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Abstract r-Homoarginine (hArg) and guanidinoacetate
(GAA) are produced from L-arginine (Arg) by the cata-
lytic action of arginine:glycine amidinotransferase. Guani-
dinoacetate methyltransferase methylates GAA on its non-
guanidine N atom to produce creatine. Arg and hArg are
converted by nitric oxide synthase (NOS) to nitric oxide
(NO). NO is oxidized to nitrite and nitrate which circu-
late in the blood and are excreted in the urine. Asymmet-
ric dimethylarginine (ADMA), an NOS inhibitor, is widely
accepted to be exclusively produced after asymmetric N°-
methylation of Arg residues in proteins and their regular
proteolysis. Low circulating and urinary hArg concen-
trations and high circulating concentrations of ADMA
emerged as risk markers in the human renal and cardiovas-
cular systems. While ADMA’s distribution and metabo-
lism are thoroughly investigated, such studies on hArg are
sparse. The aim of the present pilot study was to investigate
the distribution of exogenous hArg in plasma, liver, kidney,
lung, and heart in a rat model of takotsubo cardiomyopa-
thy (TTC). hArg hydrochloride solutions in physiological
saline were injected intra-peritoneally at potentially phar-
macological, non-toxic doses of 20, 220, or 440 mg/kg
body weight. Vehicle (saline) served as control. As hArg
has been reported to be a pro-oxidant, plasma and tissue
malondialdehyde (MDA) was measured as a biomarker of
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lipid peroxidation. hArg administration resulted in dose-
dependent maximum plasma hArg concentrations and dis-
tribution in all investigated organs. hArg disappeared from
plasma with an elimination half-life ranging between 20
and 40 min. hArg administration resulted in relatively small
changes in the plasma and tissue content of Arg, GAA,
ADMA, creatinine, and of the NO metabolites nitrite and
nitrate. Remarkable changes were observed for tissue GAA,
notably in the kidney. Plasma and tissue MDA concentra-
tion did not change upon hArg administration, suggesting
that even high-dosed hArg is not an oxidant. The lowest
hArg dose of 20 mg/kg bodyweight increased 25-fold the
mean hArg maximum plasma concentration. This hArg
dose seems to be useful as the upper limit in forthcoming
studies on the putative cardioprotective effects of hArg in
our rat model of TTC.
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Abbreviations
ADMA  Asymmetric dimethylarginine
(NS,NS-dimethyl-L-arginine)

AGAT  Arginine:glycine amidinotransferase
DDAH  Dimethylarginine dimethylaminohydrolase
GAA Guanidinoacetate

GAMT  Guanidinoacetate methyltransferase
GC-MS Gas chromatography—mass spectrometry
hArg Homoarginine

MDA Malondialdehyde

NS Guanidine nitrogen

NO Nitric oxide

NOS Nitric oxide synthase

PBS Phosphate buffered saline
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SIC Stress-induced cardiomyopathy
TTC Takotsubo cardiomyopathy

Introduction

L-Arginine (Arg) is a proteinogenic amino acid and plays
multiple physiological roles (Wu et al. 2009). In healthy
and diseased humans, a very small fraction of less than
0.1% of whole body Arg is utilized for nitric oxide (NO)
synthesis by NO synthase (NOS) isoforms in various types
of cell (Gambaryan and Tsikas 2015) (see reaction 1).
NO is one of the most potent endogenous vasodilators
and inhibitors of platelet aggregation (Hibbs et al. 1992).
Unlike for NO synthesis, about 30% of Arg is consumed
daily by the body for creatine synthesis. In mitochondria,
arginine:glycine amidinotransferase (AGAT, EC 2.1.4.1)
catalyzes the formation of L-homoarginine (hArg; see reac-
tion 2) and guanidinoacetate (GAA; see reaction 3) from
Arg, with L-ornithine (Orn) being the second common
reaction product. Subsequently, GAA is methylated on its
non-guanidine N atom by hepatic guanidinoacetate methyl-
transferase (GAMT, EC 2.1.1.2) using S-adenosyl methio-
nine (SAM) as the methyl donor to produce creatine (see
reaction 4), an energy-related molecule. Generally, dimin-
ished NO synthesis due to Arg deficiency and decreased
bioavailability of NO mainly due to elevated oxidative
stress are believed to play a major role in the pathogenesis
of numerous diseases in the renal and cardiovascular sys-
tems as well as in the brain

Arg + O, = Citr + NO, 1))
Arg + Lys - hArg + Orn )
Arg + Gly - GAA + Omn 3)
GAA + SAM — creatine 4)

The beneficial health effects of supplementary Arg
and/or L-citrulline (Citr), the precursor of Arg, are gener-
ally attributed to increases in NOS-catalyzed NO synthe-
sis from Arg (Bode-Boger 2006). This is due to the higher
concentrations of the substrate L-arginine in NO-producing
cells and due to the stronger competition of Arg by endog-
enous NOS activity inhibitors such as asymmetric dimethy-
larginine (ADMA) both in the catalytic reaction and in the
cellular transport (Tsikas et al. 2000).

With regard to NO generation we have to consider two
important issues. First, NO can be produced from ubig-
uitous inorganic nitrite and nitrate by other proteins and
enzymes including bacterial nitrate reductase and carbonic
anhydrase (Mansuy and Boucher 2004; Hanff et al. 2016a,
b; see also Schneider et al. 2015). Second, there are many
serious methodological shortcomings in detecting both,
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NOS proteins (e.g., unspecific antibodies) and their activ-
ity regarding NO synthesis (Gambaryan and Tsikas 2015;
Lacza et al. 2006a, b). NO is a short-lived gaseous radical
molecule and analytically inaccessible. NO’s major metab-
olites, nitrite and nitrate, are measured instead, but they are
abundant contaminants. The utility of nitrite and nitrate as
measures of NO synthesis in vivo is compromised by sev-
eral factors, most notably by dietary nitrite and nitrate (Tsi-
kas 2015).

In recent years, hArg emerged as a novel cardiovas-
cular risk marker (Mirz et al. 2010; Pilz et al. 2015), but
the underlying mechanisms remain unresolved. Guani-
dine, methyl guanidine, asymmetric dimethyl guanidine
and other methyl guanidines were found to inhibit oxida-
tive phosphorylation (Hollunger 1955; Chappell 1963).
Recently, hArg and other guanidine compounds have been
reported to elevate oxidative stress (Wyse et al. 2001; Sasso
et al. 2015). In addition, hArg was found to attenuate NOS
activity at supra-pathophysiological concentrations (i.e.,
100 uM) by competing with Arg for NOS (Alesutan et al.
2016). At physiological and pathological concentrations,
however, hArg is unlikely to compromise NOS activity and
to promote oxidative stress (Hanff et al. 2016a, b). The bio-
logical functions of hArg itself are largely unknown. hArg
and ADMA were proposed to act antagonistically in the
cardiovascular system (Tsikas and Kayacelebi 2014).

hArg has been supplemented to animals (O’Neal et al.
1968; Pentyala and Rao 1999; Choe et al. 2013a, b; Stocke-
brand et al. 2015; Hou et al. 2016). Yet, the distribution and
the metabolism of exogenous hArg have been little inves-
tigated thus far. Oral supplementation of C57BL/6 mice
with 14 mg/L hArg in drinking water for 4 weeks resulted
in a threefold increase in hArg plasma concentration (Choe
et al. 2013a). Continuous infusion of hArg (30 mg/kg/
day) in rats for 14 days resulted in a 35-fold increase of
the plasma concentration of hArg (Dellera et al. 2016). In
humans, oral administration of hArg to healthy young sub-
jects (125 mg/day) for 4 weeks increased the plasma hArg
plasma concentration fivefold; yet, hArg administration did
not exert expected biological actions such as enhancement
of flow-mediated vasodilatation (Atzler et al. 2016).

We previously reported on the utility of a rat model of
stress-induced cardiomyopathy (SIC), also known as takot-
subo cardiomyopathy (TTC), in elucidating underlying
mechanisms of TTC (Redfors et al. 2014). In TTC patients,
we measured lower plasma hArg concentrations than in
healthy age- and gender-matched subjects (Kayacelebi
et al. 2014). Thus, elevation of plasma hArg concentrations
by supplementing hArg appears to be indicated in cardio-
vascular disease including TTC. However, data on poten-
tially suitable pharmacological doses are scarce.

The aim of the present pilot study was to investigate
the distribution and the metabolism of intra-peritoneally
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administered hArg in our rat model of TTC (Redfors et al.
2014) in order to find a potentially suitable pharmacological
dose regime. hArg administration may lead to changes in con-
centrations of amino acids in related pathways. We, therefore,
determined the concentration of Arg, GAA, ADMA, and cre-
atinine in plasma and tissue samples of main organs of the
rat. As hArg has been reported to be pro-oxidant (Wyse et al.
2001; Sasso et al. 2015), we measured the lipid peroxidation
biomarker MDA (Tsikas 2017) in rat plasma and organs as
well. MDA is abundantly produced in platelets by cyclooxy-
genase-1 and circulating MDA may also be used as a marker
of platelet hypersensitivity (Tsikas 2017). We expected that
this pilot study would provide us with important information
about potentially suitable hArg doses for forthcoming studies
in the animal model of TTC (Redfors et al. 2014) and about
its putative effects on biochemical pathways related to hArg
(i.e., NOS, AGAT, GAMT).

Materials and methods

Distribution and metabolism of hArg
in the anesthetized rat

The distribution and the metabolism of hArg was inves-
tigated in a rat model of stress-induced cardiomyopathy
(takotsubo cardiomyopathy, TTC) as described in detail
elsewhere (Redfors et al. 2014). The animal experiments
were performed in Gothenburg, Sweden, in June 2015 dur-
ing a 1-week visit of one of the Hannover coauthors. All ani-
mals received humane care and the study protocol complied
with the institutional guidelines of the Sahlgrenska Univer-
sity Hospital (Gothenburg, Sweden). The Sprague—Dawley
rats (about 10 weeks old, 250 g body weight on average)
were housed in a temperature-controlled (20-22 °C) facility
with a 12-h light/dark cycle and had free access to food and

water. The hArg dose regime for the present study was cho-
sen on the basis of information available until 2015 (O’Neal
et al. 1968; Pentyala and Rao 1999; Choe et al. 2013a, b).
The non-toxic hArg dose regime should ensure sufficiently
high blood hArg concentrations in order to receive bio-
logical response in the rat model of TTC. At the dose of
940 mg/kg body weight, which is two times higher than
the highest dose we applied in the present study, hArg was
found to be non-toxic in rats (O’Neal et al. 1968).

Solutions of the reference pharmacological compound,
the hArg hydrochloride salt, were prepared in physiologi-
cal saline for injection into the anesthetized rats at the fol-
lowing dosages: 0, 20, 220, and 440 mg/kg body weight
(Table 1). GC-MS analyses of the stock solutions revealed
no contaminating Arg, GAA or ADMA. Rat no. (R5)
received 0.0 mg hArg/kg body weight (vehicle) and was
killed after 70 min. This rat served as control. Its heart was
not used for biochemical analyses but preserved for mor-
phological studies. R2, R3, R13, and R18 received 20 mg
hArg/kg body weight each and were killed after 64, 28,
126, and 114 min, respectively. hArg at the dose of 220 mg/
kg body weight was administered to R14 and R19 which
were killed after 108 and 98 min, respectively. R1, R4, and
R17 received 440 mg hArg/kg body weight each and were
killed after 32, 87, and 14 min, respectively.

Blood samples were drawn and immediately centrifuged.
Blood volume lost due to the blood sampling was replaced
with same volume of physiological saline. The rats were
killed at the end of the experiment (<126 min) with a bolus
dose of pentobarbital (50 mg) (Redfors et al. 2014). Heart,
lung, liver, and kidneys were obtained from the killed rats
(Redfors et al. 2014). Plasma samples and organs were stored
immediately at —80 °C. After transport on dry ice to the Han-
nover Medical School (Hannover, Germany), plasma and
organs were stored at —20 °C until further process and bio-
marker analysis. These analyses were performed in July 2016.

Table 1 Summary of the rat

Time points of blood Time point of
sampling (min) sacrifice (min)

Rat organs used in analyses

. . Rat number hArg dose (mg/kg
animals used in the presenF body weight)
study, the hArg doses applied,
time points of blood sampling R5 0 (saline)
and killing, and investigated RIS 0 (saline)
organs

R20 0 (saline)
R2 20

R3 20

R13 20

R18 20

R14 220

R19 220

R1 440

R4 440

R17 440

0, 15, 30, 60 70 Lung, kidney, liver

0,45 45 None

0 30 None

0, 15, 30, 60 64 Lung, kidney, liver, heart
0, 15 28 Lung, kidney, liver, heart
No sampling 126 Lung, kidney, liver, heart
0, 90 114 Lung, kidney, liver, heart
90 108 Lung, kidney, liver, heart
0, 100 98 Lung, kidney, liver, heart
0, 15, 30 32 Lung, kidney, liver, heart
0, 15, 30, 60 87 Lung, kidney, liver

0 14 Lung, kidney, liver, heart
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Homogenization of weighed ice-cooled tissue (about
100 mg) was performed in 1-mL aliquots of ice-cooled phos-
phate buffered saline (PBS, pH 7.2) as described elsewhere
(Kayacelebi et al. 2015a, b), yet without the use of protease
inhibitors (Yang et al. 2015). Nitrate, nitrite, creatinine, and
malondialdehyde (MDA) were analyzed simultaneously
in 100-uL aliquots of homogenates (Hanff et al. 2016a, b).
Amino acids were analyzed simultaneously in 10-pL aliquots
of ultrafiltrates that were generated from 200-uL aliquots
of homogenates (centrifugation at 21,000xg, 4 °C, 30 min)
using 0.5-mL Vivaspin 500 cartridges (10-kDa cutoff; Sarto-
rius, Gottingen, Germany) as described previously (Kayacel-
ebi et al. 2015a, b).

Nitrite, nitrate, Arg, hArg, ADMA, MDA, GAA, and
creatinine were quantified in rat plasma samples by using
previously reported fully validated gas chromatographic-
mass spectrometric (GC-MS) methods using stable-isotope
labelled analogues as internal standards (Tsikas 2000; Tsikas
et al. 2000; Kayacelebi et al. 2015b; Hanff et al. 2016a, b;
Hanff et al. 2017). All GC-MS analyses were performed on
the apparatus model ISQ from ThermoFisher (Dreieich, Ger-
many). The content of the analytes in the tissues is reported
as nmol analyte per g wet tissue.

Alongside the analysis of rat plasma samples we ana-
lyzed a human plasma sample serving as a quality control
(QC) sample for the amino acids. This sample was ana-
lyzed in duplicate. The concentration was determined to
be (mean + SD) 1.64 + 0.05 uM for hArg, 1.76 + 0.06 uM
for GAA, 59.7 + 1.38 uM for Arg and 0.56 + 0.018 uM
for ADMA. The respective coefficients of variation were
3.2, 3.5, 2.3, and 3.2%, indicating the good precision of
the method for Arg and its metabolites hArg, GAA, and
ADMA.

Detection of AGAT activity in rat kidney in vitro

As the kidney is the major contributor to biological hArg,
in the present study we used freshly prepared kidney
homogenate from the control rat to detect AGAT activity.
L—[Guanidino—15N2]—arginine ([15N2]—Arg), Lys and Gly were
used as the substrates each at a concentration of 1000 pM.
This concentration is considerably lower than that used by
other groups (e.g., Verhoeven et al. 2003; Alessandri et al.
2005; Yang et al. 2015). L-[Guanidino-'>N,]-homoargi-
nine ([ISNZ]—hArg) and [guanidino-ISNZ]—guanidinoacetate
([15N2]-GAA) served as the reaction products of the renal
AGAT activity (see reactions 5 and 6):

[SN,]Arg + Lys — ['°N,]hArg + Orn 5)

[*N,]Arg + Gly — [°N,] GAA + Orn (6)

[°N,]-Arg (98 atom% '°N; Cambridge Isotope Labo-
ratories; Andover, MA, USA) was found by GC-MS
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not to contain ['N,]-hArg, hArg, [°N,]-GAA or GAA.
Homogenate suspensions (each three 100-uL aliquots for
each incubation time) were incubated at 37 °C for O, 11,
and 30 min. Reactions were stopped by adding ice-cold
2 M HCl/methanol (50 pL) after the respective incuba-
tion time and by immediate setting the samples in an ice
bath. The incubation time O min is actually about 10-15 s
which corresponds to the time needed to stop the reac-
tion. After sample centrifugation (4500xg, 4 °C, 10 min),
decantation of 40-pL aliquots of the clear supernatants and
solvent evaporation to dryness using a stream of nitrogen
gas, amino acids were derivatized and analyzed by GC-MS
in the selected-ion monitoring mode using methane as the
reactand gas for negative-ion chemical ionization (Kay-
acelebi et al. 2015a, b). The mass fragments m/z 588 and
m/z 586 for [15N2]—Arg and [14N2]—Arg, m/z 602 and m/z
600 for ['°N,]-hArg and ['*N,]-hArg, and m/z 385 and
m/z 383 for [N,]-GAA and ['*N,]-GAA, respectively,
were monitored alternately within the same analysis. The
area values of the peaks of the amino acid derivatives were
used to calculate the peak area ratio (PAR) values which
in turn were used as a measure of AGAT activity. Because
of the natural occurrence of the >N isotope of the N ele-
ment (abundance, 0.36%), the PAR values were determined
in kidney homogenate suspensions in triplicate before the
addition of [15N2]—Arg in order to receive the blank values.
They were determined to be (mean + SD) 0.029 + 0.005
for [SN,]-Arg/['*N,]-Arg, 0.032 + 0.006 for ['°N,]-hArg/
['*N,]-hArg, and 0.05 + 0.01 for ['°N,]-GAA/[*N,]-GAA.
The PAR ["*N,]-Arg/['°N,]-Arg in a 1-mM stock solution
of [ISNZ]-Arg was determined to be 0.029 + 0.005 indicat-
ing virtually no contamination of ['°N,]-Arg by [*N,]-Arg.
Because of the lack of [°N,]-hArg and ["’N,]-GAA
reference compounds no PAR values are available for
['“N,]-hArg/[°N,]-hArg and ['°N,]-GAA/['*N,]-GAA.

Graphs were constructed by GraphPad Prism 5.04. This
software was used to determine means, standard deviation
(SD), and standard error of the mean. Data are presented
as mean + SD, mean + SEM or median with interquartile
range as specified in the text and in the Figure legends.
Given the small number of data points, the pharmacokinet-
ics of hArg was not computed.

Results
Distribution and metabolism of hArg

Intra-peritoneal injection of hArg in the anesthetized rats at
dosages of 0, 20, 220, and 440 mg/kg body weight resulted
in dose-dependent increases in hArg plasma concentra-
tions. The highest hArg plasma concentrations occurred at
different time points in the individual rats and were 3, 76,
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Fig. 1 Homoarginine metabolism in the anesthetized rat. a High-
est measured plasma concentrations of homoarginine (hArg), argi-
nine (Arg), guanidinoacetate (GAA), asymmetric dimethylarginine
(ADMA), and malondialdehyde (MDA) upon infusion of hArg at
the indicated dose (0, 20, 220, and 440 mg/kg body weight) in anes-
thetized rats (n = 3—4 per dose). As the same dose of hArg resulted
in different maximum concentrations, each the greatest of the maxi-
mum amino acid concentration is depicted. b Plasma concentration
of hArg, Arg, nitrate, creatinine, GAA, and ADMA upon infusion of
hArg into the rat no. 4 at the dose of 440 mg/kg body weight. Note
the decadic logarithmic scale on the y axis in both panels

515, and 1338 uM, respectively (Fig. 1a). The correspond-
ing highest plasma concentration values of Arg (257, 159,
240, 210 uM), GAA (15, 6.4, 7.8, 11 uM), and ADMA (2,
1.3, 1.5, 1.7 uM) seemed to slightly decrease upon hArg
injection (Fig. 1a). The highest plasma concentration value
of the lipid peroxidation/platelet hypersensitivity biomarker
MDA increased only at the highest hArg dose (10.7, 10.5,
6.3, 31.3 uM) (Fig. 1a).

In the rat no. 4 (R4), samples were available from
all time points and we were, therefore, able to determine
the concentration of several members of the Arg/hArg/
NO pathway before (0 min) and 15, 30, and 60 min after
the injection of hArg at the highest dose of 440 mg/kg
body weight. Injection of hArg at this dose resulted in
increases in the plasma concentrations of hArg (2700-fold
after 15 min), Arg, nitrate, creatinine, GAA, and ADMA
(Fig. 1b). The highest amino acid plasma concentra-
tions were observed 15 or 30 min after hArg injection.
Arg, GAA, and ADMA plasma concentrations increased
from 107, 7.4, and 0.89 puM at baseline to 208 (1.9-fold),
10.9 (1.5-fold), and 1.68 (1.9-fold) uM after 15 min,
respectively.

We tested for potential correlations among the plasma
parameters. Plasma nitrite and nitrate concentrations did
not correlate with any amino acid concentration (data not
shown). Given the very wide hArg plasma concentration
range, we tested potential correlations between the concen-
trations of plasma creatinine and the amino acids in four
ranges (Table 2). Plasma creatinine correlated strongly
(r=-0.87, P=0.01, n ="7) inversely with the hArg plasma
concentration in the highest range (400-1400 uM) (Fig. 2).
Such a correlation could also exist in the lower concentra-
tion range (3—110 uM), yet the number of concentration
was only 4 in this group (Table 2). This finding suggests
that exogenous hArg altered the creatinine homeostasis.

Figure 3 and Table 3 summarize the tissue content
of free (soluble) hArg, Arg, GAA, ADMA, creatinine,
nitrite, nitrate, and MDA in the organs of the rats being
injected either hArg-free physiological saline (control) or

Table 2 Linear regression

; Plasma hArg range (uM) hArg GAA ADMA Arg
analysis between plasma
creatinine and hArg, GAA, 0-1(n="7) r=-0297 r=-0.522 r=-0.707 r=—0.460
ADMA or Arg in four plasma P=0519 P=0.230 P=0.076 P=0299
?@ragn‘:;?;:t‘;‘g‘gsranges mn 1-3 (1 =6) r=0.057 r=—-0.710 r=—-0.720 r=—0.668
P =0.730 P=0.179 P=0.107 P =0.147
3-110 (n = 4) r=—0.809 r=-0.556 r=-0828 r=—0.877
P=0.191 P =0.445 P=0.172 P=0.123
400-1400 (n = 7) r=-0874 r=-0.663 r=—0247 r=—0.004
P =0.010 P=0.105 P=0.592 P=0.992

n the number of the concentration points

Bold represents statistically significant values
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Fig. 2 Correlation between plasma creatinine (Crea) concentration
and plasma hArg concentration in the highest hArg concentration
range measured in the study. The regression line together with the
95% confidence interval is shown

hArg-containing physiological saline corresponding to dos-
ages of 20, 220, and 440 mg hArg/kg body weight. hArg
was distributed in all organs (Fig. 3a). At lower doses, hArg
seems to accumulate in the kidney compared to the other
organs, whereas at the higher hArg doses the liver rather
than the kidney appears to be the preferred organ. In the
control rat (dose, 0 mg hArg/kg body weight), the hArg
content of kidney and liver is of the same order of mag-
nitude as reported in the literature (Yang et al. 2015; for
review see Bernstein et al. 2015). The content of free, non-
protein associated Arg did not change appreciably with
increasing hArg dose (Fig. 3b). The content of free GAA
increased in the kidney to a similar degree at 20 and 220 mg
hArg/kg body weight and was lower at the highest hArg
dose applied in this study (Fig. 3c). The content of free,
non-protein associated ADMA seems to have increased
only in the kidney (Fig. 3d). Doubling the hArg dose from
220 to 440 mg/kg body weight increased the creatinine
content of the lung 33 severalford, i.e., from 345 + 24 to
11,380 + 1562 nmol/g wet tissue (Table 3). No appreci-
able increases in the organ contents were observed for cre-
atinine, (Fig. 3e). No appreciable increases in the organ
contents were observed for creatinine, nitrite (Fig. 3f), and
nitrate (Fig. 3g). The tissue content of free MDA seems to
have increased at the two highest hArg doses (Fig. 3h).

Detection of AGAT activity in rat kidney in vitro

Addition of ['SN,]-Arg (1000 uM) to the kidney homoge-
nate increased the PAR of [15N2]-Arg/[l4N2]-Arg from
(mean + SD) 0.029 + 0.005 to 10.3 + 1.6 at the incubation
time 0 min, indicating an endogenous Arg concentration
of about 100 uM in the kidney homogenate (Fig. 4a). The
PAR of ["°N,]-Arg/['*N,]-Arg changed only little during
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Fig. 3 Homoarginine metabolism in the anesthetized rat. Dis-»
tribution of hArg, Arg, GAA, ADMA, creatinine, nitrite, nitrate,
and MDA in heart, lung, kidney, and liver after injection of hArg
at the indicated dose values. Tissue content values are presented as
mean + SD for 1 rat (0 mg/kg body weight), for <4 rats (20 mg/kg
body weight), for <2 rats (220 mg/kg body weight), and for <3 rats
(440 mg/kg body weight). Note the decadic logarithmic scale on the y
axis in all panels. NA not available

incubation (10.9 + 1.5 at 10 min, 9.96 + 0.30 at 30 min).
Immediately after the addition of ['°N,]-Arg to the kidney
homogenate the PAR [15N2]-hArg/[14N2]-hArg increased
abruptly to 0.192 + 0.014, but did not further change after
10 min (0.187 + 0.014) and 30 min (0.217 + 0.014) of
incubation (Fig. 4b). After the addition of [ISNZ]—Arg to
the kidney homogenate the PAR of ['°N,]-GAA/['*N,]-
GAA did not increase immediately, but it increased
from 0.046 + 0.006 to 0.087 + 0.019 after 10 min and to
0.092 + 0.014 after 30 min of incubation (Fig. 4b). The
increases in the PAR values of hArg and GAA indicate for-
mation of ['°N,]-hArg and ['°N,]-GAA from [N, ]-Arg.

Discussion

In the present study, bolus intra-peritoneal injection of hArg
in anesthetized rats resulted in dose-dependent increases in
the plasma hArg concentration. Even the lowest hArg dose
of 20 mg/kg body weight resulted in a 25-fold increase of
the plasma hArg concentration. Continuous infusion of
hArg (30 mg/kg/day) in rats for 14 days via osmotic pumps
was reported to increase the plasma concentration of hArg
by a factor of 35 (Dellera et al. 2016). In mice, both con-
tinuous infusion (0.7 mg/kg/day) and oral administration
(14 mg/L in drinking water) of hArg were reported to
increase moderately the plasma hArg concentration (0.07
vs 0.23, and 0.15 vs 0.20 puM, respectively; Choe et al.
2013a).

In vitro and in vivo in animals and humans, hArg was
found to be produced from L-arginine and L-lysine by the
catalytic action of AGAT; this enzyme was found to cata-
lyze the synthesis of GAA from L-arginine and glycine as
well (Ryan and Wells 1964; Ryan et al. 1968, 1969; Cathe-
lineau et al. 1974; Levin et al. 1974; Kato et al. 1988;
Cullen et al. 2006; Davids et al. 2012; Choe et al. 2013a,
b; Kayacelebi et al. 2015a, b) (Fig. 5). To the best of our
knowledge, these reactions seem not to be reversible and to
proceed without cofactors.

At the highest hArg dose of 440 mg/kg body weight
used in our study, the plasma concentration of Arg, GAA,
and ADMA increased slightly and temporarily. These
findings are in agreement with the changes seen in amino
acid profiles in plasma upon supplementation of Arg in
rats (Holecek and Sispera 2016). Injected hArg seems not
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Table 3 Effects of the hArg dose on the content (nmol/g wet tissue) of some amino acids, their metabolites and MDA in rat tissues

Dose Arg hArg GAA ADMA Creatinine Nitrite Nitrate MDA
Heart

DO N.A N.A. N.A. N.A. N.A. N.A. N.A. N.A.

D1 844 + 901 132 +43 153 +285 79+738 2452 + 278 10.6 £ 0.4 612 + 140 28.7+12

D2 559 115 19 4.7 2431 14.7 320 42.7

D3 371 £ 124 1011 + 345 7.7+0.3 4.1+0.7 1879 157+ 0.6 625 + 155 265 + 278
Lung

DO 788 74 11.8 25.6 212 18.6 462 8.7

D1 752 +421 68.1 +29.5 147+3.3 245 +6.7 298 + 85 123 +2.1 607 +71 15.6 + 10.3

D2 892 + 174 492 + 50 22.2+10.2 209 +4.5 345 +24 208 7.7 562 + 35 484 + 565

D3 643 + 120 1392 + 324 143 +25 19.7+6.3 11,380 + 1563 18 +4.6 562 +34.6 484 + 565
Kidney

DO 422 6.5 11 1.4 1852 18.3 548 2.1

D1 1614 + 1128 105 + 44 305 +234 131+12 312 £ 105 139+ 1.6 507 + 66 232437

D2 1648 + 1858 954 + 255 332 £458 14.6 + 13.7 1417 £ 1170 10.7+ 0.9 379 + 138 193 +9

D3 1792 + 1333 232 +44 40 + 36.4 143 +11 148 + 169 10.7 £ 0.9 542 +218 28.2+13.5
Liver

DO 18.6 4.9 31.1 22 153 8.6 342 19.9

D1 21.8 +10.6 109+ 6.6 129+3.2 20.1 +10.6 2986 + 4644 11+17 458 + 151 19.5+938

D2 178 £0.3 720 + 143 85+17 19.7+£0.3 152 +13 11.5+3.7 424 + 175 312 £ 399

D3 259 +14.8 1843 + 276 155+6.8 25.1+121 154 + 39 11.7+28 888 + 618 22.6 +6.2

Dose (D) in mg/kg body weight: DO, 0; D1, 20; D2, 220; D3, 440

Values are mean + SD of 1 rat (D0), <4 rats (D1), <2 rats (D2), and <3 rats (D3)

N.A. not available

to have been utilized for the synthesis of ADMA upon
hydrolysis to Arg or for the release of ADMA from prote-
olyzed tissue proteins in our study. We observed only small
changes in free Arg in heart, lung, and liver upon hArg
injection. The content of free Arg in the kidney increased
fourfold at all doses applied. This observation suggests that
injected hArg was utilized by the rats even at the lowest
hArg dose to generate and/or accumulate Arg in the kid-
neys and to a lower extent in the liver. In the highest hArg
plasma concentration range (400-1400 pM), plasma cre-
atinine correlated inversely with the plasma hArg concen-
tration, suggesting plasma creatinine concentration reduc-
tion in a manner depending on hArg. Interestingly, in this
hArg concentration range there was a strongly positive
correlation between hArg and GAA plasma concentrations
(r =0.89, P =0.007, n = 7), but not with Arg (r = 0.33,
P = 0.47) or ADMA (r = 0.53, P = 0.22) plasma concen-
tration. It is remarkable that doubling the hArg dose from
220 to 440 mg/kg body weight increased the lung creatinine
content by a factor of 33 (Table 3). A creatinine content of
11.4 pmol/g wet lung tissue is likely to correspond to a
creatinine concentration of a few mM, whereas the plasma
creatinine was only 30-50 uM (Fig. 2). Possible explana-
tions for the latter observation could be enhanced excretion
of creatinine, its redistribution, and a local biosynthesis and

@ Springer

accumulation of creatinine in the lung (Table 3). AGAT
is expressed in rat and human lung, albeit to a very minor
extent compared to kidney and liver (Cullen et al. 2006).
Yet, the very high hArg in lung tissue could have resulted
in higher AGAT and GAMT activities as has been observed
for the myocardium in case of creatine deficiency (Cul-
len et al. 2006). In a mice model of chronic allergic lung
inflammation, creatine supplementation exacerbated aller-
gic inflammation and airway responsiveness (Vieira et al.
2007). hArg, at the toxic dose of 1880 mg/kg body weight,
has been reported to cause hypersensitivity, yet the possi-
ble involvement of creatine/creatinine had not been investi-
gated in that study (O’Neal et al. 1968).

Because of the limited number of rats, the small num-
ber of concentration and time points, and the lack of analy-
ses in urine, brain and other organs such as the gut which
is known to metabolize/catabolize creatinine (Jones and
Burnett 1972; Yamashita et al. 2010), the distribution, the
metabolism, and the pharmacokinetic data obtained in the
present study should be considered as preliminary and
incomplete with respect to hArg. Unfortunately, the time
points for blood sampling and killing varied consider-
ably during the experiments. Yet, we were able to meas-
ure plasma concentrations of many analytes at few time
points within the time interval of 90 min. This time interval
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Fig. 4 Detection of AGAT activity in rat kidney tissue homogenate.
Peak area ratio (PAR) of a L—[guanidino—15N2]—arginine ([15N2]—Arg)
to unlabeled Arg (['*N,]-Arg) and of b L-[guanidino-""N,]-
homoarginine ([ISNZ]-hArg) to unlabeled hArg ([]4N2]-hArg) or
L—[guanidino—15N2]—guanidinoacetate ([15N2]—GAA) to unlabeled
GAA (['*N,]-GAA) measured in kidney homogenate upon addi-
tion of L-[guanidino-'">N,]-arginine, L-lysine, and glycine (each at
200 uM) and incubation at 37 °C for the indicated incubation times

is generally used in our studies on experimentally induced
TTC (Redfors et al. 2014). As an approximation, our results
suggest that the elimination half-life time of exogenous
hArg is of the order of 20—40 min in the investigated hArg
dose regime. In healthy young volunteers the half-life of
supplemented hArg could not be determined (Atzler et al.
2016). In pigs and rats given a single dose of hArg in drink-
ing water (1 and 10 mg/kg body weight) no changes were
observed in plasma hArg concentrations, while adminis-
tered hArg was quantitatively recovered in urine, suggest-
ing no hArg catabolism in the animals (Hou et al. 2016).
Oral Arg administration for 13 weeks to pigs and rats
increased plasma and urinary hArg concentration in a dose-
dependent manner (Hou et al. 2016). As we did not collect
urine samples in our study, we have no information whether
the decrease of plasma hArg concentration observed in our
study is due to excretion of non-metabolized hArg. In the
rat given the highest hArg dose (440 mg/kg body weight)
we observed increases in Arg, GAA, and creatinine plasma

concentrations, suggesting partial utilization of hArg in the
biosynthesis of Arg and GAA. At the dose of 440 mg/kg
body weight, hArg plasma concentration increased (from
0.5 uM) to 1338 uM (15 min), 1176 uM (30 min) and
498 uM (60 min). At these very high hArg plasma con-
centrations inhibition of the activity of enzymes, such as
arginase (Ryan et al. 1968), alkaline phosphatase, and pos-
sibly of other related enzymes including AGAT, GAMT,
and dimethylarginine dimethylaminohydrolase (DDAH),
is likely to have occurred and to have led to temporal
increases in Arg, GAA, and ADMA plasma concentrations.

Our study appears to suggest some increase in NO
synthesis upon hArg supplementation. Thus, injection
of 440 mg hArg per kg body weight increased the nitrate
plasma concentration from 54 pM (before injection) to
101 pM (15 min) and even to 130 pM (60 min). Other
groups have also reported increases in nitrite and nitrate
upon hArg administration (Yang et al. 2015; Dellera et al.
2016; Hou et al. 2016). For instance, oral Arg supplemen-
tation (3.6 g/kg body weight/day for 3 months) increased
the plasma concentration of Arg (1.8-fold), Orn (1.7-fold),
hArg (1.2-fold), and nitrite + nitrate (1.6-fold) (Yang et al.
2015). We agree with these groups on their proposed expla-
nation that the increases in plasma nitrite and nitrate con-
centrations observed in their studies are due to elevation
of Arg rather than of hArg concentration. This thought is
supported by observations that hArg diminishes NOS-cat-
alyzed synthesis from Arg when applied at high concentra-
tions (i.e., 100 uM), most likely due to a lower affinity of
hArg to NOS compared Arg (Alesutan et al. 2016).

Comprehensive studies in rats indicated that long-term
dietary supplementation of Arg (as hydrochloride salt) to
rats is safe and induces considerable changes in profiles of
activity of particular amino acids and enzymes (Yang et al.
2015). At a dose of 5 mmol/kg body weight, i.e., 940 mg/
kg body weight, hArg caused no appreciable symptoms of
toxicity in rats (O’Neal et al. 1968). However, hArg admin-
istration of 10 mmol/kg body weight, i.e., 1880 mg/kg body
weight, which is four times higher than the highest dose we
applied in our study, may cause hypersensitivity, and even
death may occur (O’Neal et al. 1968). Thus, the hArg dose
regime we used in the present study is likely not to have
exerted toxic effects in the rats.

