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Abstract

There is an urgent need for development of drugs that are able to reverse the adverse effects of
opioids on breathing and arterial blood-gas (ABG) chemistry while preserving opioid analgesia.
The present study describes the effects of bolus injections of N-acetyl-L-cysteine (L-NAC,
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500 umol/kg, 1V) on ventilatory parameters, ABG chemistry, Alveolar-arterial (A-a) gradient,
sedation (righting reflex) and analgesia status (tail-flick latency assay) in unanesthetized adult
male Sprague Dawley rats receiving a continuous infusion of fentanyl (1 pg/kg/min, 1V).

Fentanyl infusion elicited pronounced disturbances in (1) ventilatory parameters (e.g., decreases in
frequency of breathing, tidal volume and minute ventilation), (2) ABG chemistry (decreases in pH,
pO,, sO, with increases in pCOy), (3) A-a gradient (increases that were consistent with reduced
alveolar gas exchange), and (4) sedation and analgesia. Bolus injections of L-NAC given 60 and
90 min after start of fentanyl infusion elicited rapid and sustained reversal of the deleterious
effects of fentanyl infusion on ventilatory parameters and ABG chemistry, whereas they did not
affect the sedative or analgesic effects of fentanyl. Systemic L-NAC is approved for human use,
and thus our findings raise the possibility that this biologically active thiol may be an effective
compound to combat opioid-induced respiratory depression in human subjects.

Keywords

Fentanyl infusion; Opioid-induced respiratory depression; N-acetyl-L-cysteine; Rats

Introduction

The clinical effectiveness of opioid analgesics are often compromised by their adverse
effects on breathing [1-6]. Opioid-induced respiratory depression (OIRD) in many cases
can be reversed by opioid receptor antagonists, including naloxone, but these antagonists
also block the analgesic actions of opioids, which may not be problematic in unexpected
overdose situations, however is unwanted when analgesia is required, such as during and
immediately following surgery (2—-4). Several classes of non-opioid receptor antagonist
agents have been investigated as potential OIRD reversal drugs [2-8]. The majority of
these OIRD reversal agents did not enter into human clinical trials or have successful
outcomes in such trials because of lack of efficacy and/or high degrees of toxicity/side
effects [4,5,7,8]. Accordingly, there remