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Cell-penetrant thiol esters including the disulfides, D-cystine diethyl ester and D-cystine
dimethyl ester, and the monosulfide, L-glutathione ethyl ester, prevent and/or reverse the
deleterious effects of opioids, such as morphine and fentanyl, on breathing and gas
exchange within the lungs of unanesthetized/unrestrained rats without diminishing the
antinociceptive or sedative effects of opioids. We describe here the effects of the
monosulfide thiol ester, D-cysteine ethyl ester (D-CYSee), on intravenous morphine-
induced changes in ventilatory parameters, arterial blood—gas chemistry,
alveolar—arterial (A-a) gradient (i.e., index of gas exchange in the lungs), and sedation
and antinociception in freely-moving rats. The bolus injection of morphine (10 mg/kg, V)
elicited deleterious effects on breathing, including depression of tidal volume, minute
ventilation, peak inspiratory flow, and inspiratory drive. Subsequent injections of D-CYSee
(2 x 500 pmol/kg, IV, given 15 min apart) elicited an immediate and sustained reversal of
these effects of morphine. Morphine (10 mg/kg, IV) also A-a gradient, which caused a
mismatch in ventilation perfusion within the lungs, and elicited pronounced changes in
arterial blood—-gas chemistry, including pronounced decreases in arterial blood pH, pO,
and sO,, and equally pronounced increases in pCO» (all responses indicative of decreased
ventilatory drive). These deleterious effects of morphine were immediately reversed by the
injection of a single dose of D-CYSee (500 pmol/kg, IV). Importantly, the sedation and

Abbreviations: A-a gradient, alveolar-arterial gradient; ABG, arterial blood-gas chemistry; D-CYSee, D-cysteine ethyl ester;
EEP, end-expiratory pause; EFs, expiratory flow at 50% expired tidal volume; EIP, end-inspiratory pause; FiO,, fraction of O,
in inspired air; Freq, frequency of breathing; HPL, hind-paw withdrawal latency; L-NACme, N-acetyl-L-cysteine methyl ester;
MPE, maximal positive effect; MV, minute ventilation; NEBI, non-eupneic breathing index; OIRD, opioid-induced respiratory
depression; Py, atmospheric pressure; PEF, peak expiratory flow; Py,o, partial pressure of H,O in inspired air; PIF, peak
inspiratory flow; RQ, respiratory quotient; RT, relaxation time; Te, expiratory time; TFL, tail-flick latency; Ti, inspiratory time;
TV, tidal volume; and VEH, vehicle.
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Morphine Effects on Breathing Following D-CYSee

antinociception elicited by morphine (10 mg/kg, IV) were minimally affected by D-CYSee
(500 umol/kg, V). In contrast, none of the effects of morphine were affected by
administration of the parent thiol, D-cysteine (1 or 2 doses of 500 pmol/kg, IV). Taken
together, these data suggest that D-CYSee may exert its beneficial effects via entry into
cells that mediate the deleterious effects of opioids on breathing and gas exchange.
Whether D-CYSee acts as a respiratory stimulant or counteracts the inhibitory actions of
y-opioid receptor activation remains to be determined. In conclusion, D-CYSee and
related thiol esters may have clinical potential for the reversal of the adverse effects of
opioids on breathing and gas exchange, while largely sparing antinociception and

sedation.

Keywords: D-cysteine ethyl ester, thiol esters, morphine, respiratory depression, gas exchange, antinociception,

sedation, Sprague Dawley rats

INTRODUCTION

Opioids, such as morphine and fentanyl, are administered to
alleviate pain. However, their clinical utilization is complicated
by their propensity to adversely affect breathing and ventilatory
mechanics (van Dorp et al., 2007; Dahan et al., 2010; Boom et al.,
2012; Dahan et al., 2018; Algera et al., 2019). Opioid receptor (OR)
antagonists, such as naloxone, cannot only prevent and reverse
opioid-induced respiratory depression (OIRD), but also reverse
opioid-induced analgesia and sedation. Therefore, their clinical
value is limited in many situations, including during surgery and in
post-surgical situations where pain relief and sedation are essential
to patients (Dahan et al.,, 2010; Dahan et al,, 2018). Accordingly,
there is an urgent unmet need to develop drugs that reverse OIRD
by mechanisms other than antagonism of ORs. In a recent
comprehensive review, Dahan et al. (2018) concluded that no
currently available experimental drugs are adequate for the
therapeutic reversal of OIRD for a host of reasons, including
that they only minimally improve arterial oxygenation, and they
all need to be further evaluated for their true efficacy and for
potential adverse (i.e., toxicological) effects.

Our recent studies have detailed the ability of reduced
(monothiol) and oxidized (disulfide) thiol esters to prevent/
reverse the adverse effects of opioids, such as morphine and
fentanyl, on ventilatory parameters and arterial blood-gas (ABG)
chemistry in rats without compromising the analgesic or sedative
actions of the opioids (Mendoza et al., 2013; Gaston et al., 2021;
Jenkins et al., 2021). These studies were based on evidence that
morphine inhibits L-cysteine uptake into neurons via blockade of
excitatory amino acid transporter type 3 (Trivedi et al., 2014;
Trivedi and Deth, 2015), and substantial evidence that
systemically administered ethyl ester and methyl ester
derivatives of reduced and oxidized thiols readily enter cells
including cells in the periphery, and neurons in the central
nervous system (Servin et al, 1988; Foreman and Benson,
1990; Lailey et al, 1991; Ben-Nun et al, 1992; Hobbs et al,
1993; Lailey and Upshall, 1994; Chu et al., 2004; Rech et al., 2008;
Figueiredo et al.,, 2009; Ito et al., 2012; Mendoza et al.,, 2013;
Sumayao et al., 2013; Gurbuz et al., 2015; Henderson et al., 2016).

We began our investigations with L-cysteine ethyl ester
(L-CYSee), and reported that the bolus intravenous injection

of L-CYSee produced a prompt and sustained reversal of the
adverse effects of morphine on ABG chemistry and
alveolar-arterial (A-a) gradient (ie., an index of alveolar gas
exchange) in isoflurane-anesthetized tracheotomized rats, but not
in rats without the tracheal tube (Mendoza et al., 2013). The
finding that L-cysteine was inactive suggested that the actions of
L-CYSee were due to entry into neurons/cells, and the initiation
of intracellular signaling events that may involve redox-
dependent processes. With respect to therapeutic potential, it
was evident that the ability of L-CYSee to overcome the adverse
actions of morphine on breathing and A-a gradient is overridden
by adverse effects on upper airways, which may include the
collapse of the larynx and vocal folds, and/or the loss of
muscle activity in the tongue with the flaccid tongue blocking
the airway (Mendoza et al., 2013). We are currently examining
whether ethyl ester and methyl ester derivatives of D-cysteine and
D-cystine can reverse OIRD without the adverse effects of the
L-thiol esters with the expectation that (1) D-thiol esters rapidly
enter cells/neurons as efficiently as L-thiol esters; (2) the adverse
effects of the L-thiol esters involve them entering into metabolic
pathways, while D-thiol esters do not; and (3) the specific (as yet
undefined) intracellular processes by which thiol esters reverse
OIRD are not dependent upon stereospecific processes. Our
first report with a D-isomer demonstrated that the
intravenous administration of the disulfide esters,
D-cystine dimethyl ester or D-cystine diethyl ester,
reversed the adverse effects of morphine on ventilatory
parameters and ABG chemistry in freely-moving rats
without adversely affecting the antinociceptive actions of
the opioid (Gaston et al., 2021).

