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Hydrogen sulfide (H,S) is involved in blood pressure reg-
ulation. We evaluated hemodynamic effects of Na,S and
morpholin-4-ium  (4-methoxyphenyl)(morpholino)phos-
phinodithioate (GYY4137), H,S donors. GYY4137 is the
most widely studied slow-releasing H,S donor, however,
its ability to release H,S under physiological conditions
is unclear. Hemodynamics were recorded in anaesthe-
tized Wistar-Kyoto rats at baseline and after intravenous
(IV) or intraperitoneal (IP) administration of either a ve-
hicle (20% dimethyl sulfoxide), GYY4137 or Na,S. The
stability of GYY4137 in buffers and in plasma was evalu-
ated with nuclear magnetic resonance. The vehicle, as
well as GYY4137, given IV did not affect mean arterial
blood pressure (MABP), whereas Na,S produced a sig-
nificant decrease in MABP. Similarly, IP given Na,S, but
not GYY4137, lowered MABP. In the buffers at pH of 7.4
and 5.5 and in rat plasma no reaction of GYY4137 was
found during 18 hours of observation. In contrast, rapid
decomposition of GYY4137 occurred in buffers at pH
2.0. In conclusion, parenteral GYY4137 does not exert a
hemodynamic effect in Wistar-Kyoto rats. This seems to
be due to the high stability of GYY4137 at physiological
pH. Therefore, it is likely that widely reported biological
effects of GYY4137 are not H,S-dependent but may de-
pend on GYY4137 itself. However, the H,S-dependent
biological effects of GYY4137 may be expected in tissues
characterized by low pH.
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INTRODUCTION

Hydrogen sulfide (H,S) is a sulfur-based gascous
transmitter that exerts numerous biological effects. Ac-
cumulating evidence suggests that H,S contributes to the
control of the circulatory system (Meng e7 al., 2014, Siko-
ra et al., 2014, Wallace & Wang, 2015, Yoo e al., 2015,
Tomasova et al., 2010).

H,S donors are divided into fast and slow releas-
ers based on their rate of H,S release. The most widely
used compounds to generate H,S are Na,S and NaHS.
These compounds dissociate rapidly in water leading to
an instant formation of H,S. Parenteral administration
of Na,S or NaHS produces a rapid, but very short-last-
ing, increase in plasma sulfide levels (Shen ef al, 2011;
Wang, 2012). The latter hinders the use of the donors
in chronic cardiovascular research. Therefore, several
slow releasing H,S-donors were synthetized, such as
morpholin-4-ium  (4-methoxyphenyl)(morpholino)phos-
phinodithioate (GYY4137). However, only few studies
evaluated its hemodynamic effects (Li e7 @/, 2008; Wang
et al., 2013) and there is some inconsistency with regard
to GYY4137 ability to release H,S under physiological
conditions (Li ef al, 2008; Lee et al., 2011; Park et al.,
2013; Martelli e al., 2014; Feng et al., 2015; Lohninger ef
al., 2015).

In this study, we compared hemodynamic effects of
Na,S and GYY4137 in rats. Furthermore, we checked
the stability of GYY4137 in buffers at various pH and in
rat plasma to establish its H,S releasing potential under
physiological conditions.

MATERIAL AND METHODS

Animal studies. The experiments were carried out
according to Directive 2010/63/EU and wete approved
by the Local Bioethical Committee. The animals were
received from the Animal Breeding Department of the
Medical University of Warsaw and housed in the Central
Laboratory of Experimental Animals in group cages with
access to standard laboratory chow and water ad /libitum.
The rats were maintained in a temperature- and humid-
ity-controlled room with a 12/12-hour light-dark cycle.

We did the study on male, 18-20-wecks-old, normo-
tensive Wistar-Kyoto rats (WKY). All measurements
were performed under general anaesthesia with ure-
thane (Sigma-Aldrich) given IP at a dose of 1.5 g/kg of
body weight (BW). Before the measurements rats were
implanted with a venous catheter and an arterial cath-
eter connected to the Biopac MP 150 recording system
(Biopac Systems, Goleta, USA) (Utnal e/ al, 2008). The
measurements started 60 minutes after the induction of
anaesthesia.

