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ARTICLE INFO ABSTRACT

Acute kidney injury (AKI) is a high frequent and common complication following acute myocardial infarction
(AMI). This study examined and identified the effect of AMI-induced AKI on organic anion transporter 1 (Oatl)
and Oat3 transport using clinical setting of pre-renal AKI in vivo. Cardiac ischaemia (CI) and cardiac ischaemia
and reperfusion (CIR) were induced in rats by 30-min left anterior descending coronary artery occlusion and 30-
min occlusion followed by 120-min reperfusion, respectively. Renal hemodynamic parameters, mitochondrial
function and Oatl/Oat3 expression and function were determined along with biochemical markers. Results
showed that CI markedly reduced renal blood flow and pressure by approximately 40%, while these parameters
were recovered during reperfusion. CI and CIR progressively attenuated renal function and induced oxidative
stress by increasing plasma BUN, creatinine and malondialdehyde levels. Correspondingly, SOD, GPx, CAT
mRNAs were decreased, while TNFa, IL1f, COX2, iNOS, NOX2, NOX4, and xanthine oxidase were increased.
Mitochondrial dysfunction as indicated by increasing ROS, membrane depolarisation, swelling and caspase3
activation were shown. Early significant detection of AKI; KIM1, IL18, was found. All of which deteriorated para-
aminohippurate transport by down-regulating Oatl during sudden ischaemia. This consequent blunted the
trafficking rate of Oatl/Oat3 transport via down-regulating PKC{/Akt and up-regulating PKCa/NF«kB during CI
and CIR. Thus, this promising study indicates that CI and CIR abruptly impaired renal Oatl and regulatory
proteins of Oatl/Oat3, which supports dysregulation of remote sensing and signalling and inter-organ/orga-
nismal communication. Oatl, therefore, could potentially worsen AKI and might be a potential therapeutic
target for early reversal of such injury.
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strategies leading to rising in-hospital mortality. Previous studies de-
monstrate that cardiac and renal ischaemia and reperfusion (I/R) share

1. Introduction

Acute kidney injury (AKI) is frequently associated and defined to be
a common complication following acute myocardial infarction (AMI)
due to transient episodes of ischaemia (hypoperfusion) and reperfusion
[1]. At present, the prevalence of AKI after AMI remains high with a
broad range of 5-59%, depending upon AKI definition and clinical
characteristics [1,2], which persist due to failure of preventive

common pathophysiological mechanisms causing severe cellular in-
juries, which lead to organ dysfunctions and are believed to be multi-
factorial [2]. During renal I/R condition, the reperfusion itself causes
severe cellular injury leading to AKI and renal dysfunction [3]. Renal
hemodynamic alteration, nitric oxide production, inflammation and
oxidative stress have been proposed to play as major mediators of
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worsening glomerular and tubular structures after renal I/R [4]. Thus,
understanding the multifactorial mechanisms involved in AKI after AMI
is crucially required to seek potential targets for early intervention.

Renal proximal tubules play an important role in the elimination of
several xenobiotics, including endogenous metabolites, drugs and
toxins [5]. The active secretion of organic substances to the tubular
lumen appears to be restricted to the basolateral membrane of proximal
tubule via several transporters. Among these, organic anion transpor-
ters 1 (Oatl) and 3 (Oat3) play a significant role in rate-limiting ba-
solateral uptake of organic anions due to their high expression using
tertiary active transport process [5-7]. These two transporters initially
uptake anionic substrates from blood circulation into the renal epi-
thelial cells against an electrochemical gradient in exchanging for the
efflux of alpha-ketoglutarate (a-KG). The outwardly directed gradient
for a-KG is not only maintained by intracellular metabolic generation of
a-KG through mitochondrial Kreb's cycle activity, but also is fuelled by
active a-KG uptake across the basolateral membrane via a sodium di-
carboxylate cotransporter. Na* gradient is, in turn, driven by utilising
primary active Na*/K* ATPase [5-7]. The two transporters recognise a
broad spectrum of substrates including para-aminohippurate (PAH),
ochratoxin A and uremic toxins, whereas estrone sulphate (ES) is only
specific for Oat3 [5-7]. More recently, Oatl was suggested to be the
centered-network which plays a key role in remote sensing and sig-
nalling hypothesis by modulating essential metabolites. This includes
kreb's cycle intermediates, enterobiome-metabolites, mainly indoxyle
sulphate, and key signalling molecules including prostagladins, poly-
amines and cyclic nucleotides using a novel multi-tiered systems
biology approach [8]. Furthermore, previous studies reported that
uremic toxins produced from organ dysfunction, including hippurate
and indoleacetate, are transported by Oatl, while Oat3 was responsible
for handling 3-carboxy-4-methyl-5-propyl-2-furanpropionate. Ad-
ditionally, both Oatl and Oat3 equally contributed to the transport of
indoxyl sulphate (IS) [9-12]. Subsequently, plasma endogenous anionic
metabolites produced in Oatl knockout mice including indoxyl sul-
phate, kynurenine, and xanthurenic acid as well as the predicted CAS
5435-73-4 pharmacophore were identified using en mass untargeted
metabolomics [13]. These data strongly indicate that Oatl and Oat3,
particularly the former, play a crucial role in the deterioration of kidney
transport function by accumulation of uremic toxins derived from organ
dysfunction. The lack of the ability of Oats-mediated to communication
between organs and/or organisms has recently been emphasised to be a
key of dyshomeostasis in uraemic syndrome of chronic kidney disease
[14]. Thus, any changes in basolateral renal transporters, Oatl and
Oat3, could also potentially affect the clearance of such uremic toxins,
resulting in ineffective treatment for AKI.

Previous study showed the reduction of Oatl expression with a
decrease of renal organic anion secretion in chronic renal failure in rats
[15]. In addition, an increase in IS in proximal tubular cells up-regu-
lated Oatl and Oat3 in chronic renal failure [16], while bilateral ure-
thral obstruction and renal I/R injury in rats decreased mRNA and
protein expressions of both Oatl and Oat3 [17,18]. Previous study also
found that renal uptake of benzylpenicillin, substrates for Oatl and
Oat3, was decreased, as caused by down-regulating the expression of
these two transporters in adenine-induced chronic renal failure (CRF) in
rats [19]. Likewise, human OAT1 and OAT3 were down-regulated in
CREF, leading to impaired renal secretion of cytotoxic metabolites, such
as cefazolin and phenolsulfonphthalein and glutarate derivatives, such
as a-KG, L-20HGA, D-20HGA, 30HGA, glutaconate and adipate, re-
sulting in mitochondrial dysfunction and nephrotoxicity [20]. Recently,
prostaglandin E2 down-regulated rat renal Oatl and Oat3 expression
and function after a 24-h induced renal I/R injury; in addition, the Oat
inhibitor probenecid was able to protect against renal damage, sug-
gesting a role of renal Oats in AKI [21]. The role of Oatl protected
mercury-induced kidney injury was also been demonstrated in Oatl
knockout mice, suggesting that Oatl might be an effective therapeutic
target for prevention of kidney injury [22]. In addition, acute uraemia-
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induced by in vivo pre-renal, nephrotoxic, and post-renal AKI models
has demonstrated a positive correlation among plasma urea and the
decrease in functional Oatl and Oat3 expressions on plasma membrane
[23]. Our previous study demonstrated that Oatl and Oat3 share a
common trafficking process through insulin signalling [24]. The oxi-
dative stress induced by hyperglycaemia also impaired the regulatory
function of these transporters, by associating with the activation of
PKCo/NFxB and deactivation of PKC{ [25]. Hence, we hypothesised
that CI and CIR could induce systemic and renal oxidative stresses,
leading to impaired renal basolateral Oats function and their regulatory
proteins, which could potentially worsen AKI after AMI. These con-
sequences could support the hypotheses of remote sensing signalling
and communication between organs and organisms. Finding such an
early window of opportunity might be the promising target for suc-
cessful therapeutic intervention in AKI.

2. Materials and methods
2.1. Chemicals

CelLytic MT mammalian tissue lysis/extraction reagent, unlabelled
estrone sulphate (ES), para-aminohippurate (PAH) and 2,3,5-triphe-
nyltetrazolium chloride were purchased from Sigma Aldrich (St. Louise,
MO, USA). Polyclonal rabbit anti-rOatl and monoclonal mouse
anti-B-actin antibodies were purchased from Abcam (Cambridge, MA,
USA), while polyclonal rabbit anti-rOat3 antibody was obtained from
Cosmobio (Tokyo, Japan). Polyclonal rabbit anti-PKC, phosphorylated
PKCa (p-PKCa), p65 subunit of NFkB (p65NFkB), goat anti-mouse and
rabbit IgG horseradish peroxidase-conjugated secondary antibodies
were purchased from Santa Cruz (Santa Cruz, CA, USA). Monoclonal
mouse anti-lamin B1 and polyclonal rabbit anti-phosphorylated PKC{
(p-PKCt) were purchased from Cell Signalling (Danvers, MA, USA).
Polyclonal rabbit anti-PKC{ antibody was obtained from Invitrogen
(Carlsbad, CA, USA). Monoclonal mouse anti-Na*-K*-ATPase was ob-
tained from Novus Biologicals (Littleton, CO, USA). [®HI]-ES (specific
activity: SA 50 Ci/mmol) and [*H]-PAH (SA 1 Ci/mmol) were pur-
chased from Perkin Elmer (Waltham, MA, USA). Insulin was obtained
from Biocon (Bangkok, Thailand) and complete protease inhibitor
cocktail was purchased from Roche Applied Science (Indianapolis, IN,
USA). Thiobarbituric acid reactive substances (TBARS) assay was pur-
chased from Cayman Chemical (MI, USA). Zoletil was purchased from
Virbac Laboratories (Carros, France) while xylazine was obtained from
Laboratorios Calier (Barcelona, Spain). All other chemicals with high
purity were obtained from commercial sources.

2.2. Animals

Adult male Wistar rats weighing 300-350 g were obtained from the
Nomura Siam International (Bangkok, Thailand). The animal facilities
and protocols were approved by the Laboratory Animal Care and Use
Committee at Faculty of Medicine, Chiang Mai University, Chiang Mai,
Thailand (Protocol no 7/2559). All experimental animals were housed
in a room and maintained at 25 *+ 1°C on a 12:12 h dark-light cycle,
and allowed to acclimatise at least 1 week before the beginning of the
experiments. The rats were randomly divided into sham, cardiac
ischaemia alone (CI) and cardiac ischaemia and reperfusion (CIR)
groups. Before experiments, rats were fasted overnight with free access
to water.

2.2.1. Cardiac ischaemia and cardiac ischaemia and reperfusion injury
protocol

CI and CIR injury protocol were performed according to previous
studies [26]. Briefly, rats were weighed and anaesthetised using 50 mg/
kg zoletil and 0.15 mg/kg xylazine, intramuscularly. Tracheostomy was
performed and rats were ventilated with room air from a positive
pressure rodent ventilator (CWE Inc., Ardmore, Pennsylvania, USA).
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Lead II electrocardiography (ECG) was recorded throughout the ex-
periment. A left-side thoracotomy was performed at the fourth inter-
costal space, and the pericardium was incised to expose the heart. Left
anterior descending (LAD) coronary artery was then identified and li-
gated at approximately 2 mm distal to its origin. The end of a ligature
was passed through a small vinyl tube which is used to occlude the LAD
by pulling the thread for 30 min in the CI group, while the addition of a
120-min reperfusion was performed in the CIR group. ST elevation from
ECG was used to confirm ischaemia. At the end of study, the animals
were sacrificed and the blood, heart, kidney and spot urine were col-
lected for subsequent experiments. Kidney index was calculated by
kidney weight per body weight and multiplied by 1000. For infarct size
determination, the heart was excised and mounted on the modified
Langendorff apparatus via the aorta after the end of experiment. Cold
saline solution was used to flush out the blood, after which the LAD was
re-occluded and 1 mL of 0.5% (w/v) Evans blue dye was injected to
define the area at risk. Evans blue dye stained the perfused myo-
cardium, whereas the LAD occlusion area did not stain with the dye.
Subsequently, the heart was sliced into pieces of approximately 1 mm
thickness and incubated with 1% buffered 2,3,5-triphenyltetrazolium
chloride, followed by placing the pieces in 10% formalin overnight. The
infarct and remote areas were determined as previously described [26].

2.2.2. Determination of renal blood flow and renal perfusion pressure

The non-invasive flow and pressure assessment of the right renal
artery were carried out using slightly modified protocol of pulsed wave
viewed ultrasound system, with centre frequency of 8 MHz as pre-
viously described [27]. The rats were in supine on the platform, posi-
tioned towards the ultrasound probe. Transverse image of the right
kidney was defined, and the flow through the right renal artery was
measured in directionality to renal blood flow and renal perfusion
pressure at baseline, 15 min after ischaemia and 15 min before end of
reperfusion. The renal arterial flow velocity was recorded and pre-
sented as meter/s (m/s), while renal perfusion pressure was reported as
percent relative to baseline.

2.3. Biochemical parameters

The quantitative total blood urea nitrogen (BUN), plasma creatinine
and urine creatinine were determined by commercial enzymatic col-
orimetric assays (Erba Lachema, Brno, Czech Republic). Plasma mal-
ondialdehyde (MDA) was determined using commercial TBARS assay
kit (Cayman Chemical, Ann Arbor, MI, USA).

2.4. Measurement of total malondialdehyde level in renal cortical tissues

To determine renal oxidative stress, the measurement of total renal
cortical malondialdehyde (MDA) level was performed. Briefly, renal
cortical tissues were cut and suspended in lytic buffer containing pro-
tease inhibitors according to the manufacturer's protocol. The tissues
were then homogenised and centrifuged at 2500 X g for 10 min at 4 °C
and supernatant was collected for determination of MDA level as
mentioned above. Each sample was expressed as total MDA level to
total protein concentration (nmol/mg protein).

2.5. Renal histological examination

To assess renal morphology, the kidney was excised and one-half of
the kidney was fixed in 4% neutral formalin buffer for 12-24h and
embedded in paraffin. Each slide was cut into 5-7 um thick sections and
subsequently stained with haematoxylin and eosin (H&E). The lesions
were confirmed by periodic acid-Schiff base (PAS) as previously de-
scribed [28]. The tissue morphological change was determined using
bright-field microscopic evaluation. The morphological analysis of
glomerular size, mesangial matrix and tubular lesions was assessed
semi-quantitatively. The pathological severity was graded as mild,
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moderate and severe. Renal tubular and mitochondrial morphology
were assessed by fixing renal cortical tissues with 2.5% glutaraldehyde
in 0.1 M phosphate buffer overnight, and post-fixed with 1% cacody-
late-buffered osmium tetroxide for 2h at room temperature. Subse-
quently, the renal tissue and mitochondria were dehydrated with
graded series of ethanol, embedded and cut. Renal tubular and mi-
tochondrial morphology were determined using a transmission electron
microscope.

2.6. Renal slice preparation and transport study

Rat kidneys were removed and placed in oxygenated saline buffer,
and renal cortical slices (< 0.5 mm; 5-15 mg, wet weight) were cut with
a Stadie-Riggs microtome and maintained in ice-cold oxygenated
modified Cross and Taggart buffer containing (mM): 95 NaCl, 80
mannitol, 5 KCl, 0.74 CaCl, and 9.5 Na,HPO,, pH 7.4. The slices were
incubated in modified Cross and Taggart buffer containing either 5 uM
[*H]-PAH or 100nM [°H]-ES for 30 min. For determination of the
trafficking process of Oatl and Oat3, the slices were pre-incubated in
the absence or presence of 30 pg/mL insulin in the buffer, followed by
either 5uM [H]-PAH or 50 nM of [*H]-ES for another 30 min. Uptake
was stopped by adding 1 mL of ice-cold buffer. Slices were washed,
blotted, weighed and dissolved in 1 N NaOH and neutralised with 1 N
HCI. Scintillation fluid was added and the radioactivity was quantified
using a Liquid Scintillation Analyzer (PerkinElmer Life Sciences, MA,
USA). Uptakes of radiolabelled substrates were calculated as tissue to
medium (T/M) ratio, i.e. (DPM/mg) tissue/(DPM/ul) medium.

2.7. Renal mitochondrial isolation and function

2.7.1. Mitochondrial isolation protocol

Renal mitochondrial isolation protocol was modified and carried
out as previously described [29,30]. Briefly, the renal cortical tissues
were cut into small pieces and homogenised in ice-cold isolation buffer
containing (mM): 215 mannitol, 75 sucrose, 1 EGTA, 20 HEPES and
0.1% BSA, pH 7.2, and centrifuged at 3700 rpm for 8 min at 4 °C. The
supernatant was collected and re-centrifuged at 11,800 rpm for 10 min
at 4 °C. The pellet from this step was re-suspended in ice-cold isolation
buffer, and the sample was layered on 15% percoll. The sample was
centrifuged at 15,400 rpm for 9 min at 4 °C, and the pellet was re-sus-
pended in the same buffer and re-centrifuged at 15,400 rpm for 13 min
at 4 °C to remove percoll. The pellet was then re-suspended in ice-cold
mitochondrial buffer containing (mM): 215 mannitol, 75 sucrose, 20
HEPES, and 0.1% BSA, pH 7.2 and centrifuged at 11,800 rpm for 13 min
at 4 °C. The pellet from this step was designated as the mitochondrial
fraction and used for further experiments.