This study extends our understanding of the pharmacological
profiles of D-thiol esters by presenting the effects of D-cysteine
ethyl ester (D-CYSee) and the parent thiol, D-cysteine, on the
pharmacological actions of morphine in unanesthetized/
unrestrained adult male Sprague Dawley rats. We report here
that the intravenous injection of D-CYSee elicits a rapid and
sustained reversal of the adverse effects of morphine on
ventilatory parameters, A-a gradient, and ABG chemistry with
minimal effects on the analgesic or sedative actions of the opioid,
whereas D-cysteine was inactive. This profile of activity of
D-CYSee would be advantageous in clinical settings in which
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opioids are essential for pain relief, yet their adverse effects on
ventilation need to be overcome.

MATERIALS AND METHODS

Permissions, Rats, and Surgical Procedures
All studies were carried out in accordance with the NIH Guide for
the Care and Use of Laboratory Animals (NIH Publication No.
80-23) revised in 1996, and in strict compliance with the ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guidelines
(http://www.nc3rs.org.uk/page.asp?id=1357). All experimental
protocols were approved by the Animal Care and Use
Committees of Case Western Reserve University, the
University of Virginia, and Loma Linda University.

Adult male Sprague Dawley rats were purchased from Harlan
Industries (Madison, W1, United States). After four to five days of
recovery from transportation, the rats were implanted with
femoral artery catheters and/or jugular vein catheters under
2% isoflurane anesthesia as detailed previously (Henderson
et al., 2014; Gaston et al,, 2021). The rats were given at least
4 days to recover from surgery before use. All femoral arterial
catheters were flushed daily with heparin solution (50 units of
heparin in 0.1 M, pH 7.4, phosphate-buffered saline). On the day
of experimentation, all arterial and venous catheters were flushed
with phosphate-buffered saline (0.1 M, pH 7.4) approximately
4 hours before the commencement of experiments. Note that the
pH values of all stock solutions of the test drugs (i.e., vehicle,
D-cysteine and D-CYSee) were adjusted to approximately 7.2
with 0.25M NaOH. All studies were performed in a quiet
laboratory with a relative humidity of 50 + 2% and room
temperature of 21.3 + 0.2°C. The antinociception and
ventilatory/ABG chemistry experiments were performed in
separate groups of rats so as to not compromise the
respiratory measurements. The plethysmography,
antinociception recording sessions, and the arterial blood
sampling studies (ABG assays) were conducted by the same
investigator who injected the opioid, vehicle, or test drugs (i.e.,
D-cysteine and D-CYSee). The syringes containing the vehicle or
test drugs were made up by another investigator, such that the
person running the actual experiment was blinded to the
treatment protocol. In every case, the data files resulting from
each study were collated and then analyzed by yet another
investigator in the group.

Protocols for Whole Body Plethysmography

Measurement of Ventilatory Parameters

Ventilatory parameters were recorded continuously in the
unrestrained freely-moving rats using a whole body
plethysmography  system  (PLY3223; Data  Sciences
International, St. Paul, MN) as detailed previously (May et al,
2013a; May et al., 2013b; Young et al., 2013; Getsy et al., 2014,
2020; Henderson et al., 2014; Baby et al,, 2018, 2021a,b; Gaston
et al., 2020, 2021; Seckler et al., 2021). The directly recorded and
calculated (derived) parameters are defined in Supplementary
Table S1 (Hamelmann et al., 1997; Lomask, 2006; Tsumuro et al.,

Morphine Effects on Breathing Following D-CYSee

2006; Quindry et al., 2016; Gaston et al., 2021). Supplementary
Figure S1 shows a diagram of relationships between some of the
directly recorded parameters (adapted from Lomask, 2006). On
the day of the study, each rat was placed in an individual
plethysmography chamber and allowed at least 60 min to
acclimatize so that the resting (baseline (pre)) ventilatory
parameter values are accurately defined.

Study 1: Two groups of rats received a bolus injection of
morphine (10 mg/kg, IV), and after 15 min, one group (n = 5,
77.4 £ 0.4 days of age, and 331 + 2 g body weight) received a bolus
injection of vehicle (saline) and the other group (n = 6, 77.6 +
0.4 days of age, and 333 + 2 g body weight) received a bolus
injection of D-CYSee (500 pmol/kg, IV). The rats then received a
second injection of either vehicle or D-CYSee 15min later
depending on their group. Study 2: Two groups of rats
received a bolus injection of morphine (10 mg/kg, IV), and
after 15 min, one group (n = 5; 77.9 = 0.3 days of age; and
329 + 2g body weight) received a bolus injection of vehicle
(saline) and the other group (n = 6; 77.8 £ 0.4 days of age; and
330 *+ 2 g body weight) received a bolus injection of D-cysteine
(500 umol/kg, IV). The rats then received a second injection of
either vehicle or D-cysteine 15 min later depending on their
group. Ventilatory parameters were monitored for 60 min after
the second set of vehicle/D-CYSee/D-cysteine injections in all
groups of rats. We gave two injections of D-CYSee to see if the
first injection produces an effect, and if not, whether it is needed
to prime the effect of the second injection. Study 3: One group of
rats (n = 6; 81.6 * 0.6 days of age; and 345 + 3 g body weight)
received a bolus injection of morphine (10 mg/kg, IV), and after
15 min, they received a bolus injection of D-CYSee (500 umol/kg,
IV), and after another 15 min, they received a bolus injection of
vehicle rather than D-CYSee. These rats are referred to as the
D-CYSee (1x) group in Figures 5, 6. Whereas another group of
rats received two bolus injections of D-CYSee 15 min apart, and
they are referred to as the D-CYSee (2x) group. Note that the
resting ventilatory parameters of the D-CYSee (1x) rats were
similar to those of the D-CYSee (2x) rats (p < 0.05, for all
comparisons via an unpaired #-test, data not shown).

The body weights of all the groups of rats were similar to one
another, thus corrections of ventilatory parameters (e.g., TV, PIF,
and PEF) are shown without correcting for body weight. The
FinePointe (DSI) software constantly corrected digitized
ventilatory values originating from the actual waveforms for
alterations in chamber humidity and temperature. Pressure
changes associated with the respiratory waveforms were then
converted to volumes (e.g., TV, PIF, PEF, and EF5,) by employing
the algorithms of Epstein et al. (Epstein and Epstein, 1978;
Epstein et al, 1980). Specifically, factoring in chamber
temperature and humidity, the cycle analyzers filtered the
acquired signals, and FinePointe algorithms generated an array
of box flow data that identified a waveform segment as an
acceptable breath. From this array, the minimum and
maximum box flow values were determined and multiplied by
a compensation factor provided by the selected algorithm
(Epstein and Epstein, 1978; Epstein et al, 1980), thus
producing TV, PIF, and PEF values that were used to
determine non-eupneic breathing events expressed as the non-
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eupneic breathing index (NEBI), reported as the percentage of
non-eupneic breathing events per epoch (Getsy et al., 2014). The
apneic pause was determined by the formula, (Expiratory Time/
Relaxation Time) — 1 (Gaston et al., 2021).