The effect of intravenous and intraperitoneal ad-
ministration of GYY4137 and Na,S. Hemodynamics
were recorded 20 minutes at baseline and 90 min after
(1) intravenous (IV) infusion of either 0.25 ml of the
vebicle (20% dimethyl sulfoxide (DMSO) in 0.9% saline,
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controls) or the vehicle containing GYY4137 (Sigma-
Aldrich) at a dose of 80 umol/kg BW or Na,S (Sigma-
Aldrich) at a dose of 80 pmol/kg BW, or GYY4137
(house) at a dose of 160 pmol/kg BW; (2) intraperti-
toneal (IP) infusion of the webicle or the wvehicle contain-
ing GYY4137 (Sigma-Aldrich) at a dose of 140 pmol/
kg BW or Na,S (Sigma-Aldrich) at a dose of 70 umol/
kg BW. For evaluation of blood pressure (BP) and heart
rate (HR) response within the series, the average over
5-minute baseline was compared with the averages over
1 minute after infusions for the first 10 min of the ex-
periment, and the average over 5-minute baseline was
compared with the averages over 5 minutes after infu-
sions for the whole experiment.

Data analysis and statistics. Mean arterial blood
pressure (MABP) and heart rate (HR) were calculated on
the BP tracing using AcqKnowledge 4.3.1 Biopac soft-
ware (Biopac Systems, Goleta, USA). To evaluate MABP
and HR response within the series baseline recordings
were compared with recordings after administration
of evaluated compounds using the analysis of variance
(ANOVA) for repeated measures. Differences between
the series were evaluated using ANOVA, followed by
Tukey’s post hoc test or t-test, where appropriate. The
Kolmogorov-Smirnov test was used to test normality of
the distribution. A value of two-sided P<0.05 was con-
sidered significant. Analyses were conducted using STA-
TISTICA 12.0 (Stat Soft, Krakow, Poland).

Chemistry study on GYY4137. GYY4137 synthe-
sis. GYY4137 compound was prepared following a
slightly modified literature procedure (Li ez al, 2008):
the solution of morpholine (11.5 mmol (1g)) in dry
dichloromethane (DCM) (5 ml) was added dropwise
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at ambient temperature to the solution of 2,4-bis(4-
methoxyphenyl)-2,4-dithioxo-1,3,2,4-dithiadiphosphetane
Lawesson’s reagent (2.5 mmol (1g)) in dry DCM (10 ml)
under argon. The reaction mixture was stirred at 20°C
for 4 hrs under argon. The precipitated product was
filtered off and washed several times with cold DCM.
The product was isolated as white solid with 55% yield
and was pure, as determined by nuclear magnetic reso-
nance (NMR). The title compound was obtained as a 2:1
complex of GYY4137 and DCM. 'H NMR (400 MHz,
acetone-Dy) 8 2.88 (q, /=6.0 Hz, 4H), 3.38 (m, 4H), 3.50
(t, /=6.0 Hz, 4H), 3.81 (s, 3H), 3.93 (m, 4H), 5.60 (s,
DCM), 6.87 (dd, J=3.0, 9.0 Hz, 2H), 8.05 (dd, /=6.0, 9.0
Hz, 2H); 3P NMR (162 MHz, acetone-Dj) & 90.4; 3'P
NMR (162 MHz, D,0O/dimethyl sulfoxide-D;) & 89.0.
'H and *'P NMR data were in full accordance with those
reported in the literature (Alexander ez 4/, 2015), (Fig. 1).

Stability of GYY4137 in buffers and plasma. Stabil-
ity studies were performed in PBS buffer (100 mM) at
different pHs: 7.4, 5.5 and 2.0, as well as in rat plasma.
The pH 2.0 was reached by mixing NaH,PO, (100 mM)
with phosphoric acid. GYY4137 (house) was dissolved
in dimethyl sulfoxide-D, and added to the medium be-
fore measurement (20% v/v DMSO). Samples of the
GYY4137 solution (26 mM) were measured immedi-
ately after adding to NMR tube and after 1 and 18 hrs.
Throughout the entire experiment samples were stored
at 36.6°C.

