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Organic cation transporters (OCT1-3 and OCITN1/2)
facilitate cardiac uptake of endogenous compounds
and numerous drugs. Genetic variants of OCIN2, for
example, reduce uptake of carnitine, leading to heart
failure. Whether expression and function of OCTs and
OCTNs are altered by disease has not been explored in
detail. We therefore studied cardiac expression, heart
failure—dependent regulation, and affinity to cardio-
vascular drugs of these transporters. Cardiac trans-
porter mRNA levels were OCIN2>OCT3>0OCIN1>
OCT1 (OCT2 was not detected). Proteins were local-
ized in vascular structures (OCT3/OCTN2/0OCTN1) and
cardiomyocytes (OCT1/OCIN1). Functional studies
revealed a specific drug-interaction profile with pro-
nounced inhibition of OCT1 function, for example,
carvedilol [half maximal inhibitory concentration
(ICs,), 1.4 pmol/L], diltiazem (ICs,, 1.7 pmol/L), or
propafenone (IC5,, 1.0 umol/L). With use of the car-
diomyopathy model of coxsackievirus-infected mice,
Octn2mRNA expression was significantly reduced (56%
of controls, 8 days after infection). Accordingly, in en-
domyocardial biopsy specimens OCIN2 expression was
significantly reduced in patients with dilated cardiomy-
opathy, whereas the expression of OCI1-3 and OCIN1

was not affected. For OCIN2 we observed a significant
correlation between expression and left ventricular
ejection fraction ( = 0.53, P < 0.0001) and the presence
of cardiac CD3™ T cells r = —0.45, P < 0.05), respec-
tively. OCT1, OCT3, OCIN1, and OCTN2 are expressed
in the human heart and interact with cardiovascu-
lar drugs. OCTN2 expression is selectively reduced
in dilated cardiomyopathy patients and predicts the
impairment of cardiac function. (4m J Pathol 2011,
178:2547-2559; DOI: 10.1016/j.ajpath.2011.02.020)

Cardiovascular diseases are the leading cause of death.
Consequently, numerous drugs targeting the cardiovas-
cular system are given to a large number of patients.
Little is known about drug concentrations at their target
sites, which can be modulated by local factors, among
them drug efflux and uptake transporters.’ In particular,
with regard to tissues such as skeletal or cardiac muscle,
knowledge about transporter expression as a prerequi-
site for intracellular drug concentrations is still limited.
Yet, several transport proteins, among them members of
the ATP-binding cassette proteins (ABC transporter),
have been identified within the cardiovascular system.?
The potential relevance of transport proteins in these
structures is highlighted by a recent study on transporter
expression in skeletal muscle cells, indicating an impact
of uptake and efflux transporters on local statin concen-
trations and hence on statin-mediated myotoxicity.® Al-
though several publications address expression of efflux-
mediating ABC transport proteins in the human heart, the
mode of cardiac drug uptake is unclear. In this context,
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we attempted to demonstrate that the cardiac expression
of two uptake transporters in humans and the expression
of one of those, the carnitine transporter OCTN2, were
affected by cardiac disease.*®

In the present study, we investigated the cardiac ex-
pression of uptake transporters for organic cation trans-
porters [OCT(N)s], namely, the OCT1-3 (SLC22A7-3) and
OCTN1 and OCTN2 (SLC22A4 and 5). Recent studies
indicate an important pharmacologic role of these
transporters.® For example, in a functional study of the
ubiquitously expressed OCT3 in knockout mice, the
distribution of the OCT standard substrate 1-methyl-4-
phenylpyridinium (MPP™) was selectively altered in
cardiac tissue.” Furthermore, there is evidence of an
interaction of the physiologically important carnitine
transporters OCTN1 and OCTN28° with certain drugs,
thereby acting as an uptake transporter or being inhib-
ited in their physiologic function by these compounds.®
Such interactions may have consequences for sys-
temic and cardiac carnitine homeostasis as already
discussed for the valproic acid-induced carnitine de-
pletion.’® On the other hand, these transporters may
modify drug action itself by controlling local concen-
trations, which has recently been shown for OCTN1
and the hERG (KCNHZ2) channel blocker quinidine."’

Although the tissue-specific mRNA expression of these
transporters has been investigated in general studies,'®
knowledge about their cardiac localization and disease-
dependent regulation is still limited. In addition to drugs
modifying these proteins on a functional level (eg, inhib-
iting L-carnitine uptake), changes in cardiac expression
will result in an altered uptake of both endogenous
substrates and drugs. Therefore, this study focused on
disease-dependent expression of cardiac OCT(N)s
and possible functional interactions with cardiovascu-
lar drugs. Taken together, we demonstrate selective
regulation of OCTN2 by impaired cardiac function and
studied the interaction profile of OCT(N)s and cardio-
vascular drugs.

Materials and Methods

Patients

In the present study, we examined the expression of
OCT(N)s in the human heart. The general expression and
localization were studied in explanted hearts of potential
donors with no indications for cardiac dysfunction, which
have been described before.'®

We studied the cardiac expression of OCT(N)s in
endomyocardial biopsy (EMB) specimens in a cohort of
83 patients. We included patients with a broad range of left
ventricular ejection fraction (LVEF) as a measure of left
ventricular systolic function and left ventricular end
diastolic diameter (LVEDD) as a key measure of left
ventricular dilatation. We aimed to encompass patients
presenting with acute myocarditis (AMC) and dilated
cardiomyopathy (DCM) versus noninflammatory patho-
genesis. The latter were composed of non-DCMs (n =
8) and patients with unspecified symptoms [dyspnea

