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HIGHLIGHTS

� This is the first long-term (1-year) study to evaluate both the kidney and systemic sequelae of acute kidney injury in mice.

� Serial kidney function was measured via transcutaneous glomerular filtration rate.

� AKI resulted in diastolic dysfunction, followed by hypertension. Ejection fraction was preserved. One year after AKI,

cardiac ATP levels were reduced compared with sham controls.

� Mice treated with the histone deacetylase inhibitor, ITF2357, maintained normal diastolic function normal blood pressure,

and normal cardiac ATP after AKI.

� Metabolomics data suggest that treatment with ITF2357 preserves pathways related to energy metabolism.
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ABBR EV I A T I ON S

AND ACRONYMS

AKI = acute kidney injury

ATP = adenosine triphosphate

BUN = blood urea nitrogen

HDACi = histone deacetylase

inhibitor

MAP = mean arterial pressure

PSR = picrosirius red

SCr = serum creatinine

tGFR = transcutaneous

glomerular filtration rate
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SUMMARY
Growing epidemiological data demonstrate that acute kidney injury (AKI) is associated with long-term car-

diovascular morbidity and mortality. Here, the authors present a 1-year study of cardiorenal outcomes following

bilateral ischemia-reperfusion injury in male mice. These data suggest that AKI causes long-term dysfunction in

the cardiac metabolome, which is associated with diastolic dysfunction and hypertension. Mice treated with the

histone deacetylase inhibitor, ITF2357, had preservation of cardiac function and remained normotensive

throughout the study. ITF2357 did not protect against the development of kidney fibrosis after AKI.

(J Am Coll Cardiol Basic Trans Science 2021;6:119–33) © 2021 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
A cute kidney injury (AKI) is common in both
pediatric and adult hospitalized patients
(1,2). Patients who develop AKI have worse

outcomes than those who do not, including
increased morbidity and mortality, increased hospi-
tal length of stay, and increased costs of hospitaliza-
tion (3–7). AKI causes nonrenal organ dysfunction,
and the leading cause of death of patients with AKI
is systemic diseases, rather than AKI itself (8–10).
Murine models have demonstrated the short-term
systemic effects of AKI, including an increase in
serum interleukin (IL)-6, lung inflammation, cardiac
dysfunction, liver injury, and metabolic perturban-
ces (11–14). These studies have focused on the
short-term nonrenal sequelae, typically evaluating
outcomes after 24 h to 72 h (15,16). To date, the
long-term systemic sequelae of AKI have not been
assessed in murine models.

The study of the long-term systemic sequelae of
AKI in murine models is warranted because patients
who survive their episodes of AKI have increased
risks of developing numerous complications in the
long term, including cardiovascular disease (17,18). A
wealth of data has accumulated demonstrating that
patients with AKI have increased risk of heart failure
(19–23). Cho et al. recently reported an association
between AKI and diastolic dysfunction in elderly pa-
tients presenting with femoral neck fracture (24).
There is a paucity of literature investigating the
pathophysiology linking AKI and long-term risk of
heart failure.

Histone deacetylase inhibitors (HDACi) affect
epigenetic regulation of gene expression and non-
genomic cellular functions (25–27). We have previ-
ously demonstrated that ITF2357/givinostat, an
HDACi that is currently in phase 3 clinical testing in
patients with Duchenne muscular dystrophy, im-
proves diastolic function in a rat model of hyperten-
sion and protects against aging-induced diastolic
dysfunction in mice (28).
Herein, we performed a 1-year study using our
murine model of bilateral ischemia reperfusion AKI to
describe the systemic sequelae of 1 episode of AKI on
the lung, liver, and heart as well as to assess circu-
lating cytokines, metabolites, and kidney recovery
and function. Furthermore, we determined the ef-
fect(s) of treatment with HDACi on cardiorenal out-
comes including blood pressure, cardiac function,
and metabolism. We hypothesized that AKI would
lead to long-term systemic sequelae and that HDAC
inhibition would improve cardiorenal outcomes.

METHODS

ANIMALS. Experiments were conducted with adher-
ence to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. The protocol was
approved by the Animal Care and Use Committee of
the University of Colorado, Denver, Colorado. Six- to
7-week-old male C57BL/6 mice (Jackson Laboratories,
Bar Harbor, Maine) maintained on a standard diet,
and water ad lib. Mice in the ITF2357 treatment group
were started on chow on post-operative day 3.
ITF2357 chow (Dyets Inc., Bethlehem, Pennsylvania)
was custom manufactured by using Teklad 2920X
Rodent Diet (Envigo, Indianapolis, Indiana) with
555 mg/kg of ITF2357, providing an approximate dose
of 50 mg/kg/day. Twelve-month study controls were
aged at Jackson Laboratories and arrived 2 weeks
before sacrifice.

GLOMERULAR FILTRATION RATE. Transcutaneous
filtration rate (tGFR) measurements were taken using
a transdermal continuous renal function monitor
(MediBeacon GMBH, Mannheim, Germany) and fluo-
rescein isothiocyanate (FITC) tail-vein injection per
manufacturer instructions. Mice were allowed at least
3 days’ recovery after baseline readings before sur-
geries were performed.