Protocols for Blood—-Gas Measurements
and Determination of Arterial-Alveolar

Gradient

Alterations in key ABG chemistry parameters—pH, pCO,, pO, and
sO,—elicited by the bolus injection of morphine (10 mg/kg, IV) in
three different sets of unanesthetized freely-moving rats (n = 9 rats
per group) followed 15 min later by a bolus injection of vehicle
(saline, IV; 81.3 + 0.8 days of age; and 343 + 2 g body weight),
D-cysteine (500 umol/kg, IV; 82.5 + 0.5 days of age; and 347 + 3 g
body weight), or D-CYSee (500 pmol/kg, IV; 81.4 + 0.4 days of age;
341 + 2g body weight) were determined as detailed previously
(Henderson et al., 2014; Baby et al., 2018, Baby et al., 2021 S.; Gaston
et al,, 2021; Jenkins et al,, 2021). Samples of arterial blood (100 pl)
were taken 15 min before and 15 min after the injection of morphine
(10 mg/kg, IV). The rats then immediately received an injection of
vehicle, D-cysteine or D-CYSee, and blood samples were taken at 5-,
15-, 30-, and 45-min time points. The pH, pCO,, pO, and sO, were
determined with the aid of a radiometer blood-gas analyzer
(ABL800 FLEX). The A-a gradient measures the difference
between alveolar and arterial blood O, concentrations (Stein
et al,, 1995; Story 1996; Henderson et al,, 2014). A reduction in
PaO, without a concomitant alteration in A-a gradient is the result of
hypoventilation, whereas a reduction in PaO, with a concomitant
elevation in A-a gradient is an indicator of an ongoing mismatch in
ventilation—perfusion in the lungs (Stein et al., 1995; Story 1996;
Henderson et al., 2014; Gaston et al,, 2021). A-a gradient = PAO, —
Pa0O,, where PAQ, is the partial pressure (p) of alveolar O,, and
Pa0, is pO, in the sampled arterial blood. PAO, = [(FiO; x (P —
Pipo) — (PaCO,/respiratory ~ quotient)], where FiO, is the fraction
of O, in inspired air, Py, is the atmospheric pressure, Pr,o is the
partial pressure of H,O in inspired air, PaCO, is pCO, in arterial
blood, and respiratory quotient (RQ) is the ratio of CO, eliminated
to O, consumed. We took FiO, of room air to be 21% = 0.21, Py, to
be 760 mmHg, and Py,0 to be 47 mmHg (Gaston et al,, 2021). We
took the RQ value of our adult male rats to be 0.9 (Stengel et al., 2010;
Chapman et al., 2012; Gaston et al., 2021; Jenkins et al., 2021).

Antinociception Assessment by Tail-Flick

Latency Assay

The antinociceptive effects elicited by an injection of morphine
and a subsequent injection of vehicle or D-CYSee were
determined by evaluating tail-flick latency (TFL) with the use
of a Tail-Flick Analgesia Meter (IITC Life Science Inc., USA) as
described previously (Lewis et al., 1991; Meller et al, 1991;
Carstens and Wilson, 1993; Henderson et al., 2014; Golder
et al., 2015; Gaston et al., 2021; Jenkins et al., 2021). This
procedure entailed a minor level of manual restraint during
the positioning of the tail to apply a thermal stimulus
sufficient to induce a latency of tail withdrawal of about 3.0's
in all rats. Baseline TFL was tested in all rats prior to any drug

Morphine Effects on Breathing Following D-CYSee

administration (-20-min time point). One group of rats (n = 6;
78.3 + 1.4 days of age; and 332 + 3 g body weight) received an
injection of morphine at 5 mg/kg (IV), and after TFL testing at +
20 min, they immediately received a bolus IV injection of vehicle
(saline, 100 pl/100 g body weight). A second group of rats (n = 6;
79.5 £ 1.5 days of age; and 335 + 3 g body weight) received an
injection of morphine (5 mg/kg, IV), and after TFL testing at + 20
min, they immediately received a bolus injection of D-CYSee
(500 pmol/kg, IV). A third group (n = 6; 77.3 + 2.2 days of age;
and 336 + 4 g body weight) received an injection of morphine at
10 mg/kg (IV), and after TFL testing at + 20 min, they
immediately received a bolus IV injection of vehicle (saline,
100 ul/100 g body weight). A fourth group (n = 6; 78.0 £
1.8 days of age; and 334 + 2g body weight) received an
injection of morphine (10 mg/kg, IV), and after TFL testing at
+ 20 min, they immediately received a bolus injection of D-CYSee
(500 umol/kg, IV). TFL was tested at +20, 40, 60, 90, 120, 180 min
time points. The resulting data are presented as actual TFL (sec)
and as maximum possible effect (%MPE) determined by the
formula, %MPE = [(post-injection TFL — baseline TFL)/(12 —
baseline TFL)] x 100 (Lewis et al., 1991; Meller et al., 1991;
Carstens and Wilson, 1993; Henderson et al., 2014; Golder et al.,
2015; Gaston et al., 2021; Jenkins et al., 2021).

Sedation as Determined by the Modified
Righting Reflex Test

Adult male Sprague Dawley rats were used to evaluate the effects
of bolus injections of vehicle, D-cysteine (500 pmol/kg, IV) and
D-CYSee (500 umol/kg, IV), on the duration of morphine
(10 mg/kg, IV)-induced impairment of the modified righting
reflex test. Each rat was placed in an open plastic chamber to
allow the duration of the loss of the modified righting reflex to be
accurately determined. In essence, the injection of morphine
resulted in the rats assuming a variety of distinct postures,
including being sprawled out motionless on their stomach on
the chamber floor, splayed out with the head up against the
chamber wall, and lying motionless on their side. The duration of
the sedative effects of morphine was determined by the time
interval from the time of injection of morphine to full recovery of
the modified righting reflex, taken when the rats assumed and
kept a normal posture on all four legs (Ren et al., 2015, 2020; Yu
et al., 2018; Jenkins et al., 2021). One set of rats (n = 12; 79.7 +
0.6 days of age; 330 + 2 g body weight) received a bolus injection
of morphine (10 mg/kg, IV) and after 15 min, an IV injection of
vehicle (saline). A second set of rats (n = 12; 80.1 + 0.6 days of age;
and 335 + 3 g body weight) received a bolus injection of morphine
(10 mg/kg, IV) and after 15min, an injection of D-cysteine
(500 pmol/kg, IV). A third set of rats (n = 12; 80.1 + 0.6 days
of age; and 335 + 3 g body weight) received a bolus injection of
morphine (10 mg/kg, IV) and after 15min, an injection of
D-CYSee (500 pmol/kg, IV).

Data Analyses

All data are presented as mean + SEM and were evaluated using
one-way and two-way ANOVAs followed by Bonferroni’s
corrections for multiple comparisons between means using the
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FIGURE 1 | Values of frequency of breathing (Panel (A)), tidal volume
(Panel (B)), and minute ventilation (Panel (C)) in freely-moving rats prior to (pre)
and following injection of morphine (10 mg/kg, IV) and subsequent injections
of vehicle (saline, IV) or D-cysteine ethyl ester (D-CYSee, 500 pmol/kg,

|V). Data are presented as mean + SEM. There were 5 rats in the vehicle group
and 6 rats in the D-CYSee group.

error mean square terms from each ANOVA (Wallenstein et al.,
1980; Ludbrook, 1998; McHugh, 2011) as described in detail
previously (Getsy et al., 2021). A value of p < 0.05 was taken as the
initial level of statistical significance (Wallenstein et al., 1980;
Ludbrook, 1998; McHugh, 2011). Statistical analyses were
performed using GraphPad Prism software (GraphPad

Software, Inc., La Jolla, CA, United States).