2.7.2. Determination of renal mitochondrial swelling, reactive oxygen
species and membrane depolarisation

For determination of renal mitochondrial swelling, isolated renal
mitochondria was incubated in respiration buffer containing (mM): 100
KCl, 10 HEPES and 5 KH,PO, as modified by previous study [31,32].
The absorbance at 540 nm was determined using Synergy™ HT micro-
plate reader (Biotek, VT). A decrease in absorbance represents mi-
tochondrial swelling. The level of reactive oxygen species (ROS) in
isolated renal cortical mitochondria was determined by modifying from
previous study [31,32]. Briefly, mitochondria was incubated in phos-
phate buffer saline (PBS) containing 10 uM H,DCFDA at 37 °C for
30 min. Excess dye was aspirated and mitochondria was washed three
times by PBS. The fluorescence intensity of dichlorofluorescein (DCF)
was subsequently determined at 485 nm excitation and 528 nm emis-
sion using Synergy™ HT microplate reader (Biotek, VT). Renal mi-
tochondrial membrane depolarisation was also assessed using JC-1 dye
(Calbiochem, Darmstadt, Germany), as modified by previous study
[31,32]. The isolated renal cortical mitochondria was incubated with
10 uM JC-1 for 30 min at 37 °C. Excess JC-1 dye was removed by PBS
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Table 1

Primer sequences and expected amplicon sizes for the gene amplification.
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cDNA Genbank acc. no. Forward primer Reverse primer Amplicon size (bp)

Mn SOD NMO017051.2 ACGCGACCTACGTGAACAATCT CAGTGCAGGCTGAAGAGCAA 101

Cu-Zn SOD X05634 GCAGAAGGCAAGCGGTGAAC TAGCAGGACAGC 387

AGATGAGT

GPx NMO030826 CTCTCCGCGGTG CCACCACCGGGT 297
GCACAGT CGGACATAC

CAT NMO012520 ACAACTCCCAGA GCTTTTCCCTTG 76
AGCCTAAGAATG GCAGCTATG

TNFa NMO012675.3 CCCAAAGGGAAGAGAAGTTC CCACTTGGTGGTTTGCTACA 132

IL-18 NMO031512.2 GTGATGTTCCCATTAGACAGC CTTTCATCACACAGGACAGG 228

iNOS NMO012611.3 GACCAGAAACTGTCTCACCTG CGAACATCGAACGTCTCACA 137

NOX2 NMO023965.1 CAATTCACACCATTGCACATC CGAGTCACAGCCACATACAG 181

NOX4 NMO053524.1 TCCATCAAGCCAAGATTCTGAG GGTTTCCAGTCATCCAGTAGAG 192

X0 NMO017154.1 TGCCAGACCATACTGAAAAGG AAGCCACCCCATAACTGAAAT 196

B-actin NMO031144 ATGGTGGGTA GGGGTGTTGAAG 241
TGGGTCAGAA GTCTCAAA

Mn SOD: manganese superoxide dismutase, Cu-Zn SOD: copper zinc superoxide dismutase, GPx: glutathione peroxidase, CAT: catalase, TNF-a: tumour necrosis factor
alpha, IL-1f: interleukin-1 beta, iNOS: inducible nitric oxide synthase, NOX2: NADPH oxidases 2, NOX4: NADPH oxidases 4, XO: xanthine oxidase, B-actin: beta-

Fig. 1. Effect of acute cardiac ischaemia
*, # (CD) and cardiac ischaemia/reperfusion
(CIR) on cardiac infarct size, kidney weight
and kidney index. (A) Representative
images of cardiac infarct area (no stained),
viable area (red) and area at risk (no blue
stained). (B) Cardiac infarct size is pre-
sented as percent of area at risk. (C) Kidney
weight and (D) kidney index as calculated
by kidney weight per body weight and
multiplied by 1000. Data were expressed as
mean * SEM. (n=6). *p < 0.05 vs
sham group, *p < 0.05 vs CI group.
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three times and the JC-1 monomer forms was determined at 520 nm
excitation and 596 nm emission, while aggregate forms was determined
at 485nm excitation and 538 nm emission for green and red fluores-
cence, respectively. A decrease in the ratio of monomer to aggregate
form represents mitochondrial depolarisation.

2.8. Quantitative real-time PCR analysis

Total RNA was purified from freshly isolated rat renal cortical tis-
sues using trizol, according to the manufacturer's instruction. The first
strand cDNA was obtained using iScript™ cDNA synthesis kit (Bio-rad,
CA, USA) and qPCR was performed using SYBR green supermix.
Primers were used according to published sequences (Table 1) and were
purchased from Macrogen (Rockville MD). Gene expressions were
normalised to actin mRNA levels and reported as relative fold changes
(RFC). QPCR amplification was performed in duplicate for each cDNA.
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2.9. Subcellular fractions and Western blot analysis

The renal cortical tissues in each condition were cut and suspended
in CelLytic MT mammalian tissue lysis/extraction reagent containing
1% complete protease inhibitor. The samples were centrifuged at
5000 x g for 10 min at 4 °C. Supernatant was specified as whole cell
lysate and the pellet was re-suspended in the same lytic solution and
centrifuged at 10,000 x g for 10 min at 4 °C. The supernatant from this
step was specified as the nuclei fraction. Whole cell lysate fraction was
subsequently centrifuged at 100,000 X g for 2h at 4 °C and the super-
natant was specified as the cytosolic fraction while the crude membrane
pellets was re-suspended in the same reagent. Protein concentration of
each sample was measured using Bradford assay (Bio-rad, CA, USA) and
stored at —80 °C for further experiments. For Western blotting, protein
sample was resolved in 2 x Laemmli solution and electrophoresed on
10 or 15% SDS-PAGE, and subsequently transferred onto poly-
vinylidene difluoride (PVDF) membrane (Millipore, MA, USA). Non-
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Fig. 2. Effect of cardiac ischaemic (CI) and cardiac ischaemic/reperfusion (CIR) conditions on renal arterial flow velocity and renal perfusion pressure. (A) Renal
blood flow velocity, (B) relative renal perfusion pressure and (C) representative ultrasonic images in conditions during baseline (white bars), 15 min after ischaemia
(black bars) and 15 min before end of reperfusion (grey bars). Data were expressed as mean += S.E.M. (n = 6). *p < 0.05 vs respective baseline, #p < 0.05vs CI

group.

specific bindings of the protein on the membrane were blocked by 5%
non-fat dry milk in 0.1% Tween 20 tris- or phosphate-buffered saline
(TBST or PBST) for 1h at 4°C, then incubated overnight with the de-
sired primary antibodies against rOatl, rOat3, PKCa, p-PKCa, PKCE, p-
PKCE, Akt, p-Akt, p65NFxB, KIM1 and IL-18. To confirm the enrichment
of the fraction, anti-Na*-K*-ATPase and anti-lamin B1 antibodies were
used as membrane and nuclei markers, respectively. Anti-B-actin anti-
body was used as loading control for all samples. PVDF membranes
were washed with TBST or PBST and incubated with goat anti-mouse,
rabbit or goat IgG horseradish peroxidase-conjugated secondary anti-
body for 1h at 4°C. Enhanced chemiluminescent kit was utilised to
detect the target proteins. The band density was quantitatively analysed
by ImageJ program from Research Services Branch (RSB) of the
National Institute of Mental Health (NIMH, MD, USA).