on exertion, chest discomfort, palpitations (n = 9)] and
normal or mildly reduced LVEF (>45%). Patients’ EMB
specimens were characterized by immunohistologic
proof of inflammatory DCM and PCR proof of cardiac
viral infections. For the selection of AMC and DCM
patients, we focused on patients without proof of car-
diac infections, patients with the most frequently de-
tected parvovirus B19 (PVB19), and patients with en-
teroviral infection, which have been well characterized
in animal models of coxsackievirus-induced myocardi-
tis'® and have been associated with adverse prognosis
in human disease.'®"” This selection criterion was met
to ascertain possible virus-specific effects on OCTN
regulation in virus-associated cardiomyopathy. The
patients were randomly selected according to these
entry criteria from the biomaterial database of the
Sonderforschungsbereich Transregio 19 (SFB TR19).
Written consent was obtained from each patient, and
the protocol was approved by the Ethics Committee of
the Charité — Universitdtsmedizin, Berlin, Germany,
within the framework of the SFB TR19. Patients’ EMB
specimens were obtained from the right ventricular
septum and were characterized immunohistochemi-
cally for the presence of a cardiac inflammation and by
PCR techniques to detect cardiotropic viruses as de-
scribed elsewhere.'®2" Significant coronary disease
was excluded by coronary angiography in all patients
with nonischemic cardiomyopathy. The clinically sus-
pected cardiomyopathy entities of AMC, DCM, and
non-DCMs (n = 8 controls with LVEF =45%; ischemic
cardiomyopathy: n = 5, hypertrophic cardiomyopathy:
n = 1, toxic cardiomyopathy: n = 1, and tachycar-
diomyopathy: n = 1) were determined in accordance
with widely accepted classifications,?®® considering
the chief clinical presentation, laboratory, echocardio-
graphic, and cardiac catheterization data. AMC was
suspected in cases with antecedent viral illness and
duration of history up to 4 weeks before first clinical
assessment. In AMC cases with preserved or mildly
impaired LVEF, a clinical presentation mimicking acute
coronary syndrome and arrhythmias was frequent.?*2°
In AMC cases with impaired LVEF (=45%), cardiac
decompensation and progressive heart failure pre-
vailed. Three AMC patients were admitted after cardio-
pulmonary resuscitation.?®” The patients’ clinical and
EMB specimen characteristics are summarized in Ta-
ble 1.

A second, independent patient group consisting of 15
DCM and six control patients was used to confirm these
findings. Among these patients, coronary heart disease
was excluded by angiography and ACM by myocardial
biopsy. Patients were treated with angiotensin-convert-
ing enzyme inhibitors, angiotensin receptor antago-
nists, B-blockers, digitalis, and diuretics and received
stable oral medication for 3 months before the study.
From all patients we obtained six to 10 EMB specimens
from the interventricular septum of the right ventricle
for clinical reasons. Written consent was obtained from
each patient, and the protocol was approved by the
Ethics Committee of the University Hospital in Greif-
swald, Germany (Table 2).
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Controls with LVEF

Characteristics =45% (n = 8)

Controls with LVEF
>45% (n = 9)

AMC patients with
LVEF =45% (n = 7)

AMC patients with DCM patients
LVEF >45% (n = 32) (n=27)

Age, mean = SD (range), years 56.8 = 15.4 (27-71)
LVEF, mean = SD (range), %

LVEDD, mean =+ SD (range), mm
LVESD, mean + SD (range), mm

30.3 + 9.5 (17-44)
64.3 + 8.4 (56-81)
47.4 + 11,9 (24-62)

Virus (B19V or EV), No. 1
B19V 1 0
EV 0 0
B19V and EV 0 0
Inflammatory DCM (immunohistology) 1 0*

43.1 + 20.3 (16-66)

Sex, No. M/F 7 4/5

77.1 + 10.9 (50-84)*

49.3 + 5.2 (39-54) *

29.8 + 6.2 (20-38)
I

52.0 + 10.3(39-63) 37.0 + 12.8 (18-65) 51.1 %+ 13.7 (30-78)
6/1 26/6 23/4

36.6 + 8.1 (25-45) 66.6 = 9.4 (47-83)" 27.9 + 11.4 (7-45)

63.3 + 8.7 (54-78) 52.8 + 5.5 (40-62)* 65.4 + 9.2 (45-82)

51.4 + 13 (36-72) 33.6 + 6.8 (12-44) 51.9 + 11.1(26-71)

4 21 15
2 13 4
1 3 10
1 5 1
4 14 14

M, male; F, female. LVEF, left ventricular ejection fraction; AMC, acute myocarditis; DCM, dilated cardiomyopathy; LVEDD, left ventricular end diastolic

diameter; LVESD, left ventricular end systolic diameter.

*Significantly (P < 0.05) different from the remaining patient groups (Tukey-Kramer post hoc analysis in comparisons with continuous data).

Animal Studies

Viral infections are one etiologic factor for the develop-
ment of DCM. Again, the consequences for expression
and function of cardiac uptake transport proteins are
unknown. We therefore studied murine Oct(n)transporter
expression in a viral myocarditis model. Inbred mice of
strains C57BL/6 (H-2°) and ABY/Snd (H-2°) were infected
with coxsackievirus B3 (CVB3) in the animal facilities of
the Department of Molecular Pathology, University Hos-
pital Tubingen, as described elsewhere.’® Four- to
5-week-old mice were infected i.p. with 5 X 10* plagque-
forming units of purified CVB3. Animals were sacrificed at
different time points (4, 8, 12, and 28 days) after infection.
Noninfected animals of both strains were used as con-
trols. Samples of aseptically removed hearts were snap
frozen in liquid nitrogen for real-time RT-PCR analysis.

RNA Isolation and cDNA Amplification

RNA isolation from explanted hearts of patients with no
indication for cardiac dysfunction and cDNA synthesis
were performed as described before.®

Three to four EMB specimens from each patient of the
second collective were stored in liquid nitrogen, pooled,
and homogenized. An aliquot of the cell pellet was trans-
ferred to RLT-lysis buffer (RNeasy Micro Kit; Qiagen Inc.,
Valencia, California). Subsequently, RNA was isolated
following the manufacturer’s instructions for total RNA
isolation from fibrous tissues (Qiagen Inc.). RNA was
purified using a Charge Switch Total RNA Cell Kit (Invit-
rogen, Carlsbad, California), and concentration and qual-

Table 2. Patient Characteristics From the Second Study

Control
Characteristics patients DCM patients
No. 6 15
Age, mean = SD, years 45.7 = 9.1
LVEF, mean = SD, % 58.7 £ 9.2 359+50
LVEDD, mean *= SD, mm 505 +29 686 +73

Sex, No. M/F 4/2 9/6
Virus diagnostic Negative 8 Negative/7
positive

M, male; F, female; LVEF, left ventricular ejection fraction; LVEDD, left
ventricular end diastolic diameter.

ity were assessed using a Nanodrop ND-1000 (Nano-
Drop Technologies Inc., Wilmington, Delaware) and an
RNA 6000 Pico LabChip on a Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, California). Before real-time
PCR one-round T7-RNA polymerase-mediated linear am-
plification of 30 ng of total RNA was performed using the

A

SLC22A5
SLC22A4
SLC22A3
sLc22a24 n.d.