Measurement of H,S release. The generation of H,S
from Na,S X 9H,O (Sigma-Aldrich) or GYY4137 (Sigma-
Aldrich) was determined by the DTNB (5,5"-Dithiobis(2-
nitrobenzoic acid) assay. Briefly, stock solutions of
70 uM Na,S 9H,O and 140 uM GYY4137 in Tris/HCl
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Figure 1. GYY4137 (morpholin-4-ium (4-methoxyphenyl)(morpholino)phosphinodithioate)

'H NMR Spectrum (400 MHz; acetone-Dy).
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Figure 2. Changes in (A) mean arterial blood pressure (MABP,
mmHg), and (B) heart rate (HR, beats/min) after intravenous ad-
ministration of investigated compounds (IV infusion)

*P<0.05 - vs baseline. *P<0.05 - vehicle vs 80 pmol/kg of Na,S se-
ries. #P<0.05 - 80 pM GYY4137 series vs 80 pmol/kg of Na,S series.
&P<0.05 - 160 UM GYY4137 series vs 80 pmol/kg of Na,S series
(ANOVA, followed by Tukey’s post hoc test).

buffer (200 mM) were prepared fresh before the experi-
ment and stored in the dark, at room temperature in
closed Falcon tubes. Aliquots from stock solutions were
mixed with 100 uM DTNB (Sigma-Aldrich) at 15 min
intervals (up to 90 min) and after 13 hrs. The absorb-
ance at 412 nm was measured. The concentration of H,S
was calculated using the following extinction coefficient:
€2 am—14100 M™' cm™! (Nashef ef al, 1977; Vasas et al.,
2015).

RESULTS

Animal studies

The effect of intravenous infusions of Na,S and GYY4137

There were no significant differences in MABP and
HR at baseline between the experimental series (Ta-
ble 1). Treatment with the vehicle (n=0), GYY4137
(Sigma-Aldrich) at a dose of 80 pmol/kg (n=6) and
GYY4137 (house) at a dose of 160 pmol/kg (n=0) did
not affect MABP and HR. Na,S at a dose of 80 umol/
kg (n=0) produced a significant decrease in MABP and
HR, and 3 out of 6 rats died within 10 minutes after the
infusion due to significant hypotension (Fig. 2).

The effect of intraperitoneal infusions of Na,S and GYY4137

There were no significant differences in MABP and
HR at baseline between the experimental series (Ta-
ble 1). Rats treated with the vehicle (n=6) and GYY4137
(Sigma-Aldrich) at a dose of 140 pmol/kg (n=5) showed
no significant change in MABP and HR. Rats treated

Table 1. Baseline mean arterial blood pressure (MVABP, mmHg)
and heart rate (HR, beats/min) in the experimental series in WKY
rats.

Series MABP HR
WKY (Intravenous)

20% DMSO (controls) 79.3+2.1 319+10
80 umol/kg Na,S 80.5+3.2 327411
80 umol/kg GYY 80.7+2.2 316+9
160 umol/kg GYY 78.8£3.9 311+£18
WKY (Intraperitoneal)

20% DMSO (controls) 80.5+2.0 304+17
70 umol/kg Na,S 81.2+3.2 309+19
140 pmol/kg GYY 81.7+2.5 33116

with Na,S at a dose of 70 umol/kg (n=5) showed a sig-
nificant decrease in MABP for the first three minutes
after the infusion and in HR for ten minutes after the
infusion (Fig. 3).

Chemistry study on GYY4137

Stability of GYY4137 in buffers and rat plasma/half life

In the buffers at pH of 7.4 and 5.5, as well as in rat
plasma, only one signal corresponding to GYY4137 was
observed in 3P NMR at 89.0 ppm, showing no changes
in NMR spectra of GYY4137 during 18 hrs of obser-
vation. In contrast, a rapid and complete decomposition
of GYY4137 occurred in buffers at pH 2.0, leading to
formation of 3 new species, which manifested as three
signals at 93.7, 81.7 and 66.9 ppm in 3'P NMR spectra
(Fig. 4).
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Figure 3. Changes in (A) mean arterial blood pressure (MABP,
mmHg), and (B) heart rate (HR, beats/min) after intraperitoneal
administration of investigated compounds (IP infusion)

*P<0.05 - vs baseline. $P<0.05 - vehicle vs 70 pmol/kg of Na,S se-
ries. #P<0.05 — 140 pmol/kg of GYY4137 series vs 70 pmol/kg of
Na,S series (ANOVA, followed by Tukey’s post hoc test).
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Figure 4. 3P NMR spectra of GYY4137 in buffers and rat plasma/ half-life (A: buffer pH 7.4; B: buffer pH 5.5; C: rat plasma pH 7.4; D:

buffer pH 2.0)
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Figure 5. H,S release from Na,S (70 pM) and GYY4137 (140 pM)
in Tris/HCI buffer (pH 7.4) determined by the DTNB assay.