SURGERIES. Surgical procedures were performed on
8-week-old mice. Mice were randomized to either
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FIGURE 1 Study Schematic

Baseline tGFR and echocardiograms were obtained. Mice were randomized to AKI or sham cohorts on day 0. Male mice underwent 25 min of

bilateral renal ischemia or sham procedure. Blood was collected retro-orbitally on day 1 to assess post-operative BUN and SCr, and mice in the

AKI cohorts that did not meet inclusion criteria were sacrificed. In the serial study, mice were sacrificed 1, 3, 7, 14 days, 1, 3, 6, 9 and 12 months

after the sham or AKI procedure. In the histone deacetylase inhibitor (HDACi) study arm, mice were started on chow containing ITF2357 on

post-operative day 3 and maintained on treatment throughout the study; mice were sacrificed at 12 months and tissue was collected for

analysis. AKI ¼ acute kidney injury; BP ¼ blood pressure; BUN ¼ blood urea nitrogen; SCr ¼ serum creatinine; tGFR ¼ transcutaneous

glomerular filtration rate.
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sham or AKI. For all procedures, mice were anes-
thetized with Ketamine (VetOne, MWI, Boise, Idaho)
and Xylazine (VetOne, Bimed-MTC Animal Health
Inc., Cambridge, Ontario, Canada). Mice were placed
on a heating pad maintained at 36� C to 40�C for the
entire procedure. Both renal pedicles were clamped
for 25 min via a ventral approach as previously
described (12), with the abdomen closed in 2 layers.
Post-operatively, mice were administered 750 ml
warmed saline/buprenorphine hydrochloride
(0.3 mg/ml, PAR Pharmaceuticals, Chestnut Ridge,
New York) subcutaneously; 750 ml of normal saline
was administered subcutaneously for 5 days.

TISSUE. At 24 h, 100 ml of blood was collected via
retro-orbital bleed to determine inclusion status.
Criteria for study inclusion in the AKI groups were
blood urea nitrogen (BUN) >70 mg/dl or serum
creatinine (SCr) >0.7 mg/dl. Thereafter, investigators
were blinded to the group allocation. At sacrifice,
blood was obtained via cardiac puncture, allowed to
clot at room temperature, centrifuged at 4,000 g for
10 min. The serum was collected and then centrifuged
at 4,000 g for 1 min. Urine was collected at study time
points and flash frozen. The kidneys, liver, lung,
heart, and muscle were collected at sacrifice; one-half
of each was flash frozen, whereas the other one-half
was formalin fixed and paraffin embedded. The
heart was weighed and then separated by right and
left ventricle (LV). The right ventricle and upper half
of the LV were flash frozen. The caudal half of the LV
was fixed in optimal cutting temperature (OCT)
compound and then flash frozen. Weight was recor-
ded at study time points. At sacrifice the tibia was
dissected and length recorded, and the gastrocne-
mius muscle was dissected, flash frozen,
and weighed.
KIDNEY FUNCTION. BUN and serum and urine
creatinine were measured using a BioAssay Systems
QuantiChrom Urea Assay Kit Cat: (DIUR-500)
(BioAssay Systems, Hayward, California) and Pointe
Scientific Creatinine (Enzymatic) Reagent Kit (Cat:
C7548-480) (Pointe Scientific Inc, Canton, Michigan).
Because of hemolysis, the 12-month SCr was deter-
mined using the Element DC Veterinary Chemistry
Analyzer (Fujifilm, Serial # 73110474, Stamford, Con-
necticut [supported by Heska, Des Moines, Iowa]),
using the Comparative Pathology Core at UC.
Neutrophil gelatinase-associated lipocalin (NGAL)
was measured by enzyme-linked immunosorbent
assay (ELISA) (R and D Systems, Minneapolis, Min-
nesota), following the manufacturer’s instructions
(detection level: 8.8 pg/ml). Cytokines were
measured by a customized U-Plex Biomarker-1 (Cat #
K15069L-S, Meso Scale Discovery, Rockville, Mary-
land), following the manufacturer’s instructions.
Plasma renin was quantified using the Renin 1 Mouse
ELISA Kit (Cat # EMREN1, Invitrogen, Carlsbad, Cali-
fornia) and performed according to the manufac-
turer’s instructions.

KIDNEY HISTOLOGY. Picrosirius red (PSR) was per-
formed on kidney and standard histological staining
procedures using Sirius Red F3B (Sigma-Aldrich, St.
Louis, Missouri). Ten cortical images were visualized
at 100� magnification using an Olympus BX41 mi-
croscope (Olympus, Waltham, Massachusetts) with a
linear polarizer. Imaging software (Image J) was used
to calculate the percent area of polarization. Immu-
nohistochemistry for collagen type 3 was performed
following standard protocols using goat anti-type III
collagen antibody (Cat # 1330-01, Southern Biotech,
Birmingham, Alabama [1:100]), followed by rabbit
antigoat horseradish peroxidase (Ref # P0449, Dako,



FIGURE 2 Long-Term Kidney Sequelae in Mice After AKI

Male mice underwent 25 min of bilateral renal ischemia or sham procedure and were sacrificed 1, 3, 7, 14 days, or 1, 3, 6, 9, or 12 months later. (A) Blood urea nitrogen

remained elevated after acute kidney injury (AKI) at all time points. (B) Serum creatinine improved and normalized after AKI. (C) Measured transcutaneous glomerular

filtration rate, normalized for weight, remained decreased after AKI throughout the study. (D) Urine neutrophil gelatinase-associated lipocalin (NGAL) was elevated

after AKI until1 month after the procedure. (E) AKI cohorts demonstrated an increase in protein expression for KIM-1 7 days and 1 month after AKI, and an increase in a-

SMA at 14 days and 1 month (F). (G) Quantification of kidney fibrosis via Picrosirius Red showed an increase in fibrosis in the AKI cohorts from day 14 throughout the 1

year study. (H) Quantification of immunohistochemistry in the kidneys for Collagen 3 showed an increase in the AKI cohorts at the day 7, and months 1, 3, 6, 9, and 12

time points. (I) Hydroxyproline content of the kidneys was assessed in the 12 month samples and showed an increase in the AKI cohort compared to both sham and

unmanipulated age-matched controls (n ¼ 5 to 11). *#p < 0.05 with AKI compared to sham or control, respectively. TGFR ¼ transcutaneous glomerular filtration rate.
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Carpinteria, California [1:200]) and analyzed as
described previously (29). Both kidneys were
analyzed for PSR and collagen 3, and the average was
used for analysis.

