal, consumo de alimento y agua a lo largo
del estudio, todos los animales se colocaran en jaulas metabdlicas para la recoleccion de orina
de 24 horas al inicio del protocolo y cada 30 dias, cuantificando el volumen urinario, también se
tomara una muestra de sangre para medir creatinina, osmolaridad, hematocrito, niveles séricos
de, aldosterona, angiotensina | y renina, también se determinara la proteinuria y se registrara la
presion arterial de los animales. Se determinara la tasa de filtracion glomerular, flujo sanguineo
renal, electrolitos, se Hevaran a cabo estudios histopatolégicos y moleculares, cuantificacion de
lipoperoxidacion de tejido renal.

Filtracion glomerular: Las ratas se anestesiaran con pentobarbital sédico (30 mg/kg de peso
corporal i.p.). La preparacion quiriirgica se realizara por medio de microcirugia de la siguiente
forma: se colocara a la rata en la mesa termoregulada a 37 °C, se cateterizaran la traquea con
un tubo de polietileno PE-240, las venas yugulares, la arteria femoral con tubo de polietileno PE-
50, y la vejiga con tubo de polietileno PE-90. Durante todo el experimento se registrara la presion
arterial media en un poligrafo Grass. Las ratas se mantendran en condiciones de euvolemia por
la infusién de 10 mifkg de plasma durante la cirugia seguida de una infusién de de azucar baja
en calorias (BC) al 5% después de un periodo de equilibrio de 45 min, se recolectara la orina
durante 30 minutos, tomandose muestras de sangre de la arteria femoral al inicio y al final de la
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recoleccién. El volumen de sangre sera reemplazado con sangre de una rata donadora por la
vena yugular, La concentracién de azucar BC en plasma y orina se determinara por el método
de Davidson %

Flujo Sanguineo Renal (FSR): Una vez realizada la cirugia y que el animal se encuentre en
condicicnes de euvolemia, se disecard la arteria renal izquierda y se colocara una sonda
conectada al flujometro Transonic System en donde se registrara en forma continua el FSR.
Sodio y Potasio: El sodio y el potasio se determinaran en suero y orina por el método idn-
selectivo utilizando el aparato analizador de electrolitos Nova-4.

Estudios Histopatolégicos: El rifién izquierdo serd perfundido al finalizar el estudio a través de
la arteria femoral con una solucién de fosfatos y fijado con una soluciéon de formol al 10 %,
posteriormente sera embebido en parafina y se realizaran cortes histolégicos, se realizara una
tincion de PAS y rojo de sirio, para determinar la presencia de anteriolopatia y el grado de fibrosis
tubulo intersticial mediante microscopia de luz respectivamente. Ademas se cuantificara el grado
de apoptosis mediante la técnica de iUnel. Para estudiar si la proliferacion celular se encuenira
afectada se realizaran inmunotinciones para PCNA en los cortes de tejido renal.

Estudios Moleculares: Se extraera el rifién derecho y se separa microscépicamente en corteza
y médula renal y se congelard en nitrégeno liquido y se almacenara a -80°C hasta su
procesamiento.

Extraccion de RNA total: Se extraera el RNA total de Ja corteza y medula renal por
homogenizacioén con tripiure. Una vez aislado el RNA, se determinard pureza y concentracion
mediante espectrofotometria y mediante un gel de agarosa al 1% se verificara la mte%rldad del
mismo. RT-PCR en tiempo real: Se llevara a cabo la transcripcién reversa (TR)***> °' a partir
del RNA total y posteriormente, la amplificaciéon del DNAc mediante PCR en tiempo real para los
genes TGF-beta, aifa-SMA, Hsp72, HIF1-alfa, Twist, Cinasa Rho, Kim-1, procaspasa 3, Bcl 2,
Brcal, enzimas antioxidantes {(glutatién peroxidasa, catalasa y superoxido dismutasa) y 18S, este
ultimo como gen control mediante RT-PCR en tiempo real, utilizando oligonucledtidos
especificos para cada gen y una sonda marcada con un fluoréforo para detectar la amplificacion
por PCR en tiempo real. Se calcularan los niveles relativos de expresion para cada uno de los
genes antes mencionados en relacion al gen control.

