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Renalase Lowers Ambulatory Blood Pressure by Metabolizing

Circulating Adrenaline

Gary V. Desir, MD; LieQi Tang, MD; Peili Wang, MD; Guoyong Li, PhD; Benedita Sampaio-Maia, PhD; Janete Quelhas-Santos, PhD;
Manuel Pestana, MD; Heino Velazquez, PhD

Background—Blood pressure is acutely regulated by the sympathetic nervous system through the action of vasoactive hormones
such as epinephrine, norepinephrine, and dopamine. Renalase, a recently described, secreted flavoprotein, acutely decreases sys-
temic pressure when administered in vivo. Single-nucleotide polymorphisms present in the gene are associated with hypertension,
cardiac disease, and diabetes. Although renalase’s crystal structure was recently solved, its natural substrate(s) remains undefined.

Methods and Results—Using in vitro enzymatic assays and in vivo administration of recombinant renalase, we show that the protein
functions as a flavin adenine dinucleotide- and nicotinamide adenine dinucleotide-dependent oxidase that lowers blood pressure
by degrading plasma epinephrine. The enzyme also metabolizes the dopamine precursor L-3,4-dihydroxyphenylalanine but has low
activity against dopamine and does not metabolize norepinephrine. To test if epinephrine and -3,4-dihydroxyphenylalanine were
renalase’s only substrates, 17 246 unique small molecules were screened. Although the search revealed no additional, naturally
occurring compounds, it identified dobutamine, isoproterenol, and a-methyldopa as substrates of renalase. Mutational analysis
was used to test if renalase’s hypotensive effect correlated with its enzymatic activity. Single-amino acid mutations that decrease
its enzymatic activity to varying degrees comparably reduce its hypotensive effect.

Conclusions—Renalase metabolizes circulating epinephrine and L-3,4-dihydroxyphenylalanine, and its capacity to decrease blood
pressure is directly correlated to its enzymatic activity. These findings highlight a previously unrecognized mechanism for epinephrine
metabolism and blood pressure regulation, expand our understanding of the sympathetic nervous system, and could lead to the
development of novel therapeutic modalities for the treatment of hypertension. (J/ Am Heart Assoc. 2012;1:e002634 doi:
10.1161/JAHA.112.002634.)
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he catecholamines epinephrine, dopamine, and nore-

pinephrine play a key role in the regulation of blood pres-
sure (BP) and cardiovascular function through their action on
central and peripheral adrenergic and dopaminergic receptors.
The known pathway for the metabolism of these compounds
involves uptake by neuronal and extraneuronal tissues and
breakdown by the intracellular enzymes monoamine oxidase
(MAQO) A and B and catechol O methyl transferase. We re-
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cently identified renalase, a novel flavin adenine dinucleotide
(FAD)-dependent oxidase that is secreted into blood by the
kidney and is hypothesized to participate in catecholamine
metabolism."? Plasma renalase levels are decreased in ani-
mals subjected to subtotal nephrectomy (5/6 Nx) and in pa-
tients with chronic kidney disease and end-stage renal dis-
ease. Examination of a global renalase-knockout mouse model
reveals that renalase deficiency is associated with hyperten-
sion that is most likely of neurogenic origin.®> Two single-
nucleotide polymorphisms in the renalase gene (rs2576178
GG genotype and rs2296545 CC) are associated with essen-
tial hypertension.* The polymorphism rs2296545 CC results
in a conservative amino acid change (glutamic to aspartic acid
at amino acid 37) within the FAD-binding domain and is asso-
ciated with cardiac hypertrophy, ventricular dysfunction, poor
exercise capacity, and inducible ischemia in persons with sta-
ble coronary artery disease.® A significant reduction in cardiac
renalase levels was observed in the 5/6 Nx rat model.®” This
is particularly significant because the abnormal regulation of
catecholamine metabolism contributes to the pathogenesis of
left ventricular hypertrophy, ventricular arrhythmia, myocardial
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ischemia, and myocardial necrosis. The G allele of the renalase
polymorphism rs10887800 appears to be associated with an
increased incidence of stroke.®

Recent studies suggest that renalase could be involved
in the pathogenesis of diabetes. A genome-wide association
study and meta-analysis indicate that ~42 loci affect the risk of
type 1 diabetes.’ That study included 7514 cases of type 1 di-
abetes and 9045 reference controls, and 2 replication cohorts,
1 from Denmark and 1 from Great Britain. It confirmed linkage
with most of the 24 previously identified loci, the strongest as-
sociations being with human leukocyte antigen (HLA), insulin
(INS), protein tyrosine phosphatase, non receptor type 22 (lym-
phoid) (PTPN22), cytotoxic T lymphocyte associated protein 4
(CTLA4), and interleukin 2 receptor alpha (IL2RA). Moreover, it
identified 18 novel loci, and the strongest evidence of associa-
tion among these regions was achieved with the renalase gene
(combined P=1.3x 10728). These findings were replicated in
a southeast US white population.'® Renalase is expressed in
the pancreas in insulin-secreting cells, and the mechanisms
that underlie its potential role in the development of type 1
diabetes have not been defined.

Although there is increasing evidence that renalase might be
of relevance to the pathogenesis of common human diseases,
and although its crystal structure has been solved, " its mech-
anism of action remains undefined. The present work provides
evidence that epinephrine and the catecholamine precursor
L-3,4-dihydroxyphenylalanine (L-DOPA) are renalase’s physio-
logical substrates.