WESTERN BLOT. Kidneys were homogenized and
analyzed using 1� RIPA buffer (Cell Signaling Tech-
nology, Danvers, Massachusetts) with either a-
smooth muscle actin (SMA) primary antibody
(ab32575, Abcam, Cambridge, United Kingdom,
1:5000) or KIM-1 Primary antibody (Cat#: AF1817, R
and D Systems, Minneapolis, Minnesota, 1:1000) as
previously described (29). Blots were normalized us-
ing the Revert Total Protein Stain (Cat # 926-11010,
Licor, Lincoln, Nebraska) as a loading control and
performed following the manufacturer’s instructions.

HYDROXYPROLINE ASSAY. Hydroxyproline content
was measured in the left kidney from each sample, as
previously reported (29).

ECHOCARDIOGRAPHY AND BLOOD PRESSURE.

Transthoracic echocardiography and Doppler ana-
lyses using Vevo2100 instruments (VisualSonics,
Toronto, Ontario, Canada), and mean arterial blood
pressure measurements using a noninvasive
computerized tail-cuff system (CODA High
Throughput System, Kent Scientific Corp, Torrington,
Connecticut) were performed as previously
described (28).

LV COLLAGEN FRACTION. The percentage of
collagen tissue in the LV was quantified on the 1-year
cardiac tissue samples, as previously described (28).

CARDIAC ATP. Pre-weighed LV tissue was processed,
using commercially available reagents as per the
manufacturer’s instructions (Abcam, ab833355) and
were normalized to LV weight.

METABOLOMICS. Frozen heart and plasma samples
were processed as previously reported (14). Mean
values for each group were calculated, and Student’s
t-test was used for pairwise group comparisons. For
single-molecule analysis, p values were adjusted for
the false discovery rate (FDR), using Benjamini-
Hochberg’s ad hoc method (30). Statistical signifi-
cance was set at p < 0.05. For pathway-enrichment
analysis, metabolites with nominal p values < 0.05
were entered into the Pathway Analysis feature of



FIGURE 3 Cardiac Outcomes After AKI

At 6, 9, and 12 months, AKI causes diastolic dysfunction (low E’/A’) (A) and hypertension (B) but not in mice treated with ITF (AKIITF); At 1 month, AKI causes diastolic

dysfunction (C) but not hypertension (D), indicating that the diastolic dysfunction precedes the hypertension. One year after AKI, ejection fraction is preserved despite

diastolic dysfunction and hypertension (E). (F) AKI did not result in left ventricular hypertrophy nor increased collagen deposition (G) at 12 months. (H) Representative

echocardiogram images 6 months after AKI or sham and treatment with ITF shows abnormal E’ to A’ ratio in the AKI cohort, and normalization in the AKI cohort treated

with ITF2357. (I) Plasma renin levels 1 year after AKI or sham show no significant difference between groups (n ¼ 5 to 11). *#p < 0.05 with AKI compared to sham or

control, respectively. Abbreviation as in Figures 1 and 2.
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MetaboAnalyst 3.0 (31). Compound Name was used to
identify metabolites and was adjusted to comply with
MetaboAnalyst limitations in nomenclature.

DETECTION OF LUNG MYELOPEROXIDASE. Lung
myeloperoxidase (MPO) was measured as previously
described (12).

STATISTICS. Comparisons among groups was per-
formed via analysis of variance (ANOVA) with Tukey
post hoc adjustment for multiple comparisons and p
value <0.05 for significance. Comparison between 2
groups was performed using unpaired Student’s t-
tests, assuming Gaussian distribution with Welch’s
correction; p <0.05 for statistical significance. Data
are presented as the mean � standard error of the
mean (SEM).
RESULTS

KIDNEY OUTCOMES. Cohorts contained n ¼ 5 to 11.
Mice were sacrificed after AKI or sham on post-
operative days 1, 3, 7, 14 and months 1, 3, 6, 9, and
12 (Figure 1). BUN (Figure 2A) remained elevated
throughout the 1-year study, whereas SCr (Figure 2B)
recovered early but did not normalize until the 9-
month time point. Serial kidney function was
measured via tGFR; there was a diminishing but still
significant reduction in tGFR 1 year after AKI
(Figure 2C). Individual tGFR data for each time point
are shown in Supplemental Figure 1. Figure 2D dem-
onstrates an increase in urine NGAL in the AKI cohort
up to 1 month, with no significant differ-
ence thereafter.

https://doi.org/10.1016/j.jacbts.2020.11.013


FIGURE 4 Long-Term Kidney Sequelae in Male Mice Treated With ITF2357

Long-term renal sequelae in male mice treated with ITF2357. Male mice underwent 25 min of bilateral renal ischemia or sham procedure, were started on chow

containing ITF2357 3 days later, and were sacrificed 12 months later (A).Measured tGFR, normalized for weight, demonstrated no effect on measured tGFR throughout

the year-long study between the AKI vs. AKIITF or Sham vs. ShamITF cohorts. (B) 12 months after AKIITF, blood urea nitrogen was elevated compared to shamITF while

there was no significant difference between the AKI and AKIITF cohorts. There was no significant difference in measured serum creatinine (C) or a-SMA (D) amongst the

12 month groups. Quantification of fibrosis via Picrosirius Red (E), Collagen 3 immunohistochemistry (F) and Hydroxyproline content (G) showed an increase in fibrosis

markers at 12 months in the AKIITF cohorts compared to both shamITF and AKI cohorts. (n¼ 5 to 11) In A, * indicates a difference between both Sham vs. AKI and ShamITF

vs. AKIITF * whereas # indicates there was only a difference between the Sham and AKI cohorts. Otherwise, * and # signify p < 0.05 with AKI compared to sham or

control, respectively. Abbreviations as in Figure 1 and 2.
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Western-blot analysis of kidney homogenates for
kidney injury molecule-1 (KIM-1) (Figure 2E), and a-
SMA (Figure 2F) showed an increase in the AKI cohorts
compared with sham at 7 days and 1 month, and
14 days and 1 month, respectively.