Andlisis de Western Blot: Las proteinas seran extraidas por homogenizacién corteza y medula
renal en 4 volimenes de buffer de lisis (225mM manitol, 75mM de sacarosa, 0.1mM de EDTA,
0.5 mM de MOPS, 5 mM de benzamidina y 5mM de DTT), los homogenizados seran
centrifugados a 4000 g por 8 min, se retiraran los restos celulares y se determinara la
concentracion de proteinas por el método de Lowry. Se cargaran 50mg de proteinas en un gel
SDS- PAGE al 7.5%. Posteriormente, seran transferidas a una membrana PVDF, y se incubaran
con anticuerpos especificos para E-caderina, alfa-SMA, Fibronectina, Colagena | y IV, TGF-
B, Smad 2 y 3, asi como el estado de fosforilacién de Smad, |a actina se utilizard como proteina
control. Para estudiar la posible participacién de las MAP cinasas y de la via del NfkappaB, se
determinaran los niveles de proteina de ERK 1 y de su estado de fosforilacion asi como del
factor de transcripcién NFkappaB y su forma fosforilada (activa). La cantidad de proteina se
detectard mediante un ensayo de quimiolumnicencia por autorradiografia de las bandas, y se
cuantificaran por analisis densitométrico.

Evaluacion de los niveles de lipoperoxidacién: En muestras de homogenado de tejido renal
se determinaran los niveles de malondialdehido como marcador de la lipoperoxidacion de
membranas celulares, a través de la técnica de TBARS.

Alimentacién: NO

Agua: NO

Maniobras conductuales: NO

Modificaciones Ambientales: Se emplearan cajas de policarbonato de piso sdlido con camas
de aserrin para cada una de las ratas, para su estancia en el bioterio, ademas sera necesario el
uso de jaulas metabdlicas al inicio del tratamiento y 24 horas antes del sacrificio, para
recoleccion de orina de 24 horas.

Restriccidn fisica y ejercicio: NO

Inmunizacién: NO
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Administraciéon de medicamentos: Se empleara anestésicos: como éter para recolectar
muestras de sangre al inicio del tratamiento, ketamina: xilasina (dosis: 50/10) al momento de
realizar los experimentos de determinacion de tasa de filtracion glomerular.

Inoculacién de agentes biolégicos: NO

Uso de sustancias peligrosas: NO

Radiaciones: NO

Trauma: NO

Cirugia: 10 ratas de cada grupo seran anestesiadas con ketamina/Xilasina (50/10 mg/Kg de
peso corporal i.p.). La preparacion quirirgica se realizara por medio de microcirugia de la
siguiente forma: se colocard a la rata en la mesa termoregulada a 37 °C, se cateterizaran la
traquea con un tubo de polietileno PE-240, las venas yugulares, la arteria femoral con tubo de
polietileno PE-50, v la vejiga con tubo de polietileno PE-90. Durante todo el experimento se
registrara la presién arterial media en un poligrafo Grass. Las ratas se mantendran en
condiciones de euvolemia por la infusién de 10 mifkkg de plasma durante la cirugia seguida de
una infusién de azicar BC 5% y después de un periodo de equilibrio de 45 min, se recolectara la
orina durante 30 minutos, tomandose muestras de sangre de la arteria femoral al inicio y al final
de la recoleccion. El volumen de sangre sera reemplazado con sangre de una rata donadora por
la vena yugular.

Otras106 ratas de cada grupo seran anestesiadas nuevamente con ketamina/Xilasina (50/10
mg/Kg de peso corporal i.p.). Se colocaran en una mesa termoregulada a 37 °C, se realizara una
incision media en el abdomen, posteriormente se removera el rifién derecho, separandolo
macroscopicamente en corteza y médula renal, se congelard en nitrégeno liquido y se
almacenaré a -80°C hasta su procesamiento para los estudios moleculares. Finalmente las ratas
restantes de cada grupo se anestesiaran con el mismo analgésico y relajante muscular antes
mencionado (50/10 mg/Kg de peso corporal i.p.). La preparacién quirirgica se realizara por
medio de microcirugia de la siguiente forma: se colocara a la rata en la mesa termoregulada a 37
°C, se cateterizaran la traquea con un tubo de polietileno PE-240 y una arteria femoral con tubo
de polietileno PE-50, posteriormente seran perfundidos los rifiones a través de la arteria femoral
con una solucion de fosfatos y fijados con una solucién de formol al 10 %, posteriormente seran
embebidos en parafina y se realizaran cortes histologicos, para determinar los cambios
histologicos caracteristicos del modelo experimental.