RESULTS

Effects of D-CYSee and D-Cysteine on
Ventilatory Responses to Morphine

The baseline (pre) ventilatory parameters before injecting vehicle
or D-CYSee (500 pmol/kg, IV) are shown in Supplementary
Table S2. There were no between group differences for any
parameter (p > 0.05, for all comparisons via one-way
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FIGURE 2 | Values of inspiratory time (Panel (A)), expiratory time (Panel
(B)), and expiratory time/inspiratory time (Te/Ti) (Panel (C)) in freely-moving
rats prior to (pre) and following injection of morphine (10 mg/kg, IV) and
subsequent injections of vehicle (saline, IV) or D-cysteine ethyl ester
(D-CYSee, 500 pmol/kg, IV). Data are presented as mean + SEM. There were
5 rats in the vehicle group and 6 rats in the D-CYSee group.

ANOVA). The responses elicited by morphine in the 15-min
period before giving vehicle or D-CYSee are shown in
Supplementary Tables S3, S4. Descriptions of individual
responses to morphine are given below. Moment-to-moment
values of frequency of breathing (Freq), tidal volume (TV), and
minute ventilation (MV) before and after injection of morphine
(10 mg/kg, IV) and then vehicle or D-CYSee are shown in
Figure 1. Morphine elicited a transient increase in Freq
followed by a sustained decrease that was present when
vehicle or D-CYSee was given (Figure 1A). The vehicle
injection did not elicit a response in Freq, which recovered to
pre-injection values within 20-25 min. D-CYSee elicited brief
decreases in Freq for about 1 min followed by a sustained rise in
Freq to pre-morphine values. Morphine elicited a sustained fall in
TV that was pronounced at injection of vehicle or D-CYSee
(Figure 1B). The injection of vehicle did not immediately change
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TV, which gradually recovered to pre-injection levels within
90 min. The first injection of D-CYSee elicited a prompt and
sustained reversal of the effects of morphine on TV, and the
second injection elicited a minor further increase. TV values
stayed at or above baseline over the post-D-CYSee injection
phases. As a result of the changes in Freq and TV, morphine
elicited a sustained decrease in MV in vehicle-treated rats,
whereas D-CYSee elicited a prompt and sustained reversal of
the adverse effects of morphine on MV (Figure 1C).

As shown in Figure 2A, morphine elicited a transient decrease
in Ti followed by sustained increases in rats that received vehicle
15min after injection of morphine. The first and second
injections of D-CYSee elicited transient decreases in Ti. The
long-lasting rise in Ti elicited by morphine between 45 and
90 min post-injection was essentially similar in vehicle- and
D-CYSee-treated rats. As shown in Figure 2B, morphine
elicited a transient increase in Te followed by a long-lasting
decrease in Te in rats that received vehicle 15min after
injection of morphine. The injections of D-CYSee elicited brief
increases in Te, but minimally affected the long-lasting
morphine-induced decrease in Te. As shown in Figure 2C, the
respiratory quotient (Te/Ti) fell markedly after injection of
morphine in vehicle-treated rats and similarly in D-CYSee-
treated rats, while it was evident that the injections of
D-CYSee elicited brief increases in Te/Ti. As shown in
Supplementary Figure S2A, morphine elicited a sustained
increase in end inspiratory pause (EIP). The injections of
D-CYSee elicited transient decreases in EIP. As seen in
Supplementary Figure S2B, morphine elicited robust
transient, increases in end expiratory pause (EEP) followed by
sustained decreases in EEP. The two injections of D-CYSee
elicited minor initial increases in EEP, but did not alter the
long-term decrease in EEP.

As seen in Figure 3, morphine elicited a pronounced and
sustained fall in PIF (Figure 3A) but a transient decrease in
PEF (Figure 3B) in vehicle-treated rats. The injections of
D-CYSee elicited a prompt and sustained reversal of the
effects of morphine on PIF and a marked increase in PEF
to levels above pre-morphine values. Morphine elicited a
prompt and sustained increase in PEF/PIF ratios
(Figure 3C) in vehicle-treated rats. D-CYSee elicited robust
decreases in PEF/PIF that were not sustained throughout the
entire recording period. As shown in Figure 4, morphine
elicited a prompt and sustained decrease in inspiratory
drive (Figure 4A) and a pronounced transient decreases in
expiratory drive (Figure 4B). D-CYSee caused partial recovery
of inspiratory drive, and a sustained increase in expiratory
drive to above pre-morphine levels. As shown in
Supplementary Figure S3A, morphine elicited a sustained
increase in EFs, that remained elevated in rats that received
vehicle. The first injection of D-CYSee elicited a prompt and
sustained increase in EF5, that was unchanged with the second
injection. As seen in Supplementary Figure S3B, morphine
elicited a prompt and sustained decrease in relaxation time.
Vehicle injections elicited minimal responses, whereas
D-CYSee elicited transient increases in relaxation time. As
seen in Supplementary Figure S3C, morphine elicited a
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FIGURE 3 | Values of peak inspiratory flow (Panel (A)), peak expiratory

flow (Panel (B)), and peak expiratory flow/peak inspiratory flow (PEF/PIF)
(Panel (C)) in freely-moving rats prior to (pre) and following injection of
morphine (10 mg/kg, IV) and subsequent injections of vehicle (saline, V)

or D-cysteine ethyl ester (D-CYSee, 2 x 500 pmol/kg, IV). The data are
presented as mean + SEM. There were 5 rats in the vehicle group and 6 rats in
the D-CYSee group.

prompt and, after a noticeable decline in peak response,
sustained increase in apneic pause. As seen in
Supplementary Figure S3D, morphine elicited a prompt
and transient increase in expiratory delay. The injections of
vehicle elicited minimal changes in both apneic pause and
expiratory delay, whereas D-CYSee elicited transient increases
in both parameters. As seen in Supplementary Figure S4,
morphine elicited robust increases in NEBI (Supplementary
Figure S4A) and NEBI/Freq (Supplementary Figure S4B) of
about 5 min in duration followed by sustained decreases in
these parameters. The injections of vehicle or D-CYSee elicited
minor changes in these parameters.

The total changes in ventilatory parameters recorded over the
15-min period following the first injection of vehicle or D-CYSee
(expressed as % change from pre-values) are summarized in

Frontiers in Pharmacology | www.frontiersin.org

June 2022 | Volume 13 | Article 883329


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Getsy et al.
A 15 7  Morphine Vehicle or @ Vehicle
D-CYSee
o 13 1 @ D-CYSee
g .,
E
2 °
a
a 7
(2]
£ 5
3 !
-15 0 15 30 45 60 75 90
Pre (min) Post-Morphine (min)
B
14 A Morphine Vehicle or
- l' D-CYSee
9 12 :
$ |
E 10
2 8
S
[=]
g 6
n 4 @ Vehicle
@ D-CYSee
2 A ; ;
-15 0 15 30 45 60 75 90
Pre (min) Post-Morphine (min)
FIGURE 4 | Calculated values of inspiratory drive (TV/Ti) (Panel (A)) and
expiratory drive (TV/Te) (Panel (B)) in freely moving rats prior to (pre) and
following injection of morphine (10 mg/kg, IV) and subsequent injections of
vehicle (saline) or D-cysteine ethyl ester (D-CYSee, 500 pmol/kg, IV). The
data are presented as mean + SEM. There were 5 rats in the vehicle group and
6 rats in the D-CYSee group.

Figure 5. The three groups are those that received two injections
of vehicle (VEH group), two injections of D-CYSee (D-CYSee
(2x) group), and one injection of D-CYSee (D-CYSee (1x)
group). As seen in Figure 5A, the morphine-induced
decreases in Freq, TV and MV were significantly
diminished in D-CYSee (2x) and D-CYSee (1x) groups,
whereas changes in Ti, Te and Te/Ti were only marginally
diminished (combined alterations in Ti and Te in D-CYSee
(2x) and D-CYSee (1x) groups were significant and consistent
with reversal of the decrease in Freq in each group, p < 0.05
for both comparisons via two-way ANOVA). As seen in
Figure 5B, the morphine-induced changes in EIP, EEP,
PIF, PEF, PEF/PIF and EF5, were all substantially reversed
in D-CYSee (2x) and D-CYSee (1x) groups. As seen in
Figure 5C, the morphine-induced decreases in inspiratory
drive (TV/Ti) were diminished in D-CYSee (2x) and D-CYSee
(1x) groups, and morphine-induced increases in expiratory
drive (TV/Te) were augmented in D-CYSee (2x) and
D-CYSee (1x) rats. In contrast, total changes in relaxation
time (RT), apneic pause (ApP), NEBI, and NEBI/Freq were
similar in the three groups. The total changes in ventilatory
parameters recorded over the 60-min period after the second
set of injections (% change from pre-values) are summarized
in Figure 6. As seen in Figure 6A, the morphine-induced
decreases in TV and MV were diminished in the D-CYSee
(2x) and D-CYSee (1x) groups. There were minimal changes

Morphine Effects on Breathing Following D-CYSee

in Freq, and the pronounced increases in Ti and decreases in
Te were similar in all three groups. As seen in Figure 6B, the
decreases in PIF were smaller in D-CYSee (2x) and D-CYSee
(1x) rats, whereas the increases in PEF and EF5, were
augmented in D-CYSee (2x) and D-CYSee (1x) rats. The
morphine-induced changes in EIP, EEP, and PEF/PIF were
similar in all three groups. The resting values for Freq, TV,
and MV prior to injection of vehicle or D-cysteine (500
umol/kg, IV) are presented in the legend of
Supplementary Figure S5. There were no between group
differences in any parameter (p > 0.05, for all comparisons via
one-way ANOVA). As seen in Supplementary Figure S5,
morphine (10 mg/kg, IV) elicited substantial falls in Freq
(Supplementary Figure S5A), TV (Supplementary Figure
S5B), and MV (Supplementary Figure S5C) that were not
affected by the injections of D-cysteine.

Effects of D-CYSee and D-Cysteine on
Morphine-Induced Changes in ABG

Chemistry and A-a Gradient

ABG values (pH, pCO,, pO, and sO,) in three groups of
freely-moving rats prior to and after injection of morphine
(10 mg/kg, IV) and subsequent injection of vehicle (VEH,
IV), D-cysteine (500 pmol/kg, IV), or D-CYSee (500 umol/kg,
IV) are summarized in Figure 7. The values denoted
M15-M60 are the times post-morphine, whereas values
denoted D5-D45 are the times post-vehicle/drug injection.
As seen in Figure 7A, morphine elicited a substantial fall in
pH in the three groups, and D-CYSee elicited a prompt and
sustained reversal of the acidosis. As seen in Figure 7B,
morphine elicited a substantial increase in pCO, in the
three groups and D-CYSee elicited an immediate and
sustained reversal of the hypercapnia. As seen in Figures
7C,D, morphine elicited sustained decreases in pO, and sO,,
respectively, and D-CYSee elicited a prompt and sustained
reversal of this hypoxemia. In contrast, the time-dependent
trends toward pre-morphine values for pH, pCO,, pO,, and
sO, were similar in rats that received vehicle or D-cysteine.
The A-a gradient values (index of alveolar gas exchange) in
three groups of freely-moving rats before and after injection
of morphine (10 mg/kg, IV) and then injections of vehicle
(VEH, 1V), D-cysteine (500 pmol/kg, IV), or D-CYSee
(500 umol/kg, IV) are shown in Figure 8. Morphine
caused a sustained increase in A-a gradient, and D-CYSee
elicited an immediate and sustained reversal of this effect,
whereas vehicle and D-cysteine did not.

Effects of D-CYSee and D-Cysteine on

Antinociceptive Responses to Morphine

The temporal effects of a 5- or 10-mg/kg dose of morphine on
TFL and subsequent effects elicited by an injection of vehicle
or D-CYSee (500 umol/kg, IV) are summarized in Figure 9.
The 5-mg/kg (Figures 9A,C) and 10-mg/kg (Figures 9B,D)
doses of morphine both elicited pronounced antinociception
with the effects of the 10-mg/kg dose being more pronounced
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FIGURE 5 | Total changes (expressed as % change from pre-values) in Freq, TV, MV, Ti, Te and Te/Ti (A), EIP, EEP, PIF, PEF, PEF/PIF and EF50 (B), and RT, ApP,
TV/Ti, TV/Te, NEBI, and NEBI/Freq (C) that occurred over the 15-min period following the first injection of vehicle (VEH, IV) or D-cysteine ethyl ester (D-CYSee,
500 pmol/kg, V). The vehicle (VEH) group received two injections of vehicle. The D-CYSee (2x) group received two injections of D-CYSee, whereas the D-CYSee (1x)
group received one injection of D-CYSee and then an injection of vehicle. There were 5 rats in the vehicle group and 6 rats in the D-CYSee groups. *p < 0.05,
significant change from pre. To < 0.05, D-CYSee versus vehicle.

than the 5-mg/kg dose. As can be seen, the temporal changes in
TFL elicited by either dose of morphine were similar in rats
that received vehicle or D-CYSee.

Effects of D-CYSee and D-Cysteine on the
Sedative Effects of Morphine

The general behaviors of the rats that received morphine plus
vehicle, D-cysteine or D-CYSee were similar to one another.
Morphine caused an immediate (within 2 min) sedative effect in
all rats that was manifested as a lack of mobility and unusual body
postures. The full return of the righting reflex in vehicle-treated
rats (723 + 9.2 min, n 12), D-cysteine (500 umol/kg,
IV)-treated rats (70.5 + 10.2min, n = 12), and D-CYSee
(500 pumol/kg, IV)-treated rats (85.6 + 8.6 min, n = 12) was

equal to one another (p > 0.05, for all between-group
comparisons via two-way ANOVA).