Methods

Reagents

The following reagents were obtained from Sigma Aldrich (St.
Louis, MO): reduced form of nicotinamide adenine dinucleotide
(NADH) (#N4505), epinephrine hydrochloride (#E4642), re-
duced form of nicotinamide adenine dinucleotide phosphate
(NADPH) (#N6505), catalase (#C40), resazurin (#R7017),
superoxide dismutase (SOD) (#S7446), FAD (#F6625), and
enalapril maleate (E 6888). The Amplex Red Monoamine Oxi-
dase Assay Kit was obtained from Molecular Probes (#A12214)
and contained the resorufin (#424455) used to construct the
standard curves.

Synthesis of Human Renalase 1

The gene sequence of human renalase 1 (hRenalase1) was
subjected to codon optimization to facilitate expression in £
coli. Untagged, recombinant hRenalase1 (amino acids 1 to
342) was generated by cloning the coding region into the
Ned1/Xhol sites of the pET27b-+ vector (Novagen, Madison,
WI). For some studies, amino acid mutations were made with a
Quick Change Mutagenesis kit (Stratagene). £ coli BL21 were
transformed and grown at 37°C for 16 hours with 0.1 umol/L

FAD. Isopropy! B-D-1-thiogalactopyranoside was added for the
last 3.5 hours of culture. Recombinant renalase was purified
from inclusion bodies and refolded by dilution in the presence
of FAD. All refolding steps were carried out at 4°C. Inclu-
sion bodies were dissolved in 10 mL of solubilization buffer
(8 mol/L urea, 100 mmol/L Tris, pH 10.5, 1 mmol/L glycine,
100 mmol/L B-mercaptoethanol) by stirring for 60 minutes. In-
soluble material was removed by centrifugation at 12 000xg
for 15 minutes, and the supernatant was passed through a
0.2-um filter. The protein solution was adjusted to a final
absorbance (Azg0) value of 2 with solubilization buffer with-
out B-mercaptoethanol. The pH was adjusted to 10.5, and
the refolding process was initiated by adding 20 volumes of
cold refolding buffer (20 mmol/L Tris, pH 10.5, 10% glycerol,
10 mmol/L DTT, 50 wmol/L FAD) with continuous stirring. The
mixture was incubated for 2 hours, and the pH was reduced
from 10.5 to 8.2 over 72 hours by continuous addition of hy-
drochloric acid via an automatic peristaltic pump. Once the pH
had reached the desired value, the protein solution was incu-
bated for 2 days at 4°C. The refolded protein was concentrated
~15-fold with a centrifugal filter device, and precipitated ma-
terial was removed by centrifugation at 12 000x g for 15 min-
utes. Buffer exchange was carried out by dialysis against 100
volumes of dialysis buffer (25 mmol/L Bis-Tris, pH 6.5, 10%
glycerol, 10 mmol/L NaCl, 1 mmol/L EDTA, 0.5 mmol/L DTT)
for 24 hours at 4°C. Precipitated protein was removed by cen-
trifugation at 12 000 x g for 60 minutes, and the renalase was
concentrated to a final concentration of 0.5 to 1 mg/mL and
stored frozen at —80°C. Refolded hRenalase1 (0.1 mg/mL)
was analyzed on a high-pressure liquid chromatography (HPLC)
molecular sizing column (Agilent 1100 series HPLC, Biorad
Gel filtration [300 mmx 7.8 mm] column, catalog #125-0062)
at a flow rate of 0.5 mL/min (25 mmol/L Tris HCI pH 7.5,
10 mmol/L NaCl, 1 mmol/L EDTA, 10% glycerol, 0.5 mmol/L
DTT) and an inject volume of 40 ulL. Simultaneous ultravio-
let absorbance readings were acquired at 280 nm for protein
detection and 450 nm for FAD detection.

Measurement of Renalase’s Enzymatic Activity

NADH Oxidase Assay

The assay buffer contained 25 mmol/L Tris, pH 7.5, and
5 mmol/L NaCl. NADH was made fresh and added to a final
concentration ranging from 1 to 1000 umol/L. The reactions
were initiated by adding 4 to 20 ug of recombinant renalase
to 200 wlL of assay buffer in 96-well plate cuvettes (0.6-cm
path-length). Four to twenty micrograms of bovine serum al-
bumin served as a negative control. Absorbance at 340 nm
was measured in a plate reader at 37°C and recorded every
4 minutes for up to 60 minutes. The amount of NADH oxidized
to nicotinamide adenine dinucleotide (NAD+) was calculated
from the decrease in absorbance at 340 nm with a molar
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extinction coefficient of 6220 M~" cm~" at 340 nm. Back-
ground correction was achieved by subtracting the changes
in absorbance obtained with bovine serum albumin. To es-
timate kinetic parameters (Michaelis-Menten constant [sub-
strate concentration at half maximal velocity {K;,}] and maximal
velocity [Vmax]), initial velocity was plotted against substrate
concentration, and the data were fitted to the Michaelis-
Menten equation by nonlinear regression (GraphPad Prism,
GraphPad Software, Inc).

HPLC With Electrochemical Detection

The enzymatic assay was carried out for 1 minute at 37°C in
buffer containing dopamine, 25 mmol /L Tris, pH 7.5, 5 mmol /L
NaCl, and 250 mmol/L NADH. The reaction was stopped by
adding 2 mol/L perchloric acid in an amount equal to 10% of
the final reaction volume. Dopamine levels were assayed by
HPLC with electrochemical detection (HPLC-ED) (lower limit
of detection of 22350 fmol), as previously described.'? Kinetic
parameters (Ky, and Vinax) Were calculated by plotting substrate
consumption against substrate concentration and fitting the
data to the Michaelis-Menten equation by nonlinear regression
(GraphPad Prism, GraphPad Software, Inc).