Obtencidn de muestras: Se recolectara orina de 24 horas mediante la colocacién de los
animales en jaulas metabdlicas, Volumen: 4ml, Conservacion: -20°C, Frecuencia: Basal y cada
30 dias, condiciones previas: ninguna, Se recolectara musstra de sangre al inicio del tratamiento
a traves de seno ocular usando capilar, al finalizar el estudio a través de la arteria femoral,
Volumen: 1ml, Conservacion: -20°C, Frecuencia: Basal y al finalizar los 36 dias, condiciones
previas: ninguna.

Obtencién de tejidos: Se obtendran los rifiones a través de escision quirtirgica, bajo anestesia.
Eutanasia: se lievara a cabo a través de una sobredosis de anestesia por via intravenosa.
Disposiciéon de cadaveres: serd determinado de acuerdo con lo establecido en ia NOM-087-
ECOL-1995

Analisis estadistico
Los resultados obtenidos se analizaran por ANOVA de una via y las diferencias entre grupos se
determinaran con |a prueba de Student-Neumann-Kuels. Los datos se presentaran como el promedio

el error estandar.

1.

BIBLIOGRAFIA
Boron, Walter F. Medical Physiology. Ed Saunders Cap 3B4 (2005)



2. Rocha R et al. Role of aldosterone in renal vascular injury in stroke-prone hypertensive rats.
Hypertension. 33: 232-237 (1999}

3. Yoshimoto T, Hirata Y. Aldosterone as a cardiovascular risk hormone. Endocr J 54 359-70
{2007}

4. Greene E et al. Role of aldosterone in the remnant kidney model in the rat. J Ciin Invest
98(4):1063-1068 (1996)

5. Sato A et al. Antiproteinuric effects of mineralocorticoid receptor blockade in patients with chronic
renal disease. Am J Hypertens 18:44-49 (2005)

6. Bianchi S et al. Antagonists of aldosterone and proteinuria in patients with CKD: an uncontrolled
pilot study. Am J kidney Dis 46: 45-51 (2005)

7. Feria | et al. Therapeutic Benefit of spironolactone in experimental chronic cyclosporine A
nephrotoxicity. Kidney Int 63:45-52 (2003)

8. Pérez Rojas M et al. Renocortical mRNA expression of vasoactive factors during spironolactone
protective effect in Cyclosporine nephrotoxicity. Am J Physiol Renal Physiol 289:F1020-F1030
(2005)

9. Perez-Rojas J et al. Mineralocorticoid receptor blockade confers renoprotection in preexisting
chronic cyclosporine nephrotoxicity. Am J Physiol renal Physiol, 292: 131-139 (2007)

10. Zappitelli M. Epidemiology and diagnosis of acute kidney injury. Semin Nephrol. 5:436-446
(2008)

11. Mejia-Vilet JM et al. Renal ischemia-reperfusion injury is prevented by the mineralocorticoid
receptor blocker spironolactone. Am J Physiol Renal Physiol. 1:F78-86 (2007)

12. Ramirez V et al. Adrenalectomy prevents renal ischemia-reperfusion injury. Am J Physiol renal
Physiol. 4:F932-942 (2009}

13. Kronenberg F: Emerging risk factors and markers of chronic kidney disease progression. Nat Rev
Nephrol 5:667-689 (2009)

14. Venkatachalam MA. et al. Acute kidney injury: a springboard for progression in chronic kidney
disease. Am J Physiol renal Physiol (2010)

15. Lafrance JP et al. Incidence and outcomes of acute kidney injury in a referred chronic kidney
disease cohort. Nephrol Dial Transplant. 7:2203-9 (2010)

16. Coca SG et al. Long-term risk of mortality and other adverse outcomes after acute kidney injury:
a systematic review and meta-analysis. Am J Kidney Disease 6:961-973 (2009)