H,S release from Na,S and GYY4137

The concentration of H,S in 70 uM Na,S solution 15
minutes after preparation was 61.5 pM, slowly decreas-
ing over time to a value of 49.4 pM in the 90th min and
reaching the concentration of 39.1 uM after 13 hrs. In
contrast, a very low amount of H,S was released from
140 pM GYY4137. There was a stable H,S concentra-
tion of <2 uM during the first 90 min. After 13 hrs
the concentration of H,S in GYY4137 solution reached
2.3 uM (Fig. 5).

DISCUSSION

We found that parenteral Na,S, a fast-releasing H,S
donor, but not GYY4137, a slow-releasing H,S donor,

lowers arterial blood pressure in rats. The lack of hemo-
dynamic effects of parenteral GYY4137 seems to result
from its high stability at plasma pH.

Increasing research points to an important role of H,S
and its derivatives in the control of numerous biological
systems (Wang, 2012), and several studies suggest that
H,S donors may have a therapeutic potential in cardio-
vascular diseases, in particular in hypertension (Meng ez
al., 2014).

In the present study Na,S given IP and IV pro-
duced a significant hypotensive effect. This is in line
with previous studies (Drobna e al, 2014; Yoo et al.,
2015). The smaller hypotensive effect of the H,S do-
nor given IP in comparison to IV administration re-
sulted probably from the lower bioavailability of the
compound after IP administration. Since IP admin-
istered drugs undergo first-pass metabolism, a sig-
nificant portion of H,S and its derivatives was likely
metabolized by the liver sulfurtransferases which are
involved in thiosulfate and sulfite conversions (Mis-
hanina ez al., 2015).

GYY4137 is a slow-releasing H,S donor that was
studied in several experimental settings, and several stud-
ies suggested its biological activity. For example, it was
found that GYY4137 inhibits the development of hyper-
tension (Li ef al, 2008), atherosclerosis (Liu et al., 2013),
myocardial ischemia (Lee ¢f al, 2014) and cancer (Bucci
et al., 2012). Some studies showed hypotensive (Li ef al,
2008) and vasorelaxant (Bucci e al, 2012; Chitnis ef al.,
2013; Wang et al., 2013) activity of GYY4137. For exam-
ple, Li and coworkers found that IV administration of
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GYY4137 (26.6 to 133 umol/kg BW) decreases BP in
rats (Li ez al., 2008).

Here, we found no hemodynamic effect of GYY4137
at a dose of 140 pmol/kg BW given IP and of 80 and
160 pmol/kg BW given IV, whereas Na,S given at a half
of GYY4137 dose (70 umol/kg IP and 40 pmol/kg IV)
produced a significant decrease in BP. Discrepancies be-
tween the findings of Li at al. and our results may be
caused by different experimental settings, such as a dif-
ferent strain of experimental rats or a different source of
GYY4137.

Since in our experiments the commercially available
GYY4137 failed to exert hemodynamic effects, we be-
lieved it could be caused by impurities which inter-
fered with the GYY4137 action. Therefore, we obtained
GYY4137 using a slightly modified literature procedure.
The elaborated protocol provided the desired prod-
uct, free of impurities, in a reproducible way with good
yield, as a white, crystalline solid, as a 2:1 complex of
GYY4137:DCM. However, again we did not find a sig-
nificant hemodynamic effect of GYY4137 in rats.

Previously, GYY4137 was shown to be a slow releas-
ing H,S donor (Li et al, 2008; Feng e/ al., 2015), how-
ever, it is still unclear which conditions are needed for
GYY4137 to release H,S. Lee ¢ al. reported a sustained
release of H,S from GYY4137 by using the standard
methylene blue method (Lee e a/, 2011). This method
may not be appropriate for measuring the release of H,S
from phosphorodithioates, since strong acidic conditions
involved in this method accelerate GYY4137 hydroly-
sis and H,S release (Bode & Arnswald, 1962). Besides,
methylene blue forms dimers and trimers that inter-
fere with the absorbance measurement at 670, thereby
violating the Beer’s law and producing artificial readings
(Yuan e al., 2015). Using the DTNB assay, Li and cow-
orkers showed that the release of H,S from GYY4137
(1 mM) at pH 7.4 and 8.5 in aqueous solution is ~3
uM/25 min. In contrast, at pH 3 the releasing property
was much greater ie. ~50 uM/25 min (Li e 4/, 2008).
Here, using the DTNB assay, we found that 13 hrs of
GYY4137 (140 pM) incubation at pH 7.4 produced
1-2 pmol of H,S, while two times lower concentration
of Na,S (70 uM) produced 60 pmol of H,S. Therefore,
the release of H,S from GYY4137 at physiological pH
seems negligible and may be within method error.

Kashfi and Olsen (Kashfi & Olsen, 2013) noted that
in the study by Li and coworkers (2008) GYY4137 was
reported to be more potent than NaHS in relaxing rat
aorta (EC50s 115.7 »s 274.1 pM, respectively). However,
it is not clear how so little of H,S from GYY4137 could
be vasoactive. As mentioned above, 1 1 of 1 mM of
GYY4137 at pH 7.4 releases less than 3 pmol of H,S/25
min. Therefore, 115 pM GYY4137 releasing ~0.3 pmol
of H,S should be no more potent than 100 pM H,S
(as NaHS). In addition, H,S formation from GYY4137
in buffer was measured with an amperometric sensor,
whereas H,S formation in plasma was not determined
amperometrically, but was measured with the methylene
blue method. It is unclear why the latter was used as it
is associated with considerable artifact (Kashfi & Olson,
2013). In this context, recently fluorescent probes were
shown to be useful for evaluating H,S donors (Chan ez
al., 2012; Lin & Chang, 2012; Xuan e al., 2012). At neu-
tral pH GYY4137 at a concentration of <200 uM was
found to release small amounts of H,S, near to the de-
tection threshold (~1 uM) in the dansyl azide fluorescent
assay (Park ef al, 2013; Feng et al., 2015).

In our study, using NMR we checked the stability of
GYY4137 and we found no hydrolysis of GYY4137 at

pH 7.4 and 5.5. We found only the signal belonging to
native GYY4137 in 3P-NMR spectra at 89 ppm. Similar
behaviour of GYY4137 was recently observed by oth-
ers (Alexander ez al., 2015). The stability of a compound
such as GYY4137 may be affected by several plasma en-
zymes. Therefore, we additionally checked the stability
of GYY4137 in rat plasma. The results were similar to
what we had found in buffers. Namely, we found only
the signal that belongs to native GYY4137 in 3'P-NMR
spectra at 89 ppm, which proves the lack of structural
changes of the molecule, and thus the lack of H,S re-
lease under such conditions. In contrast, a rapid and
complete decomposition of GYY4137, enabling the re-
lease of H,S, occurred at pH 2.0 leading to production
of 3 new species which manifested as three signals at
94.0, 82.0 and 67.2 ppm that may belong to phosphoric
acid derivatives; arylphosphonamidothioate and arylphos-
phonate (Alexander e# al., 2015). Unfortunately, such pH
is far from physiological pH of plasma or intracellular
fluid.

It may be hypothesized, however, that GYY4137
may release H,S in biologically relevant amounts when
administered orally in humans or rats whose pH in the
stomach ranges between 3 and 4 (Ward & Coates, 1987).
It is also possible that GYY4137 may release H,S when
exposed to the liver enzymatic processing, however, we
did not find a hemodynamic effect of neither IV admin-
istered nor IP administered GYY4137, while IP given
drugs undergo the liver first-pass metabolism. Finally, it
is also possible that previously reported biological effects
observed after administration of GYY4137 were not
H,S-dependent but caused by GYY4137 itself or its me-
tabolism products (Yuan & Coates, 2015; Zheng ez al.,
2015).

In conclusion, we found that parenteral administration
of GYY4137 does not affect hemodynamics in rats. This
seems to be due to the high stability of GYY4137 at
physiological pH. Using NMR, we showed no structural
changes of GYY4137 in buffers at pH 7.4 and 5.5 and
in rat plasma, i.e. the lack of H,S release. Therefore, it is
likely that widely reported biological effects of GYY4137
are not H,S-dependent but may depend on GYY4137
itself. Since the release of H,S from GYY4137 re-
quires low pH, the H,S-dependent biological effects of
GYY4137 may be expected in tissues characterized by
low pH.
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