Quantification of PSR staining (Figure 2G) and
Collagen 3 immunohistochemistry (Figure 2H)
demonstrated an increase in fibrosis markers in the
AKI cohort, starting within 14 days and continuing
throughout the study. Hydroxyproline content
(Figure 2I) at 12 months was increased in the AKI
cohort compared with both sham and unmanipu-
lated controls. Cystic progression was also noted in
the AKI cohorts, starting at the 3-month time point
and continuing throughout the duration of the
study.

EFFECT OF AKI AND HDACi ON CARDIAC OUTCOMES.

Based on our previous work with ITF2357, we hy-
pothesized that treatment would improve cardiac
outcomes. Serial echocardiograms demonstrated
diastolic dysfunction after AKI from 6 months on-
ward; mice treated with ITF2357 did not develop
diastolic dysfunction after AKI (Figure 3A). E’/A’ rep-
resents the ratio of LV tissue velocity near the mitral
valve during the first passive early filling phase (E’)
and second filling phase of atrial contraction (A’). The
E’/A’ ratio therefore represents a measure of LV



FIGURE 5 Representative Picrosirius Red Staining 12 Months After AKI or Sham Procedure Without and With ITF2357 Treatment

AKI results in increased fibrosis. ITF treatment did not improve kidney fibrosis. (Top panels) Light microscopy. (Bottom panels) Polarized

images. Magnification, 100�. Scale bar ¼ 10 mM. Abbreviation as in Figures 1 and 2.
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relaxation, with a low ratio demonstrating slow wall
velocities, indicating diastolic dysfunction. Mean
arterial blood pressure measurements were obtained
starting at 6 months and showed an increase in blood
pressure in the AKI cohort at 6, 9, and 12 months;
mice treated with ITF2357 did not develop hyper-
tension after AKI (Figure 3B).

To determine whether the diastolic dysfunction
was resulting from the hypertension or preceding it,
we repeated the study of AKI with and without
ITF2357 treatment and measured diastolic function
and blood pressure 1 month after the AKI or sham
procedure. Cohorts with AKI demonstrated diastolic
dysfunction (Figure 3C) but not hypertension
(Figure 3D), whereas those treated with ITF2357
developed neither.

Ejection fraction (EF) measures the percentage of
blood that is ejected from the LV during systole.
There were no significant differences of EF among the
cohorts throughout the study period, and all groups
maintained EF >60% post-procedure. Figure 3E
shows that there was no difference in the baseline
or 12-month EF between sham and AKI groups despite
the diastolic dysfunction and hypertension found in
the AKI groups; AKI was not causing heart failure
with reduced EF. Figure 3H shows representative
echocardiogram images of mice after sham (normal
E’/A’ ratio), AKI, (abnormal E’/A’ ratio), and AKIITF

(normal E’/A’ ratio).
We next sought to determine whether left ven-

tricular hypertrophy or cardiac fibrosis could explain
the poor cardiac outcomes after AKI. Figure 3F shows
the ratio of LV mass to tibia length, and Figure 3G
shows the percent of collagen tissue in the left
ventricle at 1 year; AKI did not result in either LV
hypertrophy or increased collagen deposition.
To assess the contribution of the renin-
angiotensin-aldosterone system on the development
of hypertension, we measured plasma renin on the 12-
month samples (Figure 3I). There was no significant
difference in renin among the cohorts at the 12-month
time point.

EFFECT OF HDACi ON KIDNEY OUTCOMES. One of
the main purposes of this study was to investigate the
cardiorenal effects of HDACi after AKI. We hypothe-
sized that the improvement in cardiac outcomes after
AKI in groups treated with ITF2357 may be secondary
to improvement in renal outcomes: namely, mitiga-
tion of chronic kidney disease (CKD). We therefore
sought to determine whether ITF2357 improved kid-
ney function and histology. There was no difference
in measured tGFR in the AKIITF cohort compared with
the AKI group throughout the duration of the study.
Measured tGFR demonstrated a significant reduction
in kidney function in the AKIITF cohort compared
with the shamITF cohort through the first 6 months
(Figure 4A). At the 12-month time point, BUN was
increased in the AKIITF group compared with shamITF

(Figure 4B), but there was no statistically significant
difference in SCr (Figure 4C). Treatment with ITF2357
did not affect a-SMA expression at the 1-year time
point (Figure 4D). Urine NGAL was increased in
the AKIITF cohort compared with shamITF at the 14-
day, 1- and 12-month time points (Supplemental
Figure 2A). Treatment with ITF2357 did not affect
urine NGAL levels after AKI (Supplemental
Figure 2B). Comparison of all 12-month study co-
horts for PSR (Figure 4E), collagen 3 immunohisto-
chemistry (Figure 4F), and hydroxyproline (Figure 4G)
demonstrated an increase in fibrosis markers in the
AKIITF relative to the shamITF and AKI groups.

https://doi.org/10.1016/j.jacbts.2020.11.013
https://doi.org/10.1016/j.jacbts.2020.11.013
https://doi.org/10.1016/j.jacbts.2020.11.013
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FIGURE 6 AKI Affects Long-Term Body Composition

AKI affects long-term body composition. (A) Serial body weight measurements in the

male cohorts demonstrate a widening reduction in body weight starting at 3 months

post-procedure. AKIITF cohorts weighed the least by the end of the study. (B) Gastroc-

nemius weight after sacrifice 12 months after AKI or sham show reduced muscle weight

in cohorts treated with ITF (n ¼ 5 to 14). *p < 0.05 compared to sham control (AKI vs.

sham, or AKIITF vs. shamITF). Abbreviations as in Figures 1 and 2.
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Figure 5 shows representative PSR images. Taken in
sum, ITF2357 had no effect on measures of kidney
function and resulted in increased kidney fibrosis.