SLC22A1

0 5 1|0 15
rel. cardiac OCT(N) expression

Figure 1. Expression of OCT(N)s in the human heart. Az mRNA expression
was examined by real-time PCR and normalized to 18S rRNA expression.
Values are depicted in relation (rel.) to the mean expression of all measured
OCT(N)s (n.d., not detected). B: Cardiac localization of OCT1, OCT3,
OCTNI1, and OCTN2 (green fluorescence) as assessed by immunofluores-
cence staining (blue fluorescence: nuclei staining, insets: control staining,
arrows: endothelial cells).
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first part of the Two Cycle Target labeling protocol (Af-
fymetrix, Santa Clara, California). The amplified RNA was
reverse transcribed using a High-Capacity cDNA Re-
verse Transcription Kit (Applied Biosystems, Foster City,
California).

For RNA preparation from murine hearts, snap frozen
hearts were homogenized in the presence of liquid nitro-
gen by a mortar. Subsequently, the tissue powder was
lysed using 350 uL of RLT-lysis buffer following a protei-
nase K digestion. RNA isolation was performed accord-
ing to the manufacturer’s protocol (Nucleo Spin Extract Il
Kit; Macherey-Nagel, Duren, Germany). Finally, the RNA
concentration was determined using a Nanodrop ND-
1000 system.

Real-Time PCR

In explanted hearts, expression of transporter transcripts
and the reference gene for 18S rRNA was measured by
conventional TagMan real-time PCR using the following
assays on demand (Applied Biosystems): Hs00901881_
m1 (OCT1), Hs00161893_m1 (OCT2), Hs00222691_m1
(OCT3), and Hs00268200_m1 (OCTN1). The expression
of OCTN2 and 18S rRNA was measured as described
before.®

The transporter expression measurement in the first
patient collective was performed by a recently devel-
oped preamplification/real-time PCR technigue®® using
the mRNA specific assays on demand as already men-
tioned.

Real-time PCR analysis of OCT1, OCTN1, and
OCTN2 within the EMB specimens of the second pa-
tient collective was performed using a custom-manu-
factured TagMan low-density array (TLDA; Applied
Biosystems) that, in addition to the target genes, con-
tained the common housekeeping genes B2M, GUSB,

Table 3. Inhibition of OCT(N) Function

TBP, 18S rRNA, HMBS, and GAPDH (due to technical
problems OCT3 could not be included in this analysis).
The TLDA cards were loaded with reaction mixes from
control and patient samples, and PCR amplification
was performed using a 7900 HT Sequence Detection
System (Applied Biosystems). Thermal cycling was as
follows: 2 minutes at 50°C; 10 minutes at 94.5°C, fol-
lowed by 30 seconds at 97°C; and 1 minute at 59.7°C
for 40 cycles.

In murine probes, transporter expression and the
reference gene for 18S rRNA were measured by con-
ventional TagMan real-time PCR system (7900HT) us-
ing the following assays on demand: Mm00456303_m1
(Oct1), Mm00457295_m1 (Oct2), Mm00488294_m1
(Oct3), Mm00457739_m1 (Octn1), and Mm00441468_m1
(Octn2) (all Applied Biosystems). Real-time PCR data were
quantified using the SDS 2.3 software package (Applied Bio-
systems).

Immunofiuorescence Staining

Protein localization was investigated by immunofluo-
rescence microscopy. For OCT1, a polyclonal antibody
against the human transporter was used (rabbit, dilu-
tion 1:50; GenWay Biotech Inc., San Diego, California).
OCT3 and OCTN1 were detected using affinity-purified
polyclonal rabbit antibodies generated against the rat
(OCT3) and murine (OCTN1) transporter (Alpha Diag-
nostics, San Antonio, Texas). OCTN2 was detected as
described before (rabbit, dilution 1:150).° Paraffin sec-
tions of 2 um were used (prepared by standard meth-
ods). Incubation with primary antibodies was per-
formed at 4°C overnight. After being washed with Tris-
buffered saline, the sections were incubated for 2
hours with secondary antibody Alexa Fluor 488-la-
beled IgG (anti-rabbit 1gG, Invitrogen). Nuclei were

Agent OCTH OCT3 OCTNA1 OCTN2
Amiodarone 72.5 £10.5* 87.5 £20.5 68 £ 10 66.3 * 16.2*
Atenolol 81.8 £ 10.8* 99.1 £ 27.2 80.1 = 10.9 99.5 +3.3
Atorvastatin 69.5 + 16.3* 729 £ 11.6* 98.4 + 28.4 88.0 £ 5.4
Atropine 16.9 = 3.0* 106.5 = 8.6 18.8 £ 21.3* 86.8 £ 224
Bisoprolol 62.8 + 9.3* 94.0 £ 13.3 91.1+16.6 93.4 £ 6.6
Carvedilol 6.7 = 3.0 75.3 £ 13.6* 29.8 = 16.3" 91.8x 122
Digoxin 53.8 + 8.4* 87.2 £ 46 91.56 £ 29.7 92.3+£83
Diltiazem 7.2+29" ND 30.7 = 18.0* ND
Flecainide 18.5 = 5.3* 83.8 £ 7.4¢ 32.4 + 16.8* 98.1 £68.5
Ipratropium bromide 11.5x0.7* 76.9 = 1.7* 32.3 £8.8" 713 £ 23"
Lidocaine 52.2 £ 4.2¢ 85.2 £ 10.8* 37.5 £53" 776 +7.8"
Metoprolol 32.7 £ 5.7 87.2*+246 86.9 = 10.6 95.8 = 15.0
Molsidomine 87.1 £ 53" 84.6 £ 12.2* 96.8 = 19.1 92.7 £ 243
Nadolol 58.2 = 16.3* 1121 = 19.3 101.1 = 12.8 93.3 9.0
Nifedipine 16.7 = 8.1* 35.4 £17.5* 6.3 57" 69.6 + 16.4*
Propafenone 141 =5.6* 56.2 + 4.3* 32.8 £17.9* 86.7 + 15.4
Propranolol 128 = 6.7* 126 £ 4.1 411 x£9.2" 78.9 + 557
Sotalol 86.2 = 10.1 91.8+228 919+ 22.0 90.2 173
Spironolactone 9.8 = 4.6* 729 + 6.5" 32.6 £ 11.2* 72.2 +12.0*
Talinolol 29.2 = 45* 79.9 = 21.1 89.3 = 13.8 90.8 £ 5.7
Verapamil 7.0+ 3.5* 229 + 14.8* 8.5+ 7.0" 66.5 + 38.3