Resazurin Reduction Assay

Resazurin, a nonfluorescent compound, can be reduced
by oxidoreductases to generate resorufin, a fluorescent
metabolite.'® The assay buffer (total volume of 200 uL) con-
tained 25 mmol /L Tris, pH 7.5, 5 mmol /L NaCl, and 50 wumol /L
resazurin. NADH concentration was varied from 0 to 2 mmol /L,
and epinephrine concentration ranged from 0 to 1.6 mmol/L.
Each reaction contained either recombinant renalase or bovine
serum albumin. Fluorescence intensity was measured with a
fluorescence plate reader (560-nm excitation filter, 590-nm
emission filter) at 37°C and recorded every 2 minutes for
up to 30 minutes. The amount of resorufin generated was
determined by using a standard curve constructed with re-
sorufin concentrations ranging from 0 to 40 umol/L. Changes
in fluorescence were linear up to a resorufin concentration of
3 umol/L. Background correction was achieved by subtract-
ing the changes in fluorescence obtained with bovine serum
albumin.

Small Molecule Screen

The following libraries (17 246 compounds) were screened
at the Small Molecule Discovery Center at Yale University:
MicroSourceGen-Plus Collection (960 compounds, including
small molecules with known bioactivity, and medicines cur-
rently in use), the NIH Clinical Collection (446 compounds
used in human clinical trials), the MicroSource Natural Product
Collection (800 compounds, including characterized alkaloids,

flavanoids, sterols, terpenes, and stilbenes), and ChemBridge
DIVERSet (15 040 compounds, a broad set of biologically rel-
evant molecules).

Singleton 20-ulL reactions were run in 384-well plates
with NADH, hRenalase1 (2 ug/mL), and test compounds at
10 umol/L. NADH oxidation to NAD4 was monitored through
its coupling to resazurin (10 umol/L) reduction to resorufin,
which is accompanied by an increase in fluorescence at exci-
tation 535 nm / emission 590 nm. Fluorescence emission at
590 nm (excitation 535 nm) was quantified on a PerkinElmer
EnVision plate reader immediately after the initiation of the
reaction (Fg) and &1 hour after incubation at room tempera-
ture (F). Positive control wells lacked renalase and exhibited
a low fluorescence signal change, whereas negative control
wells lacked compound and exhibited a high fluorescence sig-
nal change. The difference in fluorescence signal (F-Fp) was
used to determine percent effect with the following equation
for each well:

(F = Fo)

— mean of positive control (F — Fo)
100 — * 100

mean of negative control (F — Fy)

— mean of positive control (F — Fy)

Signal-to-background ratios were calculated by:

mean of negative control (F — Fy)
mean of positive control (F — Fy)

Z’ was calculated according the methods developed by
Zhang and colleagues,' with the formula:

[3 * standard deviation of negative control (F — Fy)]

+ [3 *x standard deviation of positive control (F — Fy)]

1—
mean of negative control (F — Fo)

— mean of positive control (F — Fy)

Thresholds for assay inhibition or activation were set by
using statistics based on the distribution of percent effect val-
ues of sample wells. The threshold for assay inhibition was
calculated as the median percent effect of the sample popu-
lation plus 3 standard deviations, and the threshold for assay
activation was set by the median percent effect of the sample
population minus 3 standard deviations.

Compounds that increased resazurin reduction were
flagged as potential substrates. These were rescreened for
their ability to increase NADH oxidation by using the NADH
oxidase activity assay described above.
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Ambulatory BP Monitoring and Drug
Administration

All animal experimentations were conducted in accordance
with the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals.

Spontaneously Hypertensive Stroke-Prone Rats

Animals weighing 275 g were obtained from Charles River
Laboratories, were group housed, and initially were fed a
low-sodium diet (Teklad 7034, Harlan) and synchronized to
a 12/12-hour light (6 AM to 6 PM) and dark (6 PM to 6 AM)
cycle. BP was monitored by surgically implanting a BP trans-
ducer (TA11PA-C40, Data Sciences International, St. Paul, MN)
that emits a radio signal monitored by telemetry into the aorta
below the level of the renal arteries. Approximately 2 weeks
were allowed for the animals to recover and for establishment
of a baseline circadian rhythm. Hypertension was induced by
switching to a high-NaCl diet (Teklad 92012) for ~4 weeks. BP
was measured for 10 seconds every 5 minutes and recorded
on a computer. Moving averages of BP every 1 hour were calcu-
lated, graphed in software provided by DSI, and also exported
to a spreadsheet for analysis. Rats gained weight throughout
the study.

Chronic Kidney Disease Model (5/6 Nx)

Male Sprague Dawley rats (200 to 300 g body weight) were
fed a standard (24%) protein diet (Purina, St. Louis, MO) and
were synchronized to a 12/12-hour light (6 AM to 6 PM) and
dark (6 PM to 6 AM) cycle. Subtotal nephrectomy was achieved
by surgically removing the right kidney and ligating the arterial
blood supply to two thirds of the left kidney. To monitor BP,
a transducer (TA11PA-C40, Data Sciences International, St.
Paul, MN) that emits a radio signal was inserted into the aorta
below the level of the renal arteries. Approximately 2 weeks
were allowed for the animals to recover and for establishment
of a baseline circadian rhythm. BP was measured for 10 sec-
onds every 5 minutes and recorded, and moving averages of BP
every 1 hour were calculated. Rats gained weight throughout
the study.