2.10. Statistical analysis

Data were expressed as mean * S.E.M. Statistical differences were
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assessed using one-way analysis of variance, followed by LSD post-hoc
test using SPSS version 23 (IBM Corp., NY, USA). Differences were
considered to be significant when p < 0.05.

3. Results

3.1. General characteristics of acute cardiac ischaemia and cardiac
ischaemia/reperfusion on cardiac infarct size, kidney weight and kidney
index in rats

To confirm myocardial infarction, Evan blue dye staining was used
to determine area of blood flow during ischaemia condition. The area at
risk was not stained with Evan blue, whereas viable area was seen in
red. The cardiac infarct size was indicated by white area. Similar to
previous study [26], cardiac infarct size normalised by area at risk was
progressively deteriorated in the area supplied by LAD, in both acute
cardiac ischaemia (CI) and cardiac ischaemia/reperfusion (CIR) when
compared with sham operation (Fig. 1A and B). Moreover, the infarct
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Sham
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Fig. 3. Effects of acute cardiac ischaemia (CI) and cardiac ischaemia/reperfusion (CIR) on renal morphology. Representative micrographs of conventional (A)
haematoxylin and eosin (H&E), and (B) periodic acid-Schiff base (PAS) staining of rat kidney section from sham, cardiac ischaemia (CI) and cardiac ischaemia and
reperfusion (CIR) groups. Data were analysed from 6 areas in each slide section from 6 different animals using bright-field microscopy at 200 x. * indicates wide
Bowman's capsule space, — indicates nucleus condensation, -» indicates brush border loss and V indicates tubular dilatation. Abbreviations: G, glomerulus and P,

proximal convoluted tubule.

area in the CIR group was greater than the CI alone. However, the
kidney weight and index were not different among experimental groups
(Fig. 1C and D). This data confirms that the LAD ligation protocol was
reproducible and able to mimic myocardial ischaemic and I/R condition
presented in a clinical setting.

3.2. Effects of acute cardiac ischaemia and cardiac ischaemia/reperfusion
on renal arterial flow velocity and renal perfusion pressure

To determine cardio-renal communication, renal blood flow velo-
city and renal perfusion pressure after CI and CIR conditions were
employed using non-invasive flow and pressure assessments using pulse
wave viewed ultrasound system. As shown in Fig. 2A, renal arterial flow
velocity was significantly decreased to 0.34 + 0.06 and
0.36 + 0.06 m/s during the ischaemic phase in both CI and CIR
groups, respectively, when compared with their respective control
(0.60 = 0.05 and 0.60 * 0.11m/s). The sham operation was un-
changed. However, the velocity during complete cardiac reperfusion in
the CIR group was almost fully restored to 0.53 + 0.03m/s when
compared to the baseline. Similarly, relative percentage of renal per-
fusion pressure during ischaemic phase was dropped to 37-40% re-
lative to the respective baseline in both CI and CIR groups. The pressure
in the CIR group was recovered to 80% during complete cardiac re-
perfusion phase (Fig. 2B). The representative ultrasonic images in
baseline, ischaemia and reperfusion phase in sham, CI and CIR group
were shown in Fig. 2C. These data suggest that complete coronary oc-
clusion resulted in renal hypoperfusion and hypopressure, whereas
complete reperfusion fully restored renal perfusion and pressure.

3.3. Effects of acute cardiac ischaemia and cardiac ischaemia/reperfusion
on renal morphology, blood urea nitrogen, plasma creatinine and lipid

peroxidation

Renal morphological analysis was assessed using standard methods
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for renal biopsy, haematoxylin & eosin and periodic acid-Schiff base
(PAS) staining. Sham rat kidney had normal renal structures including
the glomerulus, Bowman's capsule space and proximal convoluted tu-
bules. On the other hand, CI and CIR rat kidney progressively developed
glomerular infiltration with a wide Bowman's capsule space (star
symbol), nucleus condensation (line arrow), brush border loss (dot
arrow) and tubular dilatation (triangle symbol) (Fig. 3A and B).

Consistently, blood urea nitrogen (BUN) and plasma creatinine le-
vels were elevated in CI rats and significantly increased in CIR rats
when compared with sham (Fig. 4A and B). Similarly, plasma and renal
cortical malondialdehyde levels, which represent lipid peroxidation,
were higher in the CI group than the sham, while there was significant
increase in the CIR rats when compared to the sham operation (Fig. 4C
and D). These data indicate that acute myocardial ischaemic and I/R
sequentially damage renal glomerular and tubular structures, and in-
duce systemic and renal oxidative stress, which lead to progressive
decline of renal function.

3.4. Effects of acute cardiac ischaemia and cardiac ischaemia/reperfusion
on expression of antioxidants, pro-inflammatory cytokines and kidney injury
markers

To identify the remote sensing and signalling mechanism by which
CI and CIR affected renal tubular oxidative stress leading to renal
dysfunction, renal antioxidant genes including superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPx), extracted from
renal cortical tissues, were assessed using quantitative real-time PCR.
As shown in Fig. 5A, mRNA expression of a major mitochondrial ROS
scavenging enzyme, manganese SOD (MnSOD), in renal tubular cells
progressively decreased in CI and CIR. In addition, mRNA expression of
cytosolic copper-zinc SOD (Cu-ZnSOD) and CAT in renal cortical tissues
markedly decelerated in the CIR group when compared to the sham and
CI groups, while GPx mRNA expression was abruptly, and continuously,
blunted in CI and CIR conditions. Moreover, the dominant sources of
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ROS production including NADPH oxidase 2 (NOX2), NADPH oxidase 4
(NOX4) and xanthine oxidase (XO) mRNA expression in the CI group
tended to increase when compared to the sham group. Expression of
these three genes significantly increased the CIR condition when com-
pared to the sham and CI groups (Fig. 5B).