Cells were incubated with radiolabeled standard substrates in the presence of various drugs (100 umol/L) as described in Materials and Methods. Values
(mean = SD) represent the percentage of residual transport activity compared with solvent control. ND, not determined.

*P < 0.05, Student’s t-test.



stained using a 1:1000 dilution of DAPI (Sigma Aldrich,
Munich, Germany).

Cloning and Overexpression of Transporter
Constructs

Functional studies for OCT1, OCT3, OCTN1, and OCTN2
were performed using transporter overexpressing MD-

CKII cells. Although the OCTN2 overexpressing cell line
has already been described,® OCT1, OCT3, and OCTN1

Table 4. Potency of OCT(N) Inhibitors
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overexpressing cell lines were generated. Therefore, the
coding sequence of these transporters was amplified
from cDNA preparations (derived from placenta for OCT3
and OCTN1 and from liver for OCT1). Subsequently,
transporter fragments were cloned into the mammalian
expression vector pcDNA3.1/hygro(-) (Invitrogen) and
checked for sequence variations against the reference
sequences (OCT1, NM_003057; OCT3, NM_021977;
OCTN1, NM_003059). Overexpression of all constructs
was performed as described before for OCTN2.° Stable

ICsq values, umol/L Plasma C, . Reference Crnax/Cso
Carvedilol
OCT1 1.4(0.9-2.1) 66 ng/mL (163 nmol/L) 29 0.12
OCT3 74.2 (15.3-360.5) <01
OCTN1 73.1(58.6-91.1) <0.1
OCTN2 ND
Diltiazem
OCTH 1.7 (1.2-2.4) 205.6 *+ 91.3 ng/mL (496 + 220 nmol/L) 30 0.29
OCT3 ND
OCTN1 126.4 (93.8-170.2) <0.1
OCTN2 ND
Flecainide
OCTH1 25(1.5-4.3) 371 = 124 ng/mL (895 = 299 nmol/L) 31 0.36
OCT3 ND
OCTNA1 176 (125-247) <0.1
OCTN2 ND
Metoprolol
OCT1 52.6 (11.9-232.9) 114.4-2543 ng/mL (dependent on 32 <0.1-0.18
CYP2D6 genotype) (0.426-9.5 umol/L)
OCT3 ND
OCTN1 ND
OCTN2 ND
Nifedipine
OCT1 31.1(15.2-63.4)
OCT3 102.3 (27.9-69.1)
OCTN1 74.6 (48.0-116.0)
OCTN2 59.4 (2.4-1473)
Propafenone
OCT1 1.0(0.6-1.6) 883 * 421 ng/mL (2.6 = 1.2 umol/L) 33 2.6
OCT3 ND
OCTN1 67.5(54.8-83.2) <0.1
OCTN2 ND
Propranolol
OCTH1 1.3(0.8-2.2) 42.9 + 19.3 ng/mL (165 + 74 nmol/L) 34 0.13
OCT3 78.1(20.8-292.5) <0.1
OCTN1 ND
OCTN2 ND
Spironolactone
OCT1 2(0.9-1.6)
OCT3 73 4(27.3-196.8)
OCTNA1 125 (98-161)
OCTN2 36.0 (17.7-73.2)
Talinolol
OCTH1 23.7 (11.5-49.0) 147.8 + 63.8 ng/mL (400 * 173 nmol/L) 35 <0.1
OCT3 ND
OCTN1 ND
OCTN2 ND
Verapamil
OCT1 2(1.0-1 6) 74.9 * 25.8 ng/mL (165 £ 57 nmol/L) 36 0.14
OCT3 57 4 (5.3-623) <0.1
OCTNA1 11.0(8.1-14.9) <0.1
OCTN2 50.9 (20.3-127) <01

Transporter overexpressing cells were incubated with probe substrates as described in Materials and Methods in the presence of various drug
concentrations, ranging from 0.1 to 100 umol/L (n = 3). IC5, values were calculated from the respective transport values by nonlinear regression analysis
(brackets indicate the calculated range of ICg, values). The C,,,, for the respective drugs were taken from the literature. In addition, C,,,,,/ICs, values were
calculated to compare in vitro results with in vivo concentrations. ND, not determined.
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Figure 2. mRNA expression of Oct3 (A), Octnl (B), and Octn2 (C) in the
hearts of CVB3-infected A.BY/SnJ and C57/BL/6 mice. Oct(n) and 18S rRNA
expression was determined in control animals and 4, 8, 12, and 28 days after
CVB3 infection. Values are presented as mean & SD in relation (rel.) to day
0. Statistical significance was tested versus untreated mice using the Mann-
Whitney C-test (*P < 0.05).

overexpressing cell lines were characterized on protein
and functional levels.