Recombinant renalase (1.3 mg/kg) or vehicle (renalase dial-
ysis buffer) was administered by a single subcutaneous injec-
tion in the flank or interscapular region. Enalapril (1to 5 mg/kg
per day) was added to the drinking water supply for 24 hours.
The administered dose was calculated on the basis of total
water consumption.

Statistical Analysis

The Wilcoxon rank test and the Mann-Whitney test were used
for paired and unpaired data, respectively. When appropri-
ate, nonparametric repeated-measures ANOVA (Friedman test)
was used to evaluate statistical significance. When the Fried-

man test revealed statistical significance, Dunn’s test was used
for pairwise comparisons. All data are mean =+ standard error of
the mean (mean£SEM), and values of P<0.05 were accepted
as a statistically significant difference.

To estimate kinetic parameters (K, and Viax), initial veloc-
ity was plotted against substrate concentration, and the data
were fitted (least-squares fit) to the Michaelis-Menten equation
by nonlinear regression (GraphPad Prism, GraphPad Software,
Inc). The initial Ky, value was constrained to be >0.

The authors had full access to and take full responsibility
for the integrity of the data. All authors have read and agree to
the manuscript as written.

Results

Enzymatic Activity of Recombinant hRenalase 1

To facilitate expression in £ coli, we designed a synthetic hRe-
nalase1 gene, in which ~30% of nucleotides were substituted
to optimize codon usage and to remove putative translational
pause signals while preserving the native amino acid sequence.
Compared to the natural gene, transfection with the synthetic
gene increased recombinant hRenalase 1 expression by 2200-
fold (Figure 1A). Ninety-five percent of the synthesized protein
was recovered as inclusion bodies, which were purified, dena-
tured, and refolded by dilution. Size-exclusion chromatography
revealed that hRenalase1 elutes as a FAD-bound monomer at
~10.4 minutes, and a small amount of free FAD can be ob-
served to elute at &~13 minutes (Figure 1B). The homogeneity
of the samples was evaluated by SDS-PAGE under reducing and
nonreducing conditions. Refolded renalase was >98% pure as
assessed by Coomassie staining and migrated as a 38-kDa
band, a value identical to its predicted molecular mass (Fig-
ure 1C), which indicated that recombinant hRenalase1 pre-
dominantly exists in a monomeric form.

We had reported previously that hRenalase 1 could catalyze
the metabolism of catecholamines.! However, the measured
turnover rates were low enough to cast doubt on the phys-
iological relevance of renalase with regard to catecholamine
metabolism.'® We later reported that NAD(P)H was required
as a cofactor for the enzymatic function of renalase,’ a finding
subsequently confirmed by others.”" The enzymatic activity
of hRenalase 1 was assessed by monitoring the conversion of
NADH to NAD+ and measuring the resulting change in ab-
sorbance at 340 nm. The steady-state kinetic data for NADH
oxidation are plotted in Figure 1D, and the parameters for
NADH and NADPH are shown in Table 1. These data indicate
that hRenalase1 possesses significant NADH and NADPH oxi-
dase activity (Equation 1) and has higher specificity for NADH.

(1) FADoy + NAD(P)H — FAD,eq + NAD(P)*

where FAD,y is the oxidized form of FAD, and FAD,.q is the
reduced form of FAD.

DOI: 10.1161/JAHA.112.002634

Journal of the American Heart Association 4

HOYVHASHY TVNIDIHO



Renalase Lowers Blood Pressure Desir et al
A
Empty Vector Empty Vector
hRenalase1 Natural | Synthetic Naﬂ.rra.-’I Synthetic
[ 1 I 1 [ 1 I
3V kd—> |
.
Coomassie Stai I — E——
Westem Biot Non-reduced Reduced
B Renalase
- Monomer
2 }
e
=] D
= i 20-
: |
=
3 “w ‘ = 15+ | | 3
L .=
£ E
£ J 10
o @
2 | g
- || g
c
y |
G' L] L L) L]
] | Free FAD 0 300 60 90 1200 1500
" UI l NADH (pM)
g 1 Bound Fﬁo\l .
£ [N
Dimer,_ . = £
1| <
g R RS A E
< ! 5 M P B a "
Time (minutes)

Figure 1. Effect of gene optimization and synthesis of active recombinant hRenalase 1 in £ coli. A, left, Crude E coli lysates separated by SDS-
PAGE and protein visualized by Coomassie staining. A, right, Western blot of crude £ coli lysates with the use of an anti-renalase antibody. Arrow
indicates hRenalase1 protein; Natural, wild-type hRenalase1 cDNA; Synthetic, codon-optimized hRenalase1 cDNA; and Empty Vector, pET27b
vector without hRenalase 1. B, Elution profile of refolded recombinant renalase subjected to size-exclusion chromatography. C, Comparison of
recombinant renalase under reducing and nonreducing conditions; 10 g refolded renalase loaded in each lane. MW indicates molecular weight
markers; arrows, renalase bands. D, Steady-state rate of NADH oxidation by hRenalase 1 monitored by changes in absorbance in 25 mmol/L Tris,
pH 7.5, and 5 mmol/L NaCl, at 37°C. V, indicates initial velocity;. [E]T, renalase concentration.