DISCUSSION

General Observations About D-CYSee and

Thiol esters

Our study provides evidence that D-CYSee produces a rapid and
long-lasting reversal of the deleterious changes in breathing, ABG
chemistry, and alveolar gas exchange (i.e, a reversal of the
elevated A-a gradient) elicited by a 10-mg/kg dose of
morphine in freely moving (unanesthetized) male
Sprague-Dawley rats. However, D-CYSee did not greatly alter
the sedative antinociceptive or effects of this dose of morphine
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(the antinociceptive effects were slightly augmented). Since the
above actions of morphine are immediately reversed by systemic
injection of OR antagonists (van Dorp et al., 2007; Dahan et al.,
2010, 2018; Boom et al.,, 2012; Algera et al., 2019), it is unlikely
that D-CYSee alters the actions of morphine by competitive or
non-competitive antagonism of ORs. We have no evidence as to
the physiological site(s) of action or molecular processes by which
D-CYSee profoundly reverses morphine-induced changes in
breathing, ABG chemistry, and A-a gradient, while slightly
augmenting the antinociceptive effects of the 10-mg/kg dose of
this opioid. There is evidence that morphine-induced inhibition
of excitatory amino acid transporter 3 (Trivedi et al, 2014;
Trivedi and Deth, 2015) blocks L-cysteine entry into cells,
which suggests that the adverse effects of morphine involve (1)
reduced intracellular L-cysteine levels and accompanying
increase in oxidative status of the cell (Trivedi et al., 2014;
Trivedi and Deth, 2015), and/or (2) diminished involvement

of L-cysteine in metabolic pathways in cells, such as
generation of hydrogen sulfide (Wu, 2009; Yin et al, 2016;
Paul et al, 2018). Since the antinociceptive effects of a 5-
mg/kg dose of morphine were slightly shorter in duration in
D-CYSee-treated rats than in vehicle-treated rats, it suggests that
the 10-mg/kg dose of morphine may have masked some adverse
effects of D-CYSee with respect to antinociceptive signaling.

Potential Mechanisms of Action of D-CYSee

and Other Thiol esters

Although the abilities of D-CYSee and L-CYSee (Mendoza et al.,
2013) to reverse the deleterious actions of morphine on
breathing and alveolar gas exchange could involve supplying
reducing equivalents to target cells, we found that the potent
reducing and cell-permeable thiol ester, N-acetyl-L-cysteine
methyl ester (L-NACme) (Tsikas et al., 2018), had minimal
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FIGURE 7 | Values of pH (Panel (A)), pCO (Panel (B)), pO2 (Panel (C)),
and sO,, (Panel (D)) before (Pre) and after injection of morphine (10 mg/kg, V)
in three separate groups of freely-moving rats followed by injection of vehicle
(VEH (saline), IV), D-cysteine (500 pmol/kg, IV), or D-cysteine ethyl ester
(D-CYSee, 500 pmol/kg, IV). The terms M15, M20, M30, M45, and M60
denote 15, 30, 45, and 60 min after injection of morphine. The terms D5, D15,
D30, and D45 denote 5, 15, 30, and 45 min after injection of the drug (vehicle,
D-cysteine, or D-CYSeeg). The data are mean + SEM. There were 8 rats in the
vehicle- or D-CYSee-treated groups and 6 rats in the D-cysteine-treated
group. *p < 0.05, significant change from pre-values. o < 0.05, D-CYSee
versus vehicle.

effects on the ventilatory-depressant effects of morphine
(Gaston et al., 2021). The readily conversion of L-NACme to
L-cysteine in cells (Lailey and Upshall, 1994) argues that the
effects of D-CYSee are not due to conversion to H2S via the
D-amino acid oxidase-mercaptopyruvate sulfur transferase
system (Shibuya and Kimura, 2013; Kimura, 2014). Since the
superoxide anion/free radical scavenger, Tempol, attenuates
OIRD elicited by morphine and fentanyl (Baby et al,
2021a,b), it points to the importance of redox mechanisms in
the actions of opioids and potentially the ability of thiol esters to
reverse OIRD. Aside from direct interactions with functional
proteins, potential mechanisms of action of D-CYSee may

Morphine Effects on Breathing Following D-CYSee

involve (1) direct binding to myristoylated alanine-rich
C-kinase substrate (MARCKS), which is a D-cysteine binding
protein (Semenza et al., 2021); (2) modulation of OR-B-arrestin
cell ~signaling events that spare the analgesic
G-protein-mediated actions of morphine (Schmid et al,
2017; Grim et al., 2020); and/or (3) conversion of D-CYSee
to S-nitroso-D-CYSee by nitric oxide synthase-dependent
processes (Perissinotti et al., 2005; Hess and Stamler, 2012;
Stomberski et al., 2019; Seckler et al., 2021), which may act
similar to the intracellular S-nitrosylating agent, S-nitroso-L-
CYSee (Clancy et al.,, 2001). We determined whether D-CYSee
increases NADPH diaphorase expression in tissues, which
identifies S-nitrosylated species (both free S-nitrosothiols and
S-nitrosylated proteins) in aldehyde-treated tissues (Seckler and
Lewis, 2020). S-nitrosothiols, such as S-nitroso-L-cysteine and
S-nitroso-L-glutathione, play key roles in ventilatory control
processes in brainstem and peripheral structures, such as the
carotid bodies (Palmer et al., 2013; Gaston et al., 2014; Palmer
etal., 2015; Gaston et al., 2020; Gaston et al., 2021). We reported
that the ability of morphine to depress breathing and adversely
affect ABG chemistry is reduced in rats undergoing intravenous
infusion of S-nitroso-L-cysteine (Getsy et al., 2022), and that
whereas S-L-nitrosothiols exert pronounced effects on
cardiorespiratory systems, D-isomers exert minimal effects
(Davisson et al., 1996; Lewis et al., 1996; Travis et al., 1996;
Davisson et al., 1997; Ohta et al., 1997; Travis et al., 1997; Lewis
et al., 2005; Lewis et al., 2006; Gaston et al., 2020; Gaston et al.,
2021).

Our findings that D-cysteine did not mimic the effects of
D-CYSee suggest that (1) D-CYSee activates membrane-bound
functional proteins not activated by D-cysteine; (2) D-CYSee
acts by entering cells and modulating intracellular signaling
pathways as the thiol ester; (3) D-cysteine is unable to enter
into cells via uptake systems available to L-cysteine (Tunnicliff,
1994; Shanker and Aschner, 2001; Aoyama et al., 2008;
Albrecht and Zielinsk, 2019), including high-affinity
sodium-dependent glutamate transporters (e.g., GLT1 and
GLAST) (Hargreaves et al,, 1988), excitatory amino acid
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FIGURE 8 | Alveolar-arterial (A-a) gradient values before (Pre) and after
injection of morphine (10 mg/kg, IV) in three groups of freely-moving rats
followed by an injection of vehicle (VEH (saline), V), D-cysteine (500 pmol/kg,
IV), or D-cysteine ethyl ester (D-CYSee, 500 pmol/kg, IV). The terms