Functional Studies

For transport experiments, cells were cultured to confluence
in 24-well plates and washed with prewarmed (37°C) PBS
before uptake assays were performed. Transport studies
were performed by incubating the cells with a transport
buffer (140 mmol/L NaCl,, 5 mmol/L KCI, 1 mmol/L KH,PQO,,
1.5 mmol/L CaCl,, 5 mmol/L glucose, and 12.5 mmol/L
HEPES, pH 7.4). For studies with MDCKII-OCT1 and MD-
CKII-OCTS3, [*H]JMPP* and unlabeled MPP* were added to
the incubation buffer at a final concentration of 500 nmol/L.
[®H]-carnitine and ['*C]-tetraethylammonium (all radio-
chemicals were from Hartmann Analytics, Braunschweig,
Germany) were used for uptake assays using MDCKII-
OCTN2 and MDCKII-OCTNA1, respectively. The cells were

incubated at 37°C for 5 minutes (OCT1, OCTN1, and
OCTN2) or 90 seconds (OCT3). Afterward, the cells were
washed three times with ice-cold PBS before lysing cells
with 0.2% SDS containing 0.5% EDTA. An aliquot of the
lysate was dissolved in 2 mL of scintillation cocktail (Ro-
tiszint, Roth, Karlsruhe, Germany) and measured in a scin-
tillation B-counter (type 1409, LKB-Wallac, Turku, Finland).

Statistical Analyses

For graphs and statistical analyses, GraphPad Prism soft-
ware 5.02 (GraphPad, San Diego, California) was used.
Gene expression data were analyzed using the relative
expression values (AAC;-method) and statistical tests as
indicated in the respective section and figure legend.
When using box plots, whiskers represent the 10th to
90th percentiles.

For functional studies, uptake inhibition was calculated
as a percentage of control in the absence of drugs. Here,
statistical analysis was performed by Student’s t-test, and
data were depicted as mean + SD values. The half max-
imal inhibitory concentrations (ICs,) were calculated by
fitting the values to a sigmoidal dose-response curve
(GraphPad Prism software 5.02). In all cases, P < 0.05
was considered significant.
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Figure 3. Cardiac mRNA expression of OCT1 (A), OCT3 (B), OCTN1 (O),
and OCTN2 (D) in EMB specimens of 83 cardiac patients. These patients
were divided into controls with unimpaired heat function (no AMC, no
DCM, no virus, LVEF >45 n = 9), controls with other forms of cardio-
myopathy (no AMC, no DCM, LVEF =45, n = 8), patients with AMC with
(n = 32) and without (7 = 7) LVEF >45 but no DCM, and DCM patients
(n = 27). Transporter expression was examined by real-time PCR and
normalized to the expression of CDKNI1. Values are depicted in relation
(rel) to the median expression of all samples. Statistical testing was
performed by the Kruskal-Wallis test followed by Dunn’s Multiple Com-
parison test.
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Figure 4. Association of cardiac mRNA expression of OCT1 (A), OCT3 (B),
OCTN1 (©), and OCTN2 (D) in EMB specimens of cardiac patients and
functional parameters [LVEDD (n = 78) and LVEF (n = 83)]. Transporter
expression was examined by real-time PCR and normalized to the expression
of CDKN1. Values are depicted in relation (rel.) to the median expression of
all samples. Statistical significance was tested by the Spearman test for
correlation analysis.

Results

Cardiac Expression of OCT(N) Transporters

To characterize cardiac expression of OCT1, OCT2,
OCT3, OCTN1, and OCTN2, real-time PCR was per-
formed on RNA samples from eight nonfailing hearts.
RNA expression was normalized to 18S rRNA expression
and depicted in relation to the mean expression of all
measured transporters (Figure 1A). Although OCT2 was
not expressed in the human heart (C; values >40 for 10
ng of reverse transcribed RNA) and OCT1 was only de-
tected in low abundance (mean expression, 0.25 *+ 0.18
in relation to all transporters; mean C; value, 33.9),
OCTN1 and OCT3 exhibit medium expression levels
(0.59 = 0.49 for OCTN1, mean C; value, 32.6; and
1.30 = 0.51 for OCT3, mean C; value, 31.3). The most
abundant cardiac OCT(N) was OCTN2 (10.8 + 7.3; mean
C; value, 28.4).
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Furthermore, cardiac protein expression of OCT(N)s
was examined by immunofluorescence staining, thereby
detecting OCT3 and OCTN2 predominately in vascular
structures (vessel wall and endothelium, respectively),
whereas OCTN1 and OCT1 were also present in cardio-
myocytes (Figure 1B).

Interaction with Cardiovascular Drugs

To study the interaction of cardiovascular drugs with
cardiac expressed OCT(N)s, we used OCT1-, OCT3-,
OCTN1-, and OCTN2-overexpressing MDCKII cell
lines. Therefore, the cDNA of the respective transporter
was cloned into a mammalian expression vector and
transfected into MDCKII cells. Stable transfected cell
clones were selected and tested for transporter over-
expression by immunofluorescence staining, demon-
strating the transporters to be expressed in the plasma
membrane. Functional characterization using standard
substrates verified the transporter overexpression
(data not shown). Inhibition studies with cardiovascular
drugs were performed for all transporters. OCT(N)-
mediated uptake of the radiolabeled standard sub-
strates MPP* (OCT1 and OCT3), tetraethylammonium
(TEA) (OCTN1), and L-carnitine (OCTN2) was mea-
sured in the absence and presence of a 100 umol/L
concentration of the drug. The results depicted in Ta-
ble 3 demonstrate different interactions of the respec-
tive transporter. Although OCTN2-mediated carnitine
uptake was only a little affected by drugs such as
verapamil or amiodarone (approximately 30% inhibi-
tion), the transport activity of OCT3 and OCTN1 was
modified by various drugs, and the most comprehen-
sive interaction was observed for OCT1, which was
inhibited by almost all tested drugs.
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Figure 5. mRNA expression of OCT1 (A), OCT3 (B), OCIN1 (C), and
OCTN2 (D) in EMB specimens of cardiac patients studied in dependency of
the presence of a viral infection [no virus: 7 = 42, PVB19: n = 20, enterovirus
(EV): n = 14, both virus: n = 7). Values are depicted in relation (rel.) to the
median expression of all samples. Statistical testing was performed by
Kruskal-Wallis test followed by Dunn’s Multiple Comparison test. *P < 0.05.
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The calcium channel blockers verapamil, diltiazem,
and nifedipine, as well as the B-blockers carvedilol and
propranolol, interact with a variety of transport pro-
teins, thereby exhibiting low IC, in particular for OCT1
and OCTN1. To further evaluate these drug-transporter
interactions, the 1C5, values were determined for the
most potent inhibitors and compared with plasma con-
centrations reached by the respective drug (Table 4).
The results indicate that 1C5, values of several drugs
inhibiting OCT1 are in the range of concentrations
reached during drug therapy as indicated by maximum
concentration (C,,,,)/ICso values above 0.1. In contrast
to OCT1, most IC5, values for OCT3, OCTN1, and
OCTN2 are above therapeutic concentrations for the
most drugs tested.