Table 1. Parameters for NADH and NADPH

Keat, Min~" Keat/Km, min~" pzmol /L'

NADH 17.354:0.85
NADPH 7.01£1.18

Substrate K, pemol /L
137.804+21.91 0.13

1400.23+381.1 | 0.005

NADH markedly increases the rate of epinephrine
metabolism (Figure 2A; turnover rate [keat] = 66.46 and
0.09 min~" with and without NADH, respectively). In the
presence of NADH, hRenalasel also metabolizes L-DOPA
(keast=42.32 min~") and is minimally active against dopamine

(keaz=0.11min~"; kinetic parameters determined by HPLC-ED)
but has no effect on norepinephrine, serotonin, and tryptamine
(Figure 2B and 2C).

The reduced form of FAD can react with oxygen, as shown in
Equation 2, to generate a reactive intermediate such as super-
oxide anion (O, ™) or hydrogen peroxide (H,0,) by dismutation
of O, 7, which in turn can oxidize epinephrine (Equation 3).

(2)  FADyq+ Oy — FADy, + 05

(3) EPI+0; — EPl,,,
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Figure 2. hRenalase1’s physiological substrates: epinephrine and L-DOPA. A, Effect of NADH on
renalase’s enzymatic activity. Epi indicates 200 umol/L epinephrine; NADH, 250 ymol /L nicotimamide
adenine dinucleotide. Values are mean+SEM; n=3. B, Catalytic rate for selected compounds. Data
shown represent steady-state rate of substrate oxidation by hRenalase1 in 25 mmol/L Tris, pH 7.5,
5 mmol/L NaCl, and 1.5 mmol/L NADH, at 37°C. Dopamine consumption was measured directly by
HPLC. Values are mean+SEM; n=4. C, Catalytic efficiency of hRenalase1. n=4. D, NADH oxidation
is unaffected by catalase and SOD. E, Dependence of epinephrine oxidation on superoxide anion.
Control indicates hRenalase1 in 25 mmol/L Tris, pH 7.5, 5 mmol/L NaCl, and 1.5 mmol/L NADH, at
37°C; Catalase, 100 U catalase added to control reaction; SOD, 100 U SOD added; and AU, change in
absorbance at 340 nm. n=5 for each group; Control compared to Superoxide with the Mann-Whitney
test. *P<0.05.

where O, represents oxygen; O, 7,
superoxide anion; EPI, epinephrine;
and EPl., oxidized epinephrine.

In the absence of epinephrine,
neither SOD (O,~ scavenger) nor
catalase (H,0, scavenger) signifi-
cantly affects the rate of NADH ox-
idation (Figure 2D), which suggests
that under these conditions the re-
duced FAD does not react with
0O,. In marked contrast, SOD com-
pletely abolishes the epinephrine-
dependent increase in NADH ox-
idation (Figure 2E), which con-
firms the catalytic role of O,~ in
epinephrine oxidation and suggests
that epinephrine binding stimulates
the reaction between reduced FAD
and O,. Unlike SOD, catalase has
no effect on the reaction rate,
which indicates that H,0, does not
play a significant role in renalase-
mediated oxidation of epinephrine
(Figure 2E).

To test if epinephrine and
L-DOPA were the only substrates of
hRenalase1, we screened 17 246
unique small molecules for their
ability to stimulate renalase-
dependent NADH oxidation. In ad-
dition to epinephrine and L-DOPA,
3 additional compounds were
identified as potential substrates:
dobutamine, isoproterenol, and
a-methyldopa (Figure 3). The first
2 are nonselective B-adrenergic
receptor agonists widely used
in clinical practice, whereas the
latter is a centrally acting anti-
hypertensive agent. Given that
L-DOPA is synthesized from tyro-
sine and that hRenalase 1’s crystal
structure  revealed  significant
structural homology not only to
MAO-A but also to an L-amino
acid oxidase,'' we also tested
if hRenalase1l had amino acid
oxidase activity and found none. All
the renalase substrates identified
to date are aromatic amines, and
comparing the chemical struc-
tures of renalase substrates to
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Figure 3. Chemical structure of sympathomimetic compounds metabolized by renalase

those of nonsubstrates revealed 2 critical structural features:
hydroxylation of the aromatic group at the 3 and 4 positions
(isoproterenol versus metaproterenol), which is absolutely re-
quired, and methylation of the amine group (epinephrine versus
norepinephrine), which can be partially compensated by car-
boxylation at the « position (L-DOPA and methyldopa versus
dopamine). (Figure 3).

Mechanism of Action of Renalase

Renalase metabolizes epinephrine in vitro, and its deficiency is
associated with increased BP and a 3-fold elevation in plasma
epinephrine,® which suggests that its enzymatic activity in vivo
is identical to that shown in vitro. To test if renalase’s hypoten-
sive effect is linked to its effect on epinephrine metabolism, the
protein was administered to renalase-knockout mice by subcu-
taneous injection, and plasma epinephrine concentration was
measured 24 hours later. Compared to control buffer, hRe-
nalase1 administration led to a 2.56-fold reduction in plasma

epinephrine at 24 hours (Figure 4A). To further test if renalase’s
hypotensive effect correlates with its enzymatic activity, we
generated single-amino acid mutations that decreased its en-
zymatic activity to varying degrees, and we compared the hy-
potensive effect of the mutants to that of hRenalasel. The
kinetic properties of 4 cysteine-to-alanine mutants are com-
pared to those of hRenalase1 in Table 2. The catalytic effi-
ciency (keat/Km) of C47A, C54A, C220A, and C327A is reduced
by 20%, 95%, 95%, and 94%, respectively. These results also
indicate that the enzymatic activity of the sample is accounted
for by recombinant hRenalase1 and is not due to contaminat-
ing E coli enzymes. The hemodynamic effects of hRenlasel,
C47A, C54A, C220A, and C327A, administered intravenously
to anesthetized mice, also are shown in Table 2. A strong cor-
relation was found between Renalase’s catalytic efficiency and
its capacity to decrease BP (r=0.90, P<0.05) (Figure 4B and
4C).