NONCARDIAC SYSTEMIC SEQUELAE. Having deter-
mined that the cardiac outcomes were not improved
in the ITF2357 cohort via mitigation of CKD, we next
investigated the noncardiorenal systemic outcomes
to determine whether global organ protection or al-
terations in the metabolome explained the improve-
ment in cardiac function and blood pressure.
Figure 6A shows the serial weights of the cohorts over
the course of the yearlong study. ITF2357 treatment
was associated with a decrease in weight after both
sham and AKI. The most significant difference in
weight occurred between the sham and AKIITF co-
horts, with the difference starting at month 3 and
increasing throughout the duration of the study. By
6 months, there was also a significant reduction in
weight in the AKI versus sham cohort, which
increased throughout the rest of the study. Post hoc,
we weighed the gastrocnemius muscle on the 12-
month cohorts to assess the relative change in mus-
cle mass with respect to AKI and ITF therapy.
Figure 6B demonstrates that cohorts treated with
ITF2357 had significant reductions in gastrocnemius
mass 12 months after AKI or sham. There was no
significant difference in measured muscle mass be-
tween the AKI and sham cohorts.
Lung MPO was measured to assess lung inflam-
mation. Figure 7A demonstrates an increase in lung
MPO in the AKI cohort compared with sham out to
14 days after injury with no difference thereafter and
effect shown with ITF2357 treatment at the 1-year
time point (Figure 7B). Serum ALT and aspartate
aminotransferase (AST) were measured to screen for
liver injury. Figure 8 demonstrates that ALT was
increased in the AKI cohort 1 day after injury, with no
significant difference in liver function tests at any
other time point.

In the serial study, serum was measured for cyto-
kines to assess for long-term immune system per-
turbations after AKI. Data for each cytokine can be
found in Supplemental Figure 3. Several cytokines
(IL-6, tumor necrosis factor [TNF]-a, IL-10, IL-4, IL-2,
IL1b, CXCL1) demonstrated early increases after AKI,
and most normalized within 1 to 2 weeks of injury.
TNF-a demonstrated the most sustained elevations,
with increased levels documented in the AKI cohort
compared with sham 1 year after AKI.

EFFECT OF AKI AND HDACi ON METABOLISM. We
performed metabolomics analysis on the 12-month
cohorts to investigate whether the ITF2357 therapy
affected cardiac outcomes via metabolic reprogram-
ming. Although several individual molecules were
significantly different between AKI and sham in both
plasma and cardiac tissue (Supplemental Tables 1A
and 1B), none met our criteria for significance by
FDR. In cardiac tissue, metabolomics analysis
(Supplemental Table 1A) demonstrated enrichment
for several pathways involving amino acid meta-
bolism. These included alanine, aspartate and gluta-
mate metabolism (FDR <0.001); arginine and proline
metabolism (FDR 0.002); valine, leucine, and isoleu-
cine metabolism (FDR 0.030); and histidine meta-
bolism (FDR 0.003). There was enrichment,
particularly for amino acid pathways involving 1-
carbon metabolism including cysteine and methio-
nine metabolism (FDR <0.001); taurine and hypo-
taurine metabolism (FDR 0.010); glutathione
metabolism (FDR 0.020); and glycine, serine, and
threonine metabolism (FDR 0.040).

Finally, based on our findings of enrichment for
energy-related pathways in plasma and the hypoth-
esis that energy metabolism is disrupted in AKI, we
analyzed key metabolites related to ATP metabolism.
In heart tissue and plasma (Supplemental Figure 4)
adenosine and adenosine monophosphate (AMP)
(both precursors to ATP) were higher in AKI hearts
without ITF2357. In both tissues, higher AMP and
adenosine diphosphate (ADP) in the setting of lower
ATP indicated less efficient energy metabolism. In
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FIGURE 7 Lung Inflammation After AKI

(A) Serial lung myeloperoxidase activity in the male acute kidney injury (AKI) versus sham cohorts demonstrates an increase in lung inflammation up to 14 days after

kidney injury. (B) 1 year after AKI or sham procedure, there is no difference amongst cohorts with or without ITF2357 treatment (n ¼ 5 to 14). *p < 0.05 compared to

sham control.
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heart tissue, this was despite a higher amount of
diphosphate (p ¼ 0.02) in the AKI hearts without
ITF2357. Therefore, supply of phosphate in tissue
cannot explain why AMP or adenosine was higher.
Based on these cardiac metabolome findings, we hy-
pothesized that levels of ATP would be reduced in
mice after AKI, which would represent an energy
deficit associated with AKI that is ameliorated with
ITF2357 treatment. This is supported by other non-
purine molecules associated with energy use. Spe-
cifically, nicotinamide ribonucleotide (p ¼ 0.010) was
higher in the AKI group not treated with ITF2357
(Supplemental Figure 5). This is a precursor to nico-
tinamide adenine dinucleotide (NAD) that is con-
verted to NAD via the enzyme encoded for by
nicotinamide mononucleotide adenylyltransferase
(NMNAT). When reduced to NADH by the tricarbox-
ylic acid (TCA) cycle provides energy to the mito-
chondrial electron transport chain for 3 ATP
molecules. Previous studies have found that low
relative NAD formation is a key contributor to energy
deficits in AKI (32). Here, although NADþ is not
different between AKI and AKI þ ITF, the reaction
ratio for NR to NADþ via NMNAT (in AKI vs. AKIþITF)
favors the substrate (i.e., does not favor the forward
reaction) in AKI (ratio 1.44; p ¼ 0.29, NS). NADH was
not able to be quantified in this assay. We next
compared the effect of ITF2357 treatment on both the
sham and AKI cohorts. When we examined pathways
with shared enrichment in both AKI and sham with
exposure to ITF2357 in cardiac tissue (Supplemental
Table 2A), cysteine and methionine metabolism
(FDR 0.001) was the primary pathway of enrichment.
Metabolites that contributed to this enrichment
(Figure 9) (33) include methionine, cysteine, gluta-
thione, and S-adenosyl-homocysteine, which were all
lower in the ITF-treated subjects (AKIITF and shamITF)
versus those that did not receive ITF (AKI and sham).
We then looked at pathways that were differentially
enriched in either AKI or sham (not shared between
the 2 groups) (Supplemental Table 3A) with exposure
to ITF. Pathways enriched primarily included amino
acid metabolism pathways involving alanine, aspar-
tate, and glutamate metabolism (FDR 0.001), which is
closely related to TCA cycle metabolism.