Expression of Oct(n)s in a Murine Myocarditis
Model

Previous data indicate reduced expression of OCTN2
in patients with DCM.® Because one underlying reason
for this disease may be a virus-induced inflammatory
heart disease, we studied the expression of Octn2 and
the other Oct(n)s in a murine myocarditis model. There-
fore, C57BL/6 and A.BY/SnJ mice were infected with
CVB3. Although C57BL/6 mice eliminate the virus and
recover from myocarditis, the permissive A.BY/SnJ
animals develop a persistent cardiac infection and
chronic myocarditis. Transport protein expression was
measured 4, 8, 12, and 28 days after CVB3 infection
and in untreated animals of both strains (day 0). The
expression of Oct3 was down-regulated in both mouse
strains during infection; however, this effect only
reaches significance in the permissive A.BY/SnJ mice.
In contrast to permissive ABY/SnJ mice, the resistant
C57BL/6 animals revealed a recovering of Oct3 ex-
pression to initial values 28 days after infection. With
regard to the expression of Octn1 and 2, we observed
significant differences between permissive and resis-
tant animals. Although expression levels of both trans-
porters remained unaffected in C57BL/6 mice during
disease, Octn1 was significantly increased at days 4 to
28 after infection in A.BY/Snd mice with a maximum at
8 days after infection. For Octn2, in A.BY/SnJ mice, the
mRNA levels were significantly enhanced at 4 days
after infection compared with the uninfected controls
but significantly reduced from day 8 to 28 after infec-
tion [44% * 33% of control (day 8), 44% = 20% (day
12), and 204% = 63% (day 28)] (Figure 2).

Expression of OCT(N)s in EMB Specimens

To translate these results to humans, we investigated the
OCT(N) expression in EMB specimens of two indepen-
dent patient groups.

In the first group of patients, approximately 40% had
inflammatory cardiac infiltrates as assessed by immuno-
histochemistry (IHC). Moreover, viral genomes were de-
tected in approximately 50% of the EMB specimens (Ta-
ble 1). These EMB results are consistent with published

cross-sectional data.’2"'37 OCT(N) expression in
these samples was quantified by preamplified real-
time RT-PCR. The transporter expression was normal-
ized to CDKN1 as both housekeeping and preamplifi-
cation uniformity genes.?® All measured transporters
(OCT1, OCT3, OCTN1, and OCTN2) were detectable in
all samples. Concerning general parameters, such as
age and sex, we observed a significantly higher expres-
sion of approximately 40% for OCT3 and for OCTN1/2 in
female patients and a positive correlation between age
and OCT3 (r = 0.30, P < 0.01) and OCTN1 (r = 0.28, P
< 0.05) (data not shown).

With regard to cardiac disease, the expression of
OCT1, OCT3, and OCTN1 was not altered, whereas the
mRNA levels of OCTN2 were significantly reduced in
DCM patients and in failing hearts due to nonDCMs (65% *+
20% and 61% = 16%, respectively) compared with that of
control patients with unimpaired heart function (LVEF >45).
OCTN2 expression was unaffected in patients with AMC
(Figure 3). In line with these findings, the OCTN2 expression
was strongly correlated with functional cardiac parameters
such as LVEF as measure of left ventricular systolic function
(r=0.53, P <0.0001) and LVEDD (r = —0.45, P < 0.0001).
No relationship with cardiac function parameters was ob-
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Figure 6. mRNA expression of OCTN2 in EMB specimens of cardiac patients
with or without an immunohistologic proof of cardiac inflammation (left).
Data depicted on the right show the correlation between OCTN2 expression
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samples. For statistical testing, Mann-Whitney U-test and Spearman test were
used.



served for the other transporters (except OCT3; LVEF: r =
0.24, P < 0.05) (Figure 4). Similar findings for all transport-
ers were found in the male subgroup, whereas no associ-
ation between cardiac function and OCTN2 expression was
detected in female ones (data not shown).

Besides the clinical diagnosis and the functional pa-
rameters, the EMB specimens were also characterized
with regard to the presence of viral infection and myocar-
dial inflammation. Focusing on the first parameter, no
association with the cardiac OCT1, OCT3, and OCTN2
expression could be detected; however, there was a
significant difference in OCTN1 expression revealing
higher OCTN1 expression in enterovirus-infected hearts
compared with PVB19-positive hearts (Figure 5). With
regard to cardiac inflammation, OCT1, OCT3, and
OCTN1 expression was unaffected (data not shown);
however, we detected a trend toward a reduced
OCTN2 expression in DCM patients with an immuno-
histologically detected inflammation compared with
DCM patients without (21% = 22% reduction in inflam-
matory DCM patients, P = 0.104). Although this differ-
ence was not statistically significant, a more detailed
correlation between OCTN2 expression and CD3-pos-
itive T cells revealed a significant inverse relationship
(r = —0.45, P < 0.05) (Figure 6B).