Simultaneously, acute CI and CIR up-regulated mRNA expression of
pro-inflammatory cytokines, including tumour necrosis factor-alpha
(TNFa) and interleukin 1-beta (IL-13) when compared to the sham
group. Furthermore, cyclooxygenase 2 (COX2) mRNA expression was
increased in the CIR group when compared to the sham and CI groups,
while both CI and CIR up-regulated inducible nitric oxide synthase
(iNOS) mRNA expression when compared to the sham group (Fig. 6A).
Likewise, a significant expression of kidney injury molecule-1 (KIM-1)
protein, a specific biomarker reflecting renal proximal tubular injury,
was detectable in CI and CIR compared to the sham group (Fig. 6B),
whereas IL-18 protein, a biomarker for early detection of AKI, was
markedly increased in CIR compared to the sham group (Fig. 6C). These
data suggest that CI and CIR can suddenly induce renal oxidative stress
and inflammation and interfere cellular signalling processes, con-
sequentially resulting in renal tubular injury.

3.5. Effects of acute cardiac ischaemia and cardiac ischaemia/reperfusion
on renal mitochondrial structure and function

To further identify whether CI and CIR impaired redox state of renal
tubular epithelial cells, renal mitochondria, a major source of active
energy in renal tubules, was isolated. Its structure and function were
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subsequently determined. As shown in Fig. 7A and B, robust production
of ROS was shown in the CI and CIR groups, in parallel with membrane
depolarisation as reflected by the reducing renal mitochondria red/
green JC1 ratio when compared with the sham group. CI and CIR
condition also gradually induced renal mitochondria swelling when
compared to the sham renal mitochondria (Fig. 7C). Consistently,
protein expression of cleaved caspase 3, a downstream signalling
marker of mitochondrial dysfunction, was higher and significantly in-
creased in CI and CIR, respectively (Fig. 7D). Like functional changes,
tubular mitochondrial content and tubular epithelium were gradually
loss in CI and CIR, respectively, when compared to the sham condition
(Fig. 7E). Similarly, isolated renal mitochondria in the sham group
demonstrated nice and folded cristae in the inner membrane, while
mitochondrial cristae extracted from CI and CIR gradually dispersed
(Fig. 7F). This data indicate that sudden CI and CIR conditions have an
instant remote sensing and signalling effect directed towards renal
mitochondrial structure and function, which could potentially secrete
kreb's cycle metabolites and key signalling molecules and impair active
tubular function.

3.6. Effects of acute cardiac ischaemia and cardiac ischaemia/reperfusion
on renal organic anion transport mediated by Oatl and Oat3

We further identified the mechanisms by which CI and CIR directly
impair active tubular function mediated by Oatl and Oat3, the two
potential new therapeutic targets for renal injury, using tubular trans-
port study of organic anions in renal cortical slices. The [*H]-PAH, a
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typical substrate for Oatl and Oat3, and [®H]-ES, a specific substrate for
Oat3, were used in this experiment. As shown in Fig. 8A, PAH uptake
was reduced in the renal slices of the CI group when compared to the
sham group, while PAH transport mediated by Oatl and Oat3 was
markedly restored back after complete reperfusion, as seen in the CIR
group. On the other hand, ES uptake mediated by Oat3 was not dif-
ferent among experimental groups (Fig. 8B). Consistent with functional
transport, membrane protein expression of Oatl was significantly
down-regulated in the CI group compared to the sham group. Although
Oatl protein in the CIR group was markedly increased when compared
to the CI group, it was still less expressed than that of the sham
(Fig. 8C). Again, there was no significant difference in Oat3 membrane
protein expression among experimental groups (Fig. 8D). These data
indicate that among renal basolateral organic anion transporters, Oat1l
is a major transporter that is susceptible to hypoperfusion and play a
key target for pre-renal AKI which sequentially leads to impaired tub-
ular transport function after myocardial infarction.

3.7. The mechanism involved in the impairment of renal organic anion
transporter 1 induced by acute cardiac ischaemia and cardiac ischaemia/

reperfusion

A study by Barros et al. [24] had shown that Oatl and Oat3 func-
tions shared a common trafficking process through insulin/PKC{ acti-
vation, leading to up-regulated Oatl and Oat3 transport; whereas, our
recent data showed that oxidative stress induced PKCa/NFkB activa-
tion, resulting in impaired Oatl and Oat3 transport in type 2 diabetes
mellitus (T2DM) [25]. Therefore, we further addressed whether reg-
ulatory function of Oatl (and Oat3) was impaired under CI and CIR
conditions using renal cortical slices pre-incubated with insulin. As
expected, the renal cortical slices incubated by insulin had significantly
increased in both [®H]-PAH and [®H]-ES transports in the sham group.
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In contrast, a common trafficking process of Oatl and Oat3 by insulin
stimulation was blunted in renal cortical slices transported by [H]-PAH
and [®H]-ES in both the CI and CIR group (Fig. 9A and B). To identify
the mechanisms of impairment, Oatl and Oat3 trafficking was further
investigated by Western blot analysis. As shown in Fig. 9C, CIR pro-
gressively activated PKCa as indicated by increasing phosphorylated
PKCa/PKCa ratio. Similarly, nuclear protein expression of p65 NFkB
was significantly increased in the CIR group when compared to sham
and CI groups (Fig. 9D). In addition, the positive regulator of Oatl and
Oat3, PKCC, was in-activated in CIR condition compared to that of sham
and CI, as indicated by a decrease of phosphorylated PKC{/PKC{ ratio
(Fig. 9E). This data was in parallel with a marked down-regulation of
PKB/Akt, a downstream signalling protein of insulin/PKC{ (Fig. 9F).
These data indicate that the regulatory proteins of Oatl (and Oat3) are
also sensitive to renal hypoperfusion and oxidative stress following CI
and CIR, which subsequently impair tubular transport function and
worsen acute kidney injury.