M15, M20, M30, M45, and M60 denote 15, 30, 45, and 60 min after injection
of morphine. The terms D5, D15, D30, and D45 denote 5, 15, 30, and 45 min
after injection of drug (vehicle, D-cysteine, or D-CYSee). The data are mean +
SEM. There were 8 rats in the vehicle- or D-CYSee-treated groups and 6 rats
in the D-cysteine-treated group. *p < 0.05, significant change from pre-

values. Tp < 0.05, D-CYSee versus vehicle.
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FIGURE 9 | Tail-flick latencies elicited by intravenous injection of 5 mg/kg (Panel (A)) or 10 mg/kg (Panel (B)) of morphine in freely-moving rats that received
injections of vehicle (VEH (saline), IV) or D-CYSee (500 pmol/kg, IV) 20 min after the injection of morphine. Panels (C,D) display the data as percentage maximum possible
effect (%MPE). The data are shown as mean + SEM. There were 6 rats in each group. *p < 0.05, significant change from pre-values. There were no between group
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transporters 1-3 (Zerangue and Kavanaugh, 1996; Chen and
Swanson, 2003; Himi et al., 2003; Trivedi et al., 2014; Trivedi
and Deth, 2015; Albrecht and Zielinsk, 2019), large neutral
amino acid transporters, LAT1 and LAT2 (Simmons-Willis
et al,, 2002; Nemoto et al., 2003; Li and Whorton, 2007;
Granillo et al, 2008), and the band 3 protein/anion
transport system (Young et al., 1981; Tunnicliff, 1994), with
the only direct evidence being that D-cysteine is not
transported by LAT1 or LAT2 (Simmons-Willis et al,
2002); and (4) D-cysteine cannot modulate the activity of
intracellular proteins modulated by D-CYSee. We are
currently exploring whether the formation of D-CYSee:
D-glucose and/or D-cysteine: D-glucose, similar to
L-cysteine: D-glucose (Gomez et al., 1994; Wrodbel et al,
1997; Szwergold, 2006; Li et al,, 2015) contributes to the
effects of D-CYSee.

D-CYSee Reverses the Deleterious Effects

of Morphine on Ventilatory Parameters

As expected (May et al,, 2013a,b; Young et al., 2013; Baby et al,,
2018, Baby et al., 2021 SM.; Gaston et al., 2021), a 10-mg/kg dose
of morphine elicited a relatively transient decrease in Freq, which
was not truly indicative of the actual effects of morphine, since
morphine elicited sustained increases in Ti (lengthened
inspiration), whereas it elicited pronounced decreases in Te
(shortened expiration). Morphine also elicited a sustained
increase in EIP, but a relatively transient decrease in EEP

followed by a sustained decrease. The propensity of morphine
to elongate Ti while not greatly affecting Te (Fone and Wilson,
1986; Kasaba et al., 1997; Chevillard et al., 2009) or shortening Te
(May et al., 2013a,b; Young et al., 2013; Baby et al,, 2018, Baby
et al,, 2021 SM.; Gaston et al., 2021) is known, as is the ability of
opioids to differentially affect EIP and EEP (Henderson et al.,
2013, 2014; May et al., 2013a,b; Young et al., 2013; Baby et al,,
2018, Baby et al., 2021 SM.; Gaston et al., 2021). The molecular
mechanisms and brain sites, such as the nucleus tractus solitarius
(Hassan et al., 1982; Li et al., 1996; Iniushkin, 1997; Zhuang et al.,
2012), pre-Botzinger complex (Bachmutsky et al., 2020; Varga
et al, 2020), and parabrachial nucleus/Kolliker-Fuse nucleus
(Eguchi et al, 1987; Lalley et al, 2014; Bachmutsky et al,
20205 Varga et al., 2020), by which the differential effects of
opioids (e.g., morphine and fentanyl) on inspiratory and
expiratory timing are accomplished have received attention,
and the conclusion is that the qualitative/quantitative effects of
opioids on Ti and Te are dose-dependent (Li et al., 1996;
Henderson et al, 2013, 2014). In contrast, the sites and
mechanisms by which opioids differentially affect EIP and
EEP have received limited attention (Henderson et al., 2014;
Bachmutsky et al., 2020). Although studies in anesthetized rats
and in in vitro preparations suggest that the ability of morphine to
decrease Freq involves depression of carotid body chemoreceptor
afferent reflexes, the ability of morphine (10 mg/kg, IV) to
depress breathing in unanesthetized rats is enhanced in rats,
which had undergone prior bilateral carotid sinus nerve
transection (Baby et al, 2018), suggesting that morphine
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promotes rather than inhibits carotid body chemoreflex activity
in this circumstance.

The findings that the injections of D-CYSee elicited transient
decreases in Freq in morphine-treated rats, and that both
responses were followed by sustained reversal of the
depressant effects of morphine, points to D-CYSee having
multiple mechanisms of action that are not determined as of
yet. The brief decreases in Freq were associated primarily with
brief increases in Te, relaxation time, apneic pause, and
expiratory delay, whereas Ti and EIP fell at these times, and
EEP changed minimally. It appears that D-CYSee initially targets
mechanisms that regulate some aspects of expiratory timing in
morphine-treated rats, and it does not adversely impact
inspiratory timing control processes. In contrast, the ability of
D-CYSee to reverse the adverse effects of morphine on Freq was
almost totally due to the reversal of the enhanced Ti, as D-CYSee
elicited relatively minor effects on Te, EIP, EEP, relaxation time,
apneic pause or expiratory delay. As such, it would be of great
interest to determine whether microinjections of D-CYSee into
key brainstem nuclei, such as the nucleus tractus solitarius, pre-
Botzinger complex, Kolliker-Fuse nucleus, and/or parabrachial
nucleus, are able to modulate the effects of morphine on
respiratory timing and other parameters.

As reported, morphine elicited sustained decreases in TV, MV
and PIF; sustained increases in EFso; and transient decreases in
PEF (May et al,, 2013a,b; Young et al.,, 2013; Baby et al., 2018,
Baby et al, 2021 SM.; Gaston et al., 2021). This pattern of
responses speaks to the disparate role of OR signaling
mechanisms in the control of breathing. Another key set of
findings pertains to the first injection of D-CYSee eliciting a
rapid and sustained reversal of the adverse effects of morphine on
TV, MV and PIF, and augmentation of PEF and EFs, to values
that were above those of morphine alone, with a second injection
of D-CYSee generally maintaining the response. We conclude
that the second injection of D-CYSee was not necessary for full
effect as shown by responses in rats that received a single dose of
D-CYSee. Our unpublished data shows that the first injections of
a 500-pumol/kg dose of L-cysteine ethyl ester or L-cysteine methyl
ester elicit similar responses to D-CYSee, whereas the second
injection of the L-thiol esters elicits pronounced ventilatory
responses in morphine-treated rats. This suggests that the
second dose of L-isomers activates signal/enzymatic pathways
that D-CYSee cannot. We also found that morphine elicited a
pronounced, but transient increase in NEBI, likely due to greater
occurrence of apneas (Henderson et al., 2013, 2014; Gaston et al,,
2021) followed by a sustained decrease in this index of respiratory
instability. Thus, D-CYSee had no effects on morphine
promotion of eupneic breathing.

D-CYSee Reverses the Deleterious Effects
of Morphine on ABG Chemistry and A-a
Gradient

As expected from our previous studies in rats (Gaston et al., 2021;
Getsy et al., 2022), the bolus intravenous injection of morphine
elicited pronounced and long-lasting deleterious changes in ABG
chemistry (i.e, a decrease in pH, an increase in pCO,, and

Morphine Effects on Breathing Following D-CYSee

decreases in pO, and sO,) that are consistent with
hypoventilation, and accompanied by a sustained increase in
A-a gradient, which indicates a problem with alveolar gas
exchange (Gaston et al., 2021; Getsy et al., 2022). This increase
in A-a gradient could be due to alveolar collapse (atelectasis)
because of hypoventilation (Gaston et al., 2021; Getsy et al., 2022)
or may also involve more complicated effects on surfactant status
and/or alveolar fluid clearance, which if reduced would impair gas
exchange in alveoli that remain open, despite a decreased TV. As
such, the second set of key findings was that D-CYSee elicited an
immediate and sustained reversal of the adverse effects of
morphine on ABG chemistry and A-a gradient. These findings
are important since improved ABG chemistry is the final arbiter
of how well a reversal agent combats OIRD. Whether the
improved (normalized) status of ABG chemistry and A-a
gradient is due to improved ventilation and reversal of
atelectasis or whether D-CYSee directly affects alveoli signaling
processes controlling surfactant and fluid status is unknown.