>

OCT(N) in Human Heart 2555
AJP June 2011, Vol. 178, No. 6

Within the second collective, we studied the expres-
sion of OCT1, OCTN1, and OCTN2 using TLDA. OCT1
was only detectable in low abundance in five control and
12 DCM samples, with no significant difference between
both groups. OCTN1 was not significantly altered by dis-
ease, whereas OCTN2 mRNA levels were significantly
lowered by 47% *+ 24% (P < 0.05) (Figure 7). In addition
to this general observation, OCTN2 expression was as-
sociated with cardiac function as shown by its correlation
with the LVEF (r = 0.44, P < 0.05) and the inverse
correlation with the LVEDD (r = —0.49, P < 0.05) (Figure
7). Besides the clinical diagnosis and the functional
parameters, the EMB specimens were also character-
ized with regard to the presence of viral infection and
cardiac inflammation. Focusing on these parameters,
the OCTN2 expression was strongly reduced in hearts
with significant inflammation (52% compared with no
inflammation), whereas the expression in the presence
of a minor inflammation was unaltered compared with
hearts with no inflammation (Figure 8). Concerning the
presence of viral infection, the most pronounced dif-
ference in OCTN2 expression (reduction by 57%) was
observed between control patients with no cardiomy-
opathy and virus-positive [PVB19 (n = 2), human her-
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Figure 7. Cardiac mRNA expression of OCT1
(A), OCTN1 (B), and OCTN2 (C) in EMB speci-
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Figure 8. mRNA expression of OCT1 (A), OCTN1 (B), and OCTN2 (C) in
EMB specimens of the second study in association with the presence of a
cardiac inflammation and in association with the presence of a viral infection
and DCM. Values are depicted in relation (rel.) to the median expression of
the NF probes. Statistical testing was performed by Mann-Whitney U-test
(left) and Kruskal-Wallis test followed by Dunn’s Multiple Comparison test
(right). *P < 0.05.

pesvirus 6 (n = 4), and herpes simplex virus 1 (n = 1)]
DCM patients (Figure 8).

Discussion

In the present study, we investigated the expression and
disease-dependent regulation of OCT1-3 and OCTN1
and OCTN2 in the human heart. All measured OCT(N)s
except OCT2 were detectable by real-time PCR in the
human heart; however, the expression levels showed a
wide interindividual variation. The highest expression was
detected for OCTN2, whereas OCTN1 and OCT3 exhib-
ited moderate expression levels, and OCT1 expression
was very low. These findings are in line with previous
reports indicating a broad tissue distribution for OCT3,
OCTN1, and OCTN2, but liver and kidney restricted
expression of OCT1 and OCT2, respectively.'® With
regard to its cardiac localization, immunofluorescence
staining indicated a preferential localization within vas-
cular structures for all OCT(N)s, whereas signals for
OCT1 and OCTN1 were also detected in cardiomyo-
cytes. Thereby, OCT3 was expressed in the vascular
wall, whereas OCTN2 seems to be restricted to the
endothelium with minor expression in cardiomyocytes.

The results for OCTN2 support our previous findings® and
point to its function as an important high-affinity carnitine
uptake transporter in the human heart.3® The major im-
pact of OCTN2 for cardiac carnitine uptake is supported
by the fact that intracardiac carnitine concentrations were
highly elevated compared with the plasma concentra-
tions.®® Consequently, loss of function mutations within
the OCTN2 gene lead to systemic carnitine deficiency.®
In accordance with our findings, a recent study also
localized OCTN1 to cardiomyocytes,’" where it is sug-
gested to play a role for the low-affinity carnitine transport
into these cells and mitochondria.*®*' However, a further
study on the expression of murine OCTN1 and OCTN2
reported OCTN2 to be preferentially expressed in cardio-
myocytes and OCTN1 in vascular structures.*?

In addition, we developed transporter overexpressing
MDCKII cell lines, a widely used model for functional
studies of membrane transporters, for OCT1, OCTS,
OCTN1, and OCTN2. Using these cell lines, we charac-
terized the interaction of the individual uptake protein with
various drugs as suggested by the IC5, data. Regarding
OCTN2, only a limited number of compounds, such as
amiodarone and verapamil, led to a moderate reduction
of carnitine transport. Although these data confirm previ-
ous findings with regard to verapamil,*® an interaction
with amiodarone has not been described so far. It is
rather unlikely that amiodarone is a substrate for OCTN2
because of the restrictive substrate profile of this trans-
porter**: however, it may act as an inhibitor, thereby
modulating its physiologic function. A pathophysiologic
role of such a drug/transporter interaction has already
been discussed for valproic acid (and especially its car-
nitine derivates) and verapamil.'®4%46 Amiodarone has
already been shown to inhibit B-oxidation as the main
metabolic process dependent on carnitine by inhibition of
carnitine—palmitoyltransferase 1,478 but as described for
the carnitine analog mildronate, inhibition of carnitine
transport provides additional explanation for this obser-
vation.*®*% OCTN1 and OCT3 function was significantly
inhibited at low concentrations by a variety of drugs.
Among them, compounds such as verapamil and nifed-
ipine, as well as propranolol and carvedilol, are the most
potent inhibitors. In addition, a previous study indicated a
direct OCTN1-dependent verapamil uptake, thereby
modulating local drug concentrations.® In contrast to
OCTN2, the physiologic function of OCTN1 is still un-
clear; however, the associations between its genetic vari-
ant ¢.1507C>T (p.Leu503Phe; rs1050152) and the sus-
ceptibility for colitis ulcerosa or Crohn’s disease point to
a pathophysiologic relevance.>"%?