4. Discussion

The present study demonstrated the precise molecular mechanisms
of AMI-induced renal hypoperfusion, oxidative stress, inflammation,
mitochondria dysfunction and basolateral Oatl transport function using
a well-established cardiac ischaemia and reperfusion (I/R) injury model
to mimic the clinical setting of AMI patients, as previously described
[26].

Renal hypoperfusion is a major characteristic of pre-renal AKI [33].
This factor is revealed to be a critical criteria causing severe AKI in both
experimental animal models and AMI patients [34]. In this study, renal
hypoperfusion was clearly demonstrated by renal arterial flow velocity
during 30 min of cardiac ischaemia (CI) using non-invasive sonographic
technology, as modified from recent study [27]. As suggested, this
feature is a better tool for early, robust and sensitive detection of the
changes in renal hemodynamic status, compared to conventional his-
tology and serum creatinine level in cisplatin-induced nephrotoxicity in
rats [27]. Although renal hemodynamic parameters were fully re-
covered after 120 min of reperfusion in this study, the general renal
function, histological appearance, oxidative stress, inflammation and
renal secretory transport function were progressively deteriorated.

Clinically, increase in serum creatinine, decrease in glomerular fil-
tration rate (GRF) and urine output are the major criteria used for de-
fining AKI [1]. However, the prevalence of AKI after AMI still remains
high to-date. Thus, the time pattern of systemic perturbation includes
renal dysfunction after AMI is crucially defined for early preventive
strategies. For better understanding the role of renal transporters in
physiological and pathophysiological conditions in the future, estab-
lishing remote sensing and signalling system through gaining adequate
time series data from time of perturbation to restoration is essential
[13,35]. Here, we found that not only a progressive increase in serum
creatinine and BUN was demonstrated in both 30-min ischemia and 30-
min ischemia and 120-min reperfusion conditions, but generation of
renal oxidative stress by MDA production and tremendous decrease of
antioxidant genes (NOX2, NOX4 and XO) were also presented. Con-
sistently, cardiac and renal I/R injuries in rats elevated plasma and
renal MDA, as well as decreased antioxidant genes, respectively
[36,37]. NOX2 plays a role in ventricular remodelling after myocardial
infarction [38], while NOX4 up-regulates cardiac remodelling and
dysfunction [39]. Additionally, both NOX2 and NOX4 are highly ex-
pressed in kidney and influence the redox status by producing O> and
its derivatives during several cellular events, including cell prolifera-
tion, cell death, inflammation and oxygen sensing [38,39]. Similarly,
XO has been shown to play a role in producing ROS in renal I/R model
in rats [40]. Taken together, imbalance of the redox state in renal
cortical tissues could be an initial factor contributing to dyshomeostasis
of intracellular renal metabolism and signalling, leading to renal dys-
function. Besides oxidative stress, up-regulated pro-inflammatory
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cytokines, which response to injury including TNF-a and IL-1(, have
also been reported [41]. TNF-a is a potent pro-inflammatory cytokine
that could promote tissue damage in AKI [42]. In addition, the key
inflammatory enzymes, COX2 and iNOS, are also up-regulated in renal
I/R [43]. In agreement with the line of evidences, partial hypoperfusion
to the kidney by acute cardiac ischaemia and cardiac I/R in this study
suddenly elevated TNF-a, IL-1f3, COX2 and iNOS in renal cortical tis-
sues. Consistently, the role of pro-inflammatory cytokines on interfering
with Oatl and Oat3 expression and function in several inflammatory
diseases include sepsis and I/R injury has recently been discussed [44].
In addition, the greater the increase of plasma levels of urea with the
greater the severity of pre-renal, nephrotoxic, and post-renal AKI, re-
spectively [23]. Thus, renal cortical oxidative stress and inflammation
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+

S.E.M. (n = 6). *p < 0.05 vs sham,

due to acute cardiac ischaemia and cardiac I/R could contribute to the
impairment of renal tubular transport function, in renal cortical ne-
phrons. Although this study did not systemically measure specific ur-
aemic toxins, endogenous metabolites from gut microbiome, nutrients,
key small molecules, and antioxidants involved locally with renal
dysfunction, our findings might imply that these molecules found in the
blood circulation could potentially interfere renal tubular function,
particularly during reperfusion phase. Further steps of investigations to
describe the entire systemic consequences in inter-organ communica-
tion, especially, to seek the potential metabolites and signalling mole-
cules release during sudden cardiac ischemic and I/R condition on renal
transport function mediated by Oatl in an in vivo are necessary. This
could be done through metabolomic, transcriptomic, and/or
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computational chemistry analyses.

Currently, patients who had myocardial infarction, organ trans-
plant, surgical interventions, circulatory shock and haemorrhagic shock
have gone through early detection of AKI by measuring major bio-
markers, such as KIM-1 and IL-18 [45,46]. Again, our results indicated
that these markers were significantly detected at only 30 min of oc-
clusion and 120 min of reperfusion, implying that AKI could present
even if only one episode of acute cardiac ischaemia and cardiac
ischaemia/reperfusion had occurred. Thus, this study clearly demon-
strates the heart-kidney communication in acute phenomenon, and a
short window for prevention of pathological consequences of, particu-
larly, cardio-renal syndrome type I remains necessary.