Platelets are the major source of MDA in humans
(Tsikas 2017; Tsikas et al. 2017). MDA correlates very
closely with other biomarkers of lipid peroxidation includ-
ing 4-hydroxy-2-nonenal and 8-iso-prostaglandin F,,
and seems to be a dependable representative of lipid per-
oxidation biomarkers (Tsikas 2017; Tsikas et al. 2017).
As activated platelets may produce large amounts of
MDA from arachidonic acid by cyclooxygenase-1, plasma
MDA concentration may also be useful to measure plate-
let hypersensitivity. The plasma concentration of MDA
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Fig.5 Simplified schematic of the arginine:glycine amidi-
notransferase (AGAT) activity assay used in the present work.
L—[Guanidino—15N2]—Arginine (L—[ISNZ]—arginine) is the substrate
of AGAT. a When glycine serves as a co-substrate, L—[15N2]—guani—
dinoacetate and r-ornithine are formed. b When L-lysine serves as
a co-substrate L—[15N2]—h0moarginine and L-ornithine are formed.
L—[15N2]—Arginine and L-[lSNZ]—homoarginine are substrates for argi-

increased slightly only at the highest hArg dose of 440 mg/
kg (2.3 mmol/kg) body weight. In contrast to studies from
other groups (Wyse et al. 2001; Sasso et al. 2015), previous
in vitro studies from our group and the present study sug-
gest that hArg lacks such effects in vivo in the rat at doses
below 220 mg/kg body weight, as well as in vitro at con-
centrations up to 50 uM (Hanff et al. 20164, b).

In a recent study, Arg supplementation to rats resulted
in enhanced tissue hArg content and AGAT activity in the
kidney but not in the liver or small intestine, suggesting
that the kidney is a major contributor to circulating hArg
(Yang et al. 2015). This finding prompted us to detect
AGAT activity in the kidney of the control rat which had
been administered with hArg-free physiological saline by
measuring formation of [15N2]—hArg and [15N2]—GAA from
externally added ['°N,]-Arg, Lys, and Gly. Unlike other
assays which use very high substrate concentrations and
very long incubation times (Verhoeven et al. 2003; Ales-
sandri et al. 2005; Yang et al. 2015), we used in the pre-
sent study relatively low concentrations of the substrates
[15N2]-Arg, Gly, and Lys, i.e., | mM each, and shorter
incubation times. Under these conditions we observed
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nase 1 which hydrolyzes them to [15N2] urea/L-ornithine and [15N2]
urea/L-lysine, respectively. L-['°N,]-Guanidinoacetate methyltrans-
ferase (GAMT) methylates guanidinoacetate on the non-guanidine
N atom to form L-[lSNZ]—creatine. The catalytic step involves nucleo-
philic attack of the SH group of a particular cysteine moiety of AGAT
on the C atom of the guanidine group of L-arginine

formation of [15N2]—hArg and [15N2]—GAA in the kidney.
The relatively low changes in ['°N,]-hArg and ['°N,]-GAA
upon longer incubation times may suggest a steady state
between their formation from [15N2]-Arg and their subse-
quent metabolism/catabolism and/or inhibition of AGAT
activity by Orn (Verhoeven et al. 2003) and creatine (Tsi-
kas and Wu 2015). The use of [ISNZ]-Arg and the meas-
urement of [15N2]-hArg and [15N2]—GAA by mass spec-
trometry-based methods such as GC-MS assays of AGAT
activity in vitro and in vivo (Kayacelebi et al. 2015b; see
also Verhoeven et al. 2003) offers considerable advan-
tages, most notably higher specificity, over other methods
that use unlabeled Arg and measure unlabeled hArg and/or
GAA (Alessandri et al. 2005; Yang et al. 2015) or even Orn
(McGuire et al. 1980). Yet, tissue AGAT activity assays
based on GC-MS (Verhoeven et al. 2003; Alessandri et al.
2005; present study) or on other techniques warrant further
improvement and full characterization of their analytical
characteristics. Of particular importance are the linearity
of the assays and the concomitant inhibition of the activ-
ity of enzymes such as guanidinoacetate methyl transferase
(GAMT) and arginase that are known to be abundantly
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present in kidney and other organs and to possess much
higher activity that NOS isoforms towards Arg.

In conclusion, using the animal model of TTC, devel-
oped and validated by one of our groups (Redfors et al.
2014), intra-peritoneal injection of hArg into anesthetized
rats resulted in remarkable dose-dependent increases of
plasma hArg concentration, but in small changes of the
plasma concentrations of Arg, ADMA, and GAA. In
this TTC model, the plasma half-life of exogenous hArg
ranges between 20 and 40 min in the anesthetized rat.
Injected hArg is distributed in liver, kidney, lung, and
heart and seems to accumulate preferably in the kidneys.
As we did not collect urine samples, the present study
does not provide information about renal elimination of
non-metabolized hArg which was found to be remarkably
high in pigs (Hou et al. 2016). In forthcoming experi-
ments in our rat model of TTC (Redfors et al. 2014),
we will test putative cardiovascular protective effects of
hArg by using doses not higher than 20 mg (~0.1 mmol)
hArg per kg body weight. At hArg bolus intra-perito-
neal doses up to 20 mg/kg body weight, side-effects due
to changes in related amino acids and enzymes are not
expectable. In this pilot study, we provided evidence
that L-[guanidino-'">N,]-arginine is a useful substrate to
assay specifically AGAT activity in rat kidney in vitro
by measuring L—[guanidino—l5N2]—homoarginine and
L-[guanidino-""N,]-guanidinoacetate. Yet, this assay and
other reported AGAT assays require further improve-
ment, validation, and characterization of their analytical
performance. A recent study demonstrated a link between
hArg and NO formation in hippocampus but not in fron-
tal lobe of the rat (Sase et al. 2016; see also Choe et al.
2013a; Bernstein et al. 2015). In forthcoming studies we
will include rat brain to investigate distribution, metabo-
lism, and pharmacology of hArg.
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