The most pronounced drug/transporter interactions
were observed for OCT1. Except sotalol, all tested com-
pounds significantly inhibited OCT1 function. Moreover,
for most compounds the inhibitory concentrations were in
the range of plasma concentrations reached in pharma-
cotherapy as indicated by the C,,../ICsq quotient higher
than 0.1.5% As for the other OCT(N)s, not only calcium
channel blockers but also drugs such as the B-blocker
carvedilol and the aldosterone receptor antagonist spi-
ronolactone are potent inhibitors; however, in contrast to
the transporters mentioned before, OCT1 inhibition by



these compounds was much more effective as shown by
very low ICg, values. This interaction profile identifies new
potential inhibitors of this transporter and confirms in part
previous studies, which have already demonstrated an
interaction of OCT1 and drugs such as spironolactone
and verapamil.®* In addition to possible effects on its
physiologic function, a direct transport mediated by
OCT1 may be relevant for cardiac drug uptake, espe-
cially because OCT1 could be located to cardiac blood
vessels. A general impact of OCT1 on pharmacokinetic
parameters has already been demonstrated for the OCT1
substrate metformin.55-56

Beside functional interactions, disease-dependent
regulation of cardiac OCT(N)s can influence their physi-
ologic and pharmacologic activity. To examine this point,
we used the murine infection model of CVB3-induced
myocarditis because enteroviruses are discussed as one
major underlying reason for human inflammatory cardio-
myopathy.®” We investigated Oct(n) expression in
C57BL/6 mice, which eliminate CVB3 infection during the
acute phase of myocarditis and are thus resistant to
chronic myocarditis, and in A.BY/SnJ mice, which are
permissive to CVB3 persistence and chronic myocardi-
tis."® Thereby, we found a decreased expression of Oct3
in both mouse strains with a comparably higher reduction
in permissive mice probably due to the stronger immune
response in ABY/Snd mice. Interestingly, we found a dif-
ferentially regulated expression of Octn1 and Octn2.
Octn2 expression was significantly reduced during the
acute (days 8 and 12) and the chronic (day 28) phases of
myocarditis in the permissive mice, whereas the second
carnitine transporter, Octn1, was up-regulated in these
animals, which may represent a compensatory mecha-
nism. In contrast, both transporters remained unchanged
in resistant C57BL/6 mice. These findings indicate regu-
latory effects of the expression of Octn2 and Oct3 de-
pendent on the severity of cardiac infection and inflam-
mation.

On the basis of these observations, we studied the
OCT(N) expression in EMB specimens of cardiac pa-
tients. Here, we could detect a significantly higher ex-
pression of OCT3, OCTN1, and OCTN2 in female patients
and an age-associated expression for OCT1 and OCTN1.

As in the murine model, we found a reduced OCTN2
expression in patients with depressed LVEF, which is in
accordance with our data from a previous study on this
transporter demonstrating a reduced OCTN2 expression
in DCM patients.® In contrast, all further investigated
transport proteins were not significantly regulated by car-
diac disease. In addition to these findings, OCTN2 ex-
pression was significantly correlated with functional car-
diac parameters, such as LVEF and the LVEDD,
indicating an association among left ventricular systolic
function, left ventricular dilatation, and carnitine uptake,
which in turn would have consequences for cardiac en-
ergy metabolism (eg, reduced energy production by
B-oxidation and enhanced glycolysis in hearts with
DCM). A reduced cardiac carnitine pool may also have
consequences for the cytosolic pool of free CoA, be-
cause by the transfer of acetyl and acyl groups to carni-
tine, this molecule is able to deliver free CoA.58 Moreover,
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carnitine can act as a scavenger for free acyl groups,
thereby protecting the cell against radical stress. In line
with these conclusions are observations in hearts with
hypertrophic cardiomyopathy. Here, a reduced B-oxida-
tion and enhanced carnitine plasma concentrations ex-
plained by reduced cardiac uptake were observed.5%:¢°

Concerning the immunohistologic proof of cardiac in-
flammation and the presence of viral genomes, no signif-
icant differences could be observed for OCT1 and OCTS.
However, OCTN2 expression tended to lower expression
levels in DCM patients with immunohistologically de-
tected inflammatory DCM compared with DCM patients
without cardiac inflammation. This result was further un-
derlined by the observation that the OCTN2 expression
shows an inverse correlation with the cardiac CD3™ T-cell
count in DCM patients and the findings of the second
independent study. In addition, similar results for OCTN2
were observed in the murine myocarditis model, indicat-
ing that inflammatory mechanisms are involved in the
down-regulation of OCTN2 in cardiomyopathy. With re-
gard to the presence of the tested viral genomes, only
OCTN1 exhibited significant differences between PVB19
and enterovirus-positive EMB specimens.

These findings are in accordance with previous reports
on OCTN2 and inflammatory bowel disease. Here, a re-
duced expression of the carnitine transporter was de-
scribed in intestinal probes of patients with colitis ul-
cerosa and Crohn’s disease, whereas the expression of
OCTN1 remained unchanged.® A promoter polymor-
phism (-207G>C, rs2631367), affecting the promoter ac-
tivity of SLC22A5 (OCTN2) by elimination of a heat shock
protein binding site, has been identified as a risk factor
for inflammatory bowel disease.®" The mechanism of this
down-regulation is still unclear; however, as shown in
patients with genetic variants, reduced OCTN2 expres-
sion is associated with a decrease in carnitine uptake. In
addition, cardiac cytokine release may affect OCTN2 ex-
pression. In this context, an up-regulation of cardiac
transforming growth factor-g has been described in DCM
patients® and in the animal model used in our study.®® In
line with this observation, we found a down-regulation of
OCTN2 expression by transforming growth factor-g (data
not shown). Interestingly, recent publication indicate op-
posite effect for other cytokines, such as interferon-y and
tumor necrosis factor-a.%%%* With new data pointing to
immunosuppressive effects of L-carnitine,®® impaired
cardiac uptake as a consequence of decreased OCTN2
expression may have additional consequences for in-
flammatory processes.

Taken together, our data indicate a 50% reduction in
cardiac OCTN2 expression in patients with DCM. This
effect is comparable to patients heterozygous for OCTN2
loss of function variants. Because these variants are rare,
studies on these patients are limited; however, selected
groups (patients of middle age) of heterozygous carri-
ers have been characterized by an impaired cardiac
function.®® In line with these findings, data on heterozy-
gous Octn2-deficient mice indicate an increased risk
for cardiac dysfunction in the presence of additional
risk factors.®”
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In summary, the present study demonstrates a selec-

tive disease-dependent regulation of the high-affinity car-
nitine transporter OCTN2 in patients with cardiomyopa-
thy, whereas the other OCT(N)s remain unaffected. In
view of the crucial role of this protein for carnitine uptake
and subsequent B-oxidation, decreased OCTN2 function
may evolve as one biomarker of cardiomyopathy.
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