In plasma, metabolomics analysis (Supplemental
Table 3B) demonstrated similar pathway enrichment
to cardiac tissue. Evaluation of the effects of ITF on
AKI and/or sham demonstrated enrichment for 1-
carbon–related amino acid pathways including
glycine, serine, and threonine metabolism (FDR
0.001); glutathione metabolism (FDR 0.010); and
cysteine and methionine metabolism (FDR 0.047).
Other amino acid pathways affected in ITF treatment
included arginine and proline metabolism
(FDR < 0.001); alanine, aspartate, and glutamate
metabolism (FDR 0.020); and phenylalanine, tyro-
sine, and tryptophan metabolism (FDR 0.020). Inter-
estingly, there was also enrichment for pathways
involved in energy metabolism. These included the
pentose phosphate pathway (FDR 0.001), purine
metabolism (FDR 0.01), and glycolysis/gluconeogen-
esis (FDR 0.03).

As in cardiac tissue, we next analyzed shared
versus differential effects of ITF2357 in AKI and sham
in plasma (Supplemental Tables 2B and 3B, respec-
tively). Shared effects of ITF2357 exposure in AKI and
sham included pathway enrichment for 1-carbon
amino acid- related pathways including glycine,
serine, and threonine metabolism (FDR 0.010) and
glutathione (FDR 0.047). The most significantly
enriched pathway in plasma (Supplemental Figure 6)
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FIGURE 8 Liver Function Tests After AKI

(A) The AKI cohort demonstrates an increase in alanine aminotransferase 1 day post-

procedure but at no other time point. (B) There is no statistically significant difference

between aspartate aminotransferase levels in AKI versus sham cohorts at any time point.

Nota bene, measurements were unable to be obtained for the 12 month time point

secondary to hemolysis (n ¼ 5 to 13). *p < 0.05. Abbreviation as in Figure 1.
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was arginine and proline metabolism (FDR < 0.001).
Metabolites contributing to this enrichment include
glutamine, arginine, guanidinoacetate (GAA), crea-
tine, and creatinine involved in both nitrogen balance
and energy metabolism. These were all higher in ITF-
treated plasma (both AKI and sham groups). In
plasma, pathways that were differentially enriched
between AKI and sham with exposure to ITF
(Supplemental Table 3B) included those related to
energy metabolism, specifically purine metabolism
(FDR 0.003) and the pentose phosphate pathway
(FDR 0.030)

In summary, the metabolomics data suggest that
AKI impairs energy utilization in the heart, specif-
ically impairing the generation of ATP, and groups
treated with ITF2357 demonstrated enhancement in
pathways associated with 1-carbon metabolism.

EFFECT OF HDACi ON CARDIAC ATP LEVELS. Based
on the metabolomics findings suggesting impairment
in ATP generation after AKI, we next sought to
determine whether persistently reduced levels of
cardiac ATP could explain the diastolic dysfunction.
ATP levels in cardiac tissue at 12 months showed
significant reductions after AKI compared with sham;
mice treated with ITF2357 had preservation of cardiac
ATP levels (Figure 10). These results mirrored both
our previously published short-term findings, and the
long-term diastolic dysfunction after AKI in this
study (14).
DISCUSSION

In this 1-year study, we have demonstrated the kid-
ney and systemic consequences after a single episode
of AKI in mice and evaluated the cardiorenal effects
of HDAC inhibition.

Key findings of our study include the following:

1. AKI results in persistent diastolic dysfunction,
which precedes the development of hypertension.
EF was preserved, and there was no LV
hypertrophy.

2. Treatment with HDACi prevents both diastolic
dysfunction and hypertension after AKI and pre-
serves cardiac levels of ATP.

3. Other systemic effects seen in the immediate
aftermath of AKI, such as perturbances in serum
IL-6 and lung inflammation, do not persist; how-
ever, there were significant differences in growth
parameters after AKI, and these differences
increased throughout the 1- year study.

We have previously demonstrated that AKI leads to
diastolic dysfunction within 72 h (14), and this study
demonstrates that these findings persist at 1, 3, 6, 9,
and 12 months after AKI. These data suggest that
systemic effects during the initial AKI episode are
likely contributors to long-term cardiovascular dis-
ease and track with clinical data demonstrating that
hospitalized patients with AKI have increased risks
for developing heart failure or stroke after hospital
discharge (19,22). In an observational study of US
Veterans, Bansal et al. demonstrated a 23% increased
risk for incident heart failure after AKI (34). In 1 of the
most compelling studies to date, 1-year cardiovascu-
lar outcomes were assessed in 146,941 hospitalized
adults, of whom 31,245 experienced AKI; after
extensive adjustment for confounders, patients with
AKI had a 44% increased rate of hospitalization for
heart failure in the year following hospital discharge
(22). Given these long-term effects, it has been hy-
pothesized that the AKI episode is likely to initiate a
persistent deleterious effect on cardiac function (20),
which is consistent with the findings in the current
study.