To further identify the impairment of renal tubular function, we
investigate the mitochondria, as they are the major organelle for energy
production that could also produce ROS, causing renal proximal tubular
cell damage and apoptosis [47]. Furthermore, several evidences have
shown that mitochondrial dysfunction could develop multiple organ
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failures, including the heart, liver, lung and kidney [48]. Previous study
demonstrated that mitochondrial permeability transition pores (mPTPs)
were closed during myocardial ischaemia [49]. On the other hand,
these mPTPs were open at reperfusion phase, leading to induced ROS
burst and increased Ca?* and pH concentration in cardiac mitochon-
dria [49]. As a consequent, cytochrome C is released and initiates the
activation of the caspase cascade including caspase 3, leading to cell
apoptosis [50]. Again, this study demonstrated that renal mitochondrial
integrity and function were progressively destroyed after acute cardiac
ischaemia and cardiac I/R injury. Since the secretory process in renal
proximal tubule cells depends on ATP, the effects of acute cardiac
ischaemia and cardiac I/R injury could possibly impair renal secretory
function. To support this evidence, a very recent study revealed that
tertiary active transport of Oatl and Oat3 required higher amount of
kreb's cycle metabolites, particularly a-ketoglutarate, in human con-
ditionally immortalized proximal tubular epithelial cells overexpressing
Oatl and Oat3. Such process results in shifting cellular metabolism
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Fig. 9. Effect of cardiac ischaemia (CI) and cardiac ischaemia/reperfusion (CIR) on mechanism involved Oatl and Oat3. The rat renal cortical slices were pre-
incubated for 30 min in the presence or absence of 30 pg/mL of insulin, followed by (A) 5uM [*H]-PAH transport mediated by renal Oatl and Oat3, and (B) 50 nM
[*H]-ES mediated by renal Oat3 for another 30 min. The data were analysed and expressed as % of mean control = S.E.M. Each experiment was performed from
separate animals, and at least 3 renal slices were used in each condition (n = 6). Renal tubular protein expression of (C) cytosolic p-PKCa and PKCa ratio, (D) nuclear
p65 NF«B, (E) cytosolic p-PKCC and PKCC ratio and (F) cytosolic p-PKB/Akt and PKB/Akt were determined using specific antibodies. Anti-B-actin antibody was used
as loading control. Data were analysed and expressed as mean + S.E.M. (n = 6). *p < 0.05 vs sham, *p < 0.05 vs CI group.

towards oxidative state [51].

As Oatl and Oat3 play a crucial role for the deterioration of kidney
function, by accumulating uremic toxins derived from organ dysfunc-
tion [5], the set of common and overlapping substrates of Oatl and
Oat3 including uremic toxins and small metabolites were recently
identified in Oatl and Oat3 knock out mice by comparing against those
substrates found in chemical double knock out model using metabo-
lomic analysis. Evidence suggests that Oatl and Oat3 play a role in
endogenous metabolite disposition, metabolism, and excretion in
healthy and pathological conditions [52]. Previously, the degree of rat
Oatl expression to be internalised into the cytosolic compartment in
renal I/R model is time-dependent similarly to the human OAT1 ex-
pression in cadaveric renal allografts [53,54]. Correspondingly, the
remote sensing effect of acute cardiac ischaemia in our study abruptly
diminished functional Oatl expression on the plasma membrane, while
a 120-min reperfusion partially restored Oatl impairment without
changing the Oat3 expression and function. Hence, this study suggests
that Oatl is the major transporter susceptible to ischaemia and re-
perfusion-induced kidney injury. In addition, Oatl might play a critical
role in the pathological progression of cardio-renal syndrome (type I)
through the remote sensing of cardio-renal communication. These
findings strongly correlate with a more recent work which indicated
that Oatl is the centered-network in remote sensing and signalling by
handling and regulating several metabolites and hormones e.g. kreb's
cycle intermediates, indoxyl sulphate, prostagladins, and urea [8]. In-
deed, bradykinin is found to be released under renal inflammation. This
hormone has also up-regulated Oat3 function through PKC8, PKCe and
PKC{ [55]. Thus, the possibility of unchanged membrane Oat3 ex-
pression and function may be due to bradykinin release under cardiac
ischaemic and I/R conditions, leading to compensatory response of
Oat3 expression and function.

Despite previous studies characterising the distribution of Oatl/
OAT1 under renal I/R [53,54], such findings did not investigate the
mechanism by which Oatl/OAT1 were degraded, particularly during
ischaemia. Hence, we examined the hypothesis of whether sorting or
trafficking proteins involved impairment of Oat1 during ischaemia. Our
previous studies demonstrated that insulin shares a common pathway
for insertion with Oatl/Oat3 on the membrane through PKA/PKCC,
leading to a doubled function of these transporters [24]. Additionally,
phorbol ester had been shown to down-regulate Oatl expression and
function through PKC [56], whereas insulin-stimulated Oat3 function in
T2DM rat kidney was impaired by oxidative stress resulting in activa-
tion of PKCa/NFxB [25]. Likewise, the present study clearly demon-
strated that insulin-stimulated Oatl/Oat3, through PKC({/Akt, were
depleted simultaneously with PKCa/NFkB activation during CI and CIR.
These findings suggest that a sudden cardiac dysfunction can impair
renal basolateral Oatl/Oat3 trafficking process, which could progres-
sively reduce the net elimination of PAH and other organic anions,
including uremic toxins which subsequently worsen kidney injury. To
extend the line of Oat1 internalisation by PKC, a recent study also found
that short-term PKC activation enhanced internalisation of Oatl from
plasma membrane to cytosol, while long-term PKC activation promoted
the degradation of Oatl via ubiquitin ligase Nedd4-2 [57].

Currently, the therapeutic treatments of AMI patients are mainly
focused on the improvement of heart function using several agents in-
cluding vasodilators, anti-coagulant, anti-platelet and antioxidants
[58]. In addition, there are various pharmacological interventions that
can restore renal function in renal I/R injury model, including ROS-
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scavenging agents, nitric oxide and NOS inhibitors, poly-ADP-ribose
polymerase (PARP) inhibitors, peroxisome proliferator activated re-
ceptor (PPAR) agonists and adenosine receptor agonists [3]. Recently,
indomethacin, an anti-inflammatory drug, has been shown to improve
renal Oatl and Oat3 in rat renal I/R model [59]. Since Oatl is re-
sponsible for the clearance of endogenous metabolites and uraemic
toxin [8], and in this study it was impaired after sudden CI, the ther-
apeutic interventions targeting Oatl and its regulatory proteins for
patients who suffer from AKI induced by AMI should be crucially
considered.

In conclusion, this promising study indicates that a sudden myo-
cardial ischaemic and ischaemic/reperfusion conditions, can abruptly
impair renal cortical mitochondria and basolateral transporters, parti-
cularly Oatl and its regulatory proteins, which can, in turn, potentially
worsen AKIL These findings, therefore, supports the remote sensing and
signalling hypothesis of renal Oatl, and demonstrates an evidence of
heart-kidney communication. Improving renal Oatl and its regulatory
proteins might be a useful therapeutic target for reversing such injury.
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