Although intravenously administered hRenalasel signifi-
cantly decreases BP, the effect is short lived (Figure 4D).
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did not affect BP in 5/6
Nx rats (Figure 5A), a single
dose of recombinant renalase
(1.3 mg/kg) administered sub-
cutaneously decreased both
systolic and diastolic BP (Fig-
ure 5B). The hypotensive ef-
fect of renalase was similar
to that of 5 mg/kg enalapril
(Figure 5C). Renalase adminis-
tration decreased BP without
any significant effect on heart
e rate: Mean differences in heart
/ rate compared to control at 12,
/ 24, and 48 hours for renalase

A were —8.4+5.74, —8.546.96,
i and 5.94+4.82 bpm, respec-
/ tively. In spontaneously hyper-

/' tensive stroke-prone (SHRSP)

rats, a single injection of re-
combinantrenalase (1.3 mg/kg)
or administration of enalapril
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(1 mg/kg) decreased both sys-
tolic and diastolic BP 12 hours
after treatment by ~7 mm Hg.
Although this change in BP is
likely to be physiologically rel-
evant, it did not achieve statis-
tical significance in either group
(n=4 each). These data indicate
that the subcutaneous adminis-
tration of hRenalase1 is asso-
ciated with a sustained fall in
BP in the 5/6 Nx rat model.

S0 100 150

Figure 4. Mechanism of action of renalase. A, Effect of hRenalase1 on plasma epinephrine. Buffer

Discussion

(Control) or 1.5 mg/kg of recombinant renalase (hRenalase 1) was administered by a single subcutaneous

injection to knockout mice at 8 wk of age, and plasma epinephrine concentrations were measured 24 h
later in both groups by HPLC. n=8 for each group. Control compared to hRenalase1 with the Mann-
Whitney test. *P<0.05. B, Correlation between the catalytic efficiency of hRenalase1 and the cysteine
to alanine mutants and their effect on BP. Line indicates linear regression; r, correlation coefficient.
C, Correlation between the catalytic efficiency of hRenalase1 and the cysteine to alanine mutants and
their effect on heart rate. HR indicates heart rate; bpm, beats per minute; line, linear regression; and r,
Spearman correlation coefficient. D, Acute effect of WT and C47A on BP. Arrow indicates intravenous
injection of buffer (control) or 1 mg/kg of hRenalasel, or 1 mg/kg C47a mutant in anesthetized mice;

representative experiment.

We wondered if the short duration of action was due to
the pharmacokinetics of intravenous renalase, with rapid in-
activation, or excretion by the kidney. We therefore tested
whether altering the pharmacokinetics of hRenalasel by
administering it subcutaneously would affect the duration
of its hypotensive effect. Although administration of buffer

Among the circulating cate-
cholamines, hRenalase 1 prefer-
entially metabolizes epinephrine
(kcat=66.46). It metabolizes
dopamine at an extremely low
rate (ket=0.11), has no mea-
surable activity against nore-
pinephrine, and is, therefore,
unlikely to directly regulate
norepinephrine and dopamine levels in vivo. Its kinetic param-
eters for epinephrine compare favorably to those of MAO-A
and MAO-B, with a higher Vo« and lower K, than both MAO-A
and the MAO-B, which suggests that it could significantly con-
tribute to overall epinephrine metabolism in vivo.'® Renalase’s
rather narrow substrate specificity sets it apart from all known
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Table 2. Kinetic Properties of 4 Cysteine-to-Alanine Mutants
Compared to Those of hRenalase1

Renalase :iar"il‘(zmol/r‘ Mean ABP, mm Hg = A Heart Rate, bpm | n
hRenalase1 | 0.126 —27.6+1.9 —108.94+16.8 12
C47A 0.098 —17.8+4.9 —11.6+17.7 6
C54A 0.006 —10.5+0.33 —8.5+13.0 6
C220A 0.006 —5.341.2 6.446.2 7
C327A 0.007 —3.84+0.8 1.0+7.4 6

amine oxidases. Additionally, to metabolize epinephrine, it uses
a mechanism that is different than that used by the MAOs.
Indeed, unlike MAOs, it uses NAD(P)H as a cofactor and re-
acts with oxygen to generate superoxide anion. This reaction
scheme is similar to that of flavoprotein monooxygenases, a
diverse class of enzymes that can catalyze a wide variety of
oxidation reactions, including amine oxidation.'” Renalase re-
sembles Class A flavoprotein monooxygenases, by virtue of be-
ing the product of a single gene, having a single FAD/NAD(P)H
(Rossmann fold)-binding domain, using FAD and NAD(P)H as
cofactors, and reacting with oxygen to generate superoxide
anion."”” These enzymes have been characterized best in bac-
teria and are usually involved in the degradation of aromatic
compounds by para- or ortho-hydroxylation of the benzene
ring. Para-hydroxybenzoate hydroxylase (4-hydroxybenzoate
3-monooxygenase), which hydroxylates 4-hydroxybenzoic acid
at the 3 position, is the prototypic enzyme of this sub-
class. Although 4-hydroxybenzoate 3-monooxygenase and
hRenalase 1 are not homologous at the amino acid level, they
do share the p-hydroxybenzoate hydroxylase fold topology.'’