Treatment with HDACi mitigates these cardiac
sequelae. It is possible that long-term effects on
energy metabolism may be at play, as we previously
identified ATP depletion in the heart at 24 h and
72 h after AKI (14), and ATP depletion was also
present 1 year post-AKI. The cardiac and plasma
metabolomics results indicate problems with energy
metabolism: primarily impairment in generating
ATP. We did not find a metabolic explanation for
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FIGURE 9 Metabolomic Effects of ITF in AKI and/or Sham Heart Tissue at 1 Year

Pathway diagram illustrating the relative concentrations of one-carbon metabolites (i.e., cysteine and methionine pathway related metab-

olites) shared (*) or differentially between AKI and Sham cohorts, relative to ITF treatment in heart tissue. The pathway, enriched in

metaboanalyst analysis, is adapted with permission from the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 00270 (cysteine and

methionine metabolism), 00480 (glutathione metabolism), and 00250 (alanine, aspartate, and glutamate metabolism). Red indicates lower

concentrations in the ITF treated group, while green indicates higher concentrations. Abbreviations as in Figures 1 to 3.
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the effect of AKI versus sham on long-term cardiac
function; however, we did find significant differ-
ences in groups treated with HDACi. Namely, we
found that groups treated with HDACi demonstrated
improvement in multiple pathways involved in 1-
carbon metabolism. One-carbon metabolism is cen-
tral to methylation changes and epigenetic regula-
tion across the genome, and it appears to be
modified through ITF2357 exposure. Decreased ATP
levels in the heart is a recognized cause of diastolic
dysfunction (35). Thus, improved diastolic function
in ITF2357 treated mice is likely caused, at least in
part, by the ability of the HDACi to normalize car-
diac ATP levels. Lkhagva et al. (36) have previously
shown that Class I HDAC inhibition improves car-
diomyocyte mitochondrial function and cardiac ATP
levels after exposure to TNF-a. Our cytokine data
demonstrate a persistent elevation in TNF-a in the
AKI cohort compared with sham; however, there
was no significant difference in TNF-a in the
ITF2357 versus regular chow cohorts at the 12-
month time point. Conversely, groups treated with
ITF2357 had reduced plasma levels of CXCL1 at 1
year, which is consistent with previous reports (37),
but there was no difference in CXCL1 in the AKI and
sham cohorts without ITF treatment. In sum, the 1-
year cytokine data suggest a cardioprotective
mechanism of action beyond immunomodulation.
The role of epigenetics and the potential therapeu-
tic benefit of HDACi on cardiorenal outcomes
remain under-investigated, and this is the first
murine study to demonstrate long-term cardiac
impairment after AKI (38–42).

We initiated HDACi treatment 3 days after the AKI
or sham procedure to replicate a clinically feasible
intervention time, as most AKI is diagnosed at least
48 h after the inciting event(s). The potential clinical
implications of our cardiorenal findings would be
profound if they are replicated in human studies. An
important next step will be to investigate whether
any such diastolic dysfunction is apparent in patients
with AKI, with the recent report of diastolic
dysfunction in elderly patients with AKI being
notable (24).

Epidemiological studies in patients have demon-
strated that patients with AKI are at increased risk of
subsequent hypertension (43). AKI studies in rats
have demonstrated impaired natriuresis after AKI,
with resultant hypertension (44,45). As a result, it has
been proposed that the development of hypertension



FIGURE 10 Treatment With HDACi Preserves Cardiac ATP

Levels 1 Year After AKI

Treatment with Histone deacetylase inhibition (HDACi) pre-

serves cardiac adenosine triphosphate (ATP) levels 1 year after

AKI. At 12 months, AKI resulted in reduced levels of cardiac ATP

and mice treated with ITF (AKIITF) had normal ATP levels (n¼ 5

to 11). *#p < 0.05 with AKI compared to sham or control,

respectively. Abbreviations as in Figures 1 to 3.
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following AKI has been intermediary step to devel-
oping heart failure. Our data in the current study
suggest that hypertension is not a prerequisite for the
development of diastolic dysfunction, as hyperten-
sion was absent in mice 1 month post-AKI, yet dia-
stolic dysfunction was present. Whether subsequent
hypertension is a maintenance factor for continued
diastolic dysfunction is unknown. Yoon et al. showed
Class I HDACi-treated hypertension in an obesity
murine model via inhibition of angiotensin II (46).
However, in our model, there was no significant dif-
ference in plasma renin levels at the 12-month time
point, indicating that the renin-angiotensin-
aldosterone system was not driving the hyperten-
sion in the AKI cohort. Others have shown that HDAC
inhibition can mitigate hypertension in murine
models of hypertension and that HDACi may result in
vascular remodeling (47,48). Further studies are
warranted to investigate the mechanism of develop-
ment of hypertension following AKI.

It is notable that treatment with ITF2357 did not
improve kidney outcomes in our study. Williams et al.
(49) recently demonstrated mitigation of progression
of chronic kidney disease with treatment of a pan-
lysine deacetylase inhibitor in a murine model of
glomerular disease. Further studies are needed to
determine the potential benefits of various HDACi on
murine models of disease and whether they elicit
different cardiorenal effects.