D-CYSee Does Not Affect the

Antinociceptive Actions of Morphine

The third set of key findings pertains to the lack of effect of
D-CYSee on morphine antinociception. As expected, the
injections of the 5- or 10-mg/kg doses of morphine elicited
robust increases in TFL (antinociceptive effects) of over
180 min in duration (Gaston et al, 2021). D-CYSee
(500 umol/kg, IV) did not alter the temporal changes in TFL
elicited by 5- or 10-mg/kg doses of morphine. There is no
information about how D-CYSee affects nociceptive signaling
although Pathirathna et al. (2006) found that intra-dermal
injections of D-cysteine into the ventral side of a hind paw
(peripheral receptive field) of rats caused dose-/time-
dependent hyperalgesia that was blocked by 3-betaOH, a
neuroactive steroid that blocks voltage-dependent T-type Ca**
channels. These and other data (Todorovic and Jevtovic-
Todorovic, 2014) imply that changes in redox status of
nociceptors may function as a local intrinsic mechanism in
controlling peripheral pain perception. Our data suggest that
D-CYSee does not cause (1) dynamic changes in the functional
status of ORs (e.g., phosphorylation, desensitization, and
internalization events), and (2) modulation of intracellular
signaling  cascades by which morphine elicits its
antinociception effects (Connor and Christie, 1999; Williams
et al., 2013).

STUDY LIMITATIONS

Our findings that a 500-umol/kg dose of D-CYSee reverses the
adverse actions of morphine on breathing, ABG chemistry and
alveolar gas exchange need to be evaluated at lower doses. The
ability of D-CYSee to reverse the adverse effects of higher potency
opioids, such as fentanyl and carfentanil, should be determined,
especially considering the key role that these synthetic opioids are
playing in the current opioid epidemic (Arendt, 2021; Deo et al.,
2021). Another important limitation is the lack of evidence as to
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the efficacy of D-CYSee in reversing OIRD elicited by morphine
and fentanyl in female rats knowing that opioids can exert
qualitatively/quantitatively different responses in females than
males (Dahan et al., 1998; Hosseini et al., 2011). Another
limitation pertains to our lack of understanding of molecular
mechanisms by which D-CYSee modulates the actions of opioids.
We are examining the extent to which systemic D-CYSee
generates S-nitrosothiols in brain structures such as, the
nucleus tractus solitarius, and peripheral structures such as,
the carotid bodies, by NADPH diaphorase histochemistry
(Seckler et al, 2020) and sensor technology (Seckler et al.,
2017). At present, we do not know whether the ability of
D-CYSee to reverse morphine-induced respiratory depression
is due to its direct respiratory stimulant effects and/or its ability to
counteract the inhibitory actions of p-opioid receptor activation.
We have preliminary data that the injection of D-CYSee
(500 pmol/kg, IV) elicits a prompt increase in breathing in
freely moving rats that peaks at 2 min (+59.6 = 7.3%, n = 6
rats, p < 0.05), but subsides before 10 min and at 15 min post-
injection, the values were +3.6 + 7.3% of pre-injection values (p >
0.05). However, despite the recovery to baseline, the injection of
morphine at the 15-min post-D-CYSee time point elicited
markedly smaller decreases in MV than in vehicle-injected
rats. There was a maximal decrease in MV in the vehicle- and
D-CYSee-injected rats being —61.5 + 7.3% (p < 0.05) and -23.8 +
5.4%, p < 0.05, respectively (p < 0.05, comparing D-CYSee vs.
vehicle). Moreover, the return to baseline levels after the injection
of morphine occurred within 73.7 £ 9.4 min in vehicle-treated
rats, but only 12.3 + 3.6 min in D-CYSee-treated rats (p < 0.05,
comparing D-CYSee vs. vehicle). Clearly, this means that despite
the recovery of MV to baseline following the administration of
D-CYSee, the D-thiol ester or downstream products, such as
S-nitroso-D-CYSee, may be present in sufficient quantities to
countermand  p-opioid  receptor  activation. = Ongoing
pharmacokinetics studies using LC-MS methods available in
our laboratory (Altawallbeh et al, 2019) are determining the
temporal distribution of D-CYSee in the blood, peripheral organs
and tissues, cerebrospinal fluid, and brain structures. Finally, we
need to see whether D-CYSee can diminish the latent deleterious
effects of morphine on ventilatory responses to hypoxic (May
et al,, 2013a) or hypoxic-hypercapnic (May et al, 2013b) gas
challenges. Whether any pharmacological actions of D-CYSee
involve conversion to the L-isomer is yet to be identified. As always,
the most important concern is whether the pharmacological actions
of OIRD reversal agents in rats will translate into effective therapies
in humans. Many such OIRD reversal agents that have shown
efficacy in rats did not show such efficacy in human clinical trials
(Dahan et al., 2018; Algera et al., 2019).

CONCLUSION

The systemic injection of D-CYSee reversed many of the adverse
effects of morphine on ventilatory parameters, A-a gradient, and
ABG chemistry in unanesthetized rats, whereas it did not
markedly influence the antinociceptive or sedative actions of
the opioid. Since D-cysteine did not affect the actions of
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morphine, it appears that as a readily cell-penetrant thiol
ester, D-CYSee may modulate the adverse actions of morphine
by interfering/reversing the downstream intracellular signaling
processes by which morphine acts, rather than by directly
blocking ORs. It is tempting to assume that D-CYSee reverses
the adverse effects of morphine by entering the brain. However,
since peripherally restricted OR antagonists, such as naloxone
methiodide, blunt the cardiorespiratory and analgesic actions of
opioids (Henderson et al., 2014), we suggest that the ability of
D-CYSee to affect the cardiorespiratory actions of morphine
involves interactions with peripheral OR signaling pathways
such as those in the carotid bodies. These present findings
with D-CYSee add to our knowledge about the efficacy of
thiol esters (Gaston et al.,, 2021; Jenkins et al., 2021) and the
superoxide anion/free-radical scavenger, Tempol (Baby et al,
2021a,b), against OIRD. Since D-CYSee did not reverse the
antinociception or sedation elicited by morphine, it would
appear that the ability of D-CYSee to reverse the deleterious
effects of morphine on breathing is not due to direct antagonist
actions at ORs. However, a key unresolved issue is whether
D-CYSee reverses the deleterious effects of morphine on
breathing via reversal of OR-mediated cell signaling events or
simply by being a respiratory stimulant. We have unpublished
data showing that the injection of D-CYSee increases MV in naive
rats, but that the effects subside within 10-15 min. Importantly,
the subsequent injection of morphine elicited markedly smaller
decreases in MV in these rats compared with naive rats.
Accordingly, it appears that D-CYSee can block morphine-
induced respiratory depression independently of it being a
respiratory stimulant per se. The mechanisms by which D-CYSee
may interfere with OR-signaling events are under investigation.
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