Deletion of the renalase gene in mice is associated with
hypertension and elevated plasma catecholamines.® Although
the largest increase is seen in plasma epinephrine (3-fold),
both dopamine and norepinephrine are also increased, by 1-
and 0.5-fold, respectively. What could account for this observa-
tion if epinephrine is renalase’s main physiological substrate?
With regard to norepinephrine, in vitro and in vivo studies in-
dicate that epinephrine stimulates presynaptic ,-adrenergic
receptors and facilitates the secretion of norepinephrine from
vasoconstrictor nerves.'®20 |t is, therefore, possible that the
renalase deficiency leads to arise in plasma epinephrine, which
subsequently stimulates the release of norepinephrine. A dif-
ferent mechanism could account for the increase in plasma
dopamine in the renalase-knockout mouse. In these animals,
it is possible that the renal dopaminergic system is upregu-
lated in an attempt to maintain sodium balance and mitigate
the rise in BP associated with renalase deficiency. In addition,
because hRenalase1 metabolizes L-DOPA (the other natural
substrate identified), plasma levels would be expected to rise
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Figure 5. Effect of hRenalase1 on BP in rat models of chronic kid-
ney disease (5/6 Nx). BP was recorded for 2 days before and after
treatment. Each data point represents the average of systolic (blue) or
diastolic (red) BP values collected every 5 min for 6 hin 4 animals. The
standard errors of the means are shown. A, Buffer control in 5/6 Nx
rats. Arrow indicates buffer administration. Friedman test revealed no
statistical significance. B, Single subcutaneous injection of recombi-
nant renalase in 5/6 Nx rats. Arrow indicates renalase administration.
Friedman test revealed statistical significance; Dunn’s test was used
for pairwise comparisons; *P<0.05. C, Enalapril (5 mg/kg) provided
in drinking water for 24 hours to 5/6 Nx rats. Arrow indicates enalapril
administration. Friedman test revealed statistical significance; Dunn’s
test was used for pairwise comparisons; *P<0.05.

in the renalase knockout, and this could partly account for the
stimulation of renal dopamine synthesis.

Most importantly, the data indicate that renalase’s hy-
potensive effect is mediated by its ability to metabolize cir-
culating epinephrine, its principal physiological substrate. It is
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noteworthy that the catalytic efficiencies of C54A, C220A, and
C327A are similarly decreased, whereas C54A’s effect on BP
is greater than that of C220A and C327A. Catalytic efficiency
(kcat/Km) is shown in Table 2 because the mutations affect
both keat and Ky,. The C54A mutation does not significantly
affect keot but markedly decreases substrate affinity (Ky,). This
is in contrast to the C220A and C327A mutations, which affect
both kca: and Ky,. One possibility is that changes in both K,
and k¢t modulate the observed hypotensive effect and that
kcat plays a stronger role than Ky, in determining the in vivo
response.

An extensive search for physiological substrates revealed
only 1 additional substrate, namely L-DOPA, the main precur-
sor of catecholamines. It should be noted that small chemical
screens have inherent limitations relating to the finite num-
bers of molecules that can be reasonably tested, as well as the
fact that novel (unknown) compounds would not be identified.
In the present study, >17 000 compounds were screened by
using libraries that contained a large number of endogenous
compounds. Additionally, on the basis of information obtained
from the crystal structure of renalase, we screened additional
compounds not present in the chemical libraries. In the end,
only catecholamines and catecholamine-like molecules be-
haved as substrates of renalase. We have no evidence that
the recombinant renalase that is administered is taken up by
cells; therefore, we postulate that it is acting either within the
intravascular compartment or in the interstitial fluid, where it
could diffuse into nerve terminals and modulate catecholamine
levels. Renalase is expressed in the spinal cord and in periph-
eral nerves and could modulate catecholamine concentration
at the neuromuscular junction.?

In the vasculature, the data suggest that recombinant re-
nalase would acutely decrease epinephrine levels. It is clear
that renalase has intrinsic NADH oxidase activity in the ab-
sence of substrates and that its V. and K, for NADH are
such that it could contribute to the intracellular and extracelu-
lar NAD+ pool and affect cell signaling pathways. Recombi-
nant hRenalase1 administered subcutaneously has a potent
hypotensive effect in 5/6 Nx and SHRSP rats. Systolic and
diastolic ambulatory BP is significantly decreased for up to
12 and 48 hours in SHRSP and 5/6 Nx rats, respectively.
The potency and duration of renalase’s hypotensive effect are
magnified in chronic kidney disease. This most likely is ex-
plained by a decrease in urinary excretion that results in higher
plasma levels in chronic kidney disease. A single subcutaneous
injection of 1.3 mg/kg hRenalse1 is as effective in decreas-
ing BP as is 5 mg/kg enalapril (10-fold recommended dose)
administered orally over 24 hours, which suggests that re-
nalase has a potent hypotensive effect. It is noteworthy that,
unlike B-blockers and calcium channel blockers, recombinant
renalase given subcutaneously decreases BP without any sig-
nificant change in heart rate.

In summary, hRenalasel represents a new class of
epinephrine-metabolizing enzyme that is distinct from MAO-
A and MAO-B with regard to cellular distribution (soluble,
secreted versus membrane bound), FAD binding (noncova-
lent versus covalent), active conformation (monomeric versus
dimeric), and cofactor requirement [NAD(P)H]. The data sug-
gest that hRenalase1 modulates BP through its action on cir-
culating epinephrine and represents a novel therapeutic target
for the treatment of hypertension.

Sources of Funding
Dr Desir received the following grants from the NIH:
RO1DK081037, RC1DK086465, and RC1DK08640.

Disclosures

Dr Desir is a named inventor on patent No. US 7,700,095
B2: “Detection, Isolation and Uses of Renalase (Monoamine
Oxidase C).”

References

1. XuJ, Li G, Wang P, Velazquez H, Yao X, Li Y, Wu Y, Peixoto A, Crowley S, Desir
GV. Renalase is a novel, soluble monoamine oxidase that regulates cardiac
function and blood pressure. J Clin Invest. 2005;115:1275-1280.

2. Hennebry SC, Eikelis N, Socratous F, Desir G, Lambert G, Schlaich M. Re-
nalase, a novel soluble FAD-dependent protein, is synthesized in the brain and
peripheral nerves. Mol Psychiatry. 2010;15:234-236.

3. Wu'Y, Xu J, Velazquez H, Wang P, Li G, Liu D, Sampaio-Maia B, Quelhas-Santos
J, Russell K, Russell R, Flavell RA, Pestana M, Giordano F, Desir GV. Renalase
deficiency aggravates ischemic myocardial damage. Kidney Int. 2011;79:853-
860.

4. Zhao Q, Fan Z, He J, Chen S, Li H, Zhang P, Wang L, Hu D, Huang J, Qiang B,
Gu D. Renalase gene is a novel susceptibility gene for essential hypertension:
a two-stage association study in northern Han Chinese population. / Mol Med.
2007;85:877-885.

5. Farzaneh-Far R, Desir GV, Na B, Schiller NB, Whooley MA. A functional poly-
morphism in renalase (Glu37Asp) is associated with cardiac hypertrophy,
dysfunction, and ischemia: data from the heart and soul study. PLoS One.
2010;5:213496.

6. Li G, Xu J, Wang P, Velazquez H, Li Y, Wu Y, Desir GV. Catecholamines regulate
the activity, secretion, and synthesis of renalase. Circulation. 2008;117:1277-
1282.

7. Ghosh SS, Krieg RJ, Sica DA, Wang R, Fakhry I, Gehr T. Cardiac hypertrophy
in neonatal nephrectomized rats: the role of the sympathetic nervous system.
Pediatr Nephrol. 2009;24:367-377.

8. Buraczynska M, Zukowski P, Buraczynska K, Mozul S, Ksiazek A. Renalase
gene polymorphisms in patients with type 2 diabetes, hypertension and stroke.
Neuromolecular Med. 2011;13:321-327.

9. Barrett JC, Clayton DG, Concannon P, Akolkar B, Cooper JD, Erlich HA, Julier C,
Morahan G, Nerup J, Nierras C, Plagnol V, Pociot F, Schuilenburg H, Smyth DJ,
Stevens H, Todd JA, Walker NM, Rich SS; Type 1 Diabetes Genetics Consortium.
Genome-wide association study and meta-analysis find that over 40 loci affect
risk of type 1 diabetes. Nat Genet. 2009;41:703-707.

10. Reddy MV, Wang H, Liu S, Bode B, Reed JC, Steed RD, Anderson SW, Steed L,
Hopkins D, She JX. Association between type 1 diabetes and GWAS SNPs
in the southeast US Caucasian population. Genes /Immun. 2011;12:208-
212.

11. Milani M, Ciriello F, Baroni S, Pandini V, Canevari G, Bolognesi M, Aliverti A. FAD-
binding site and NADP reactivity in human renalase: a new enzyme involved in
blood pressure regulation. / Mo/ Biol. 2011;411:463-473.

12. Soares-Da-Silva P, Serrdo MP, Vieira-Coelho MA. Apical and basolateral uptake
and intracellular fate of dopamine precursor L-DOPA in LLC-PK1 cells. Am J
Physiol. 1998; 274(2 pt 2):F243-F251.

13. O’Brien J, Wilson I, Orton T, Pognan F. Investigation of the Alamar Blue (re-
sazurin) fluorescent dye for the assessment of mammalian cell cytotoxicity.
Eur ] Biochem. 2000;267:5421-5426.

DOI: 10.1161/JAHA.112.002634

Journal of the American Heart Association 10

HOYVHASHY TVNIDIHO



Renalase Lowers Blood Pressure

14.

Desir et al

Zhang JH, Chung TD, Oldenburg KR. A simple statistical parameter for use in
evaluation and validation of high throughput screening assays. / Biomol Screen.
1999;4:67-73.

. Boomsma F, Tipton KF. Renalase, a catecholamine-metabolising enzyme?

J Neural Transm. 2007;114:775-776.

. Youdim MB, Edmondson D, Tipton KF. The therapeutic potential
of monoamine oxidase inhibitors. Nat Rev Neurosci. 2006;7:295-
309.

. van Berkel W], Kamerbeek NM, Fraaije MW. Flavoprotein monooxygenases, a

diverse class of oxidative biocatalysts. / Biotechnol. 2006;124:670-689.

. Floras JS, Aylward PE, Victor RG, Mark AL, Abboud FM. Epinephrine facilitates

neurogenic vasoconstriction in humans. / Clin Invest. 1988;81:1265-1274.

. Stjarne L, Brundin J. Beta2-adrenoceptors facilitating noradrenaline secretion

from human vasoconstrictor nerves. Acta Physiol Scand. 1976;97:88-93.

. Quinn P, Borkowski KR, Collis MG. Epinephrine enhances neurogenic vasocon-

striction in the rat perfused kidney. Hypertension. 1985;7:47-52.

DOI: 10.1161/JAHA.112.002634

Journal of the American Heart Association 1

HOYVHASHY TVNIDIHO