Recently, the NIDDK published guidelines on
overcoming the translational barriers in studying AKI
and suggested that functional measurements as well
as systemic sequelae be included in animal studies
(50). In the longitudinal study, measured tGFR
remained decreased, and there are increased markers
of kidney fibrosis in the AKI cohorts 1 year after
injury, despite early near-normalization of serum
creatinine. These data support the limitations of
serum creatinine as a clinically adequate biomarker of
kidney function (51). Liu et al. (52) described the AKI-
to-CKD transition in their 1-year murine model of
bilateral renal ischemia (21 min) reperfusion injury
and characterized the progression of cyst develop-
ment, tubular atrophy, and fibrosis in male mice. This
study focused on the long-term renal outcomes of
AKI. Our histological results demonstrate similar
findings with regard to fibrosis outcomes.

Our study is the first long-term investigation of the
renal (including measured GFR) as well as systemic
effects of AKI in mice. Our analysis of the plasma
metabolome in the 12-month samples indicates that
the subclinical CKD (kidney fibrosis and reduced tGFR
with normal SCr) does not result in CKD-related per-
turbances to the circulating metabolome. Taken in
sum with our previous publication evaluating earlier
time points after AKI, the data suggest that the car-
diac findings are a result of the AKI rather than any
component of CKD.

Although the AKI mice appeared healthy after their
initial recovery, their growth parameters were
affected long term, with the AKI cohorts weighing
significantly less than healthy and sham controls.
Histone deacetylases play an important role in the
pathogenesis of obesity, and the impact of HDACi on
metabolism, insulin resistance, and thermogenic
adipocyte differentiation varies depending on the
class of HDACi (53–55). IFT2357 is a nonspecific HDACi
that acts on Class I, IIa, IIb, and IV HDACs. In our
model, groups treated with ITF2357 weighed less
throughout the course of the study and had markedly
reduced gastrocnemius mass, indicating a potential
loss in lean-muscle mass. Further studies are needed
to evaluate the impact of ITF2357 on body composi-
tion. Importantly, the impact of AKI in pediatric pa-
tients on their long-term growth parameters has not
yet been described.

STUDY STRENGTHS AND LIMITATIONS. The strengths
of our study include the numerous study time
points, measurement of serial renal function (tGFR),
and the HDACi treatment arm. The serial AKI versus
sham study was robustly powered, although a limi-
tation of the study was the use of fewer mice in the
12-month ITF2357 cohort. Another limitation was
the significant hemolysis at the 12-month sacrifice of



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Acute kidney

injury is common in both pediatric and adult hospitalized pa-

tients. There is a growing appreciation that patients who develop

AKI merit long-term nephrology follow-up. Our data add to

growing epidemiological evidence that these patients may also

merit closer cardiovascular surveillance. Furthermore, HDACi

therapy may be of clinical benefit in mitigating long-term sys-

temic sequelae after AKI; however, further studies are needed to

investigate the mechanism of action as well as balancing mea-

sures such as the effect on growth and muscle.

TRANSLATIONAL OUTLOOK: Accumulating epidemiological

data suggest the link between AKI and later cardiovascular dis-

ease; however, the pathophysiology is not yet known. Herein,

our animal model demonstrates a direct link between AKI and

persistent diastolic dysfunction. Our data show that a clinically

available therapeutic histone deacetylase inhibitor, ITF2357,

initiated at the clinically feasible time point of 3 days after injury,

serves as a potential novel treatment to improve cardiovascular

outcomes. Future research is needed to determine whether our

findings translate clinically.

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 6 , N O . 2 , 2 0 2 1 Soranno et al.
F E B R U A R Y 2 0 2 1 : 1 1 9 – 3 3 AKI Results in Long-Term Diastolic Dysfunction

131
the AKI and sham cohorts; this affected the methods
by which we were able to measure SCr and made it
impossible to measure ALT and AST. Although un-
fortunate, the preceding 6-month and 9-month data
imply that the 12-month measurements would have
been unlikely to demonstrate any significant find-
ings with respect to liver enzymes. The study is
strengthened by serial cardiorenal measurements,
including tissue Doppler assessments of cardiac
function; however, there are important limitations
in assessing cardiac function, particularly after kid-
ney injury (56). We endeavored to minimize any
confounders in E’ and A’ assessment by using strict
measurement criteria and only measured waveforms
that were not merged, had complete separation, and
did not have separation beyond the baseline. The
study is further limited by lack of measurement of
neurohormones other than renin that could affect
control of blood pressure.

Future studies are needed to investigate the
mechanism(s) by which HDACi improves cardiac
outcomes following AKI. In a 5-week rat model, Basile
et al. (57) demonstrated persistent oxidative stress
following ischemia-reperfusion AKI. Others have
demonstrated that oxidative stress causes epigenetic
modifications in aging, as well as chronic diseases
such as endometriosis and bone disease, and have
shown the critical role of DNA methylation in cyto-
solic reactive oxygen species regulation (58–61).
Coupled with previous findings on the impact of
HDACi on cardiomyocyte mitochondrial function and
ATP levels in a cardiomyocyte injury model (36), we
hypothesize that AKI leads to sustained oxidative
stress, resulting in impairment in energy utilization
in cardiac mitochondria and that HDACi improves
these outcomes via improvements in cardiomyocyte
mitochondrial function that result in preservation of
energy metabolism. Future studies are required to
test this hypothesis.

Finally, this paper details the cardiorenal outcomes
of male mice after AKI. Sex is an important biological
variable, and estrogen is known to protect against
ischemic AKI (62–65). Furthermore, energy meta-
bolism and mitochondrial function are also affected
by sex (66). Further investigations are needed to
compare the cardiorenal and metabolomics outcomes
of female mice after AKI.

CONCLUSIONS

In summary, we have demonstrated long-term dia-
stolic dysfunction that precedes the development of
hypertension and reduced levels of cardiac ATP 1 year
after ischemia-reperfusion acute kidney injury in
male mice. Treatment with ITF2357 prevents these
cardiac sequelae but does not improve kidney func-
tion or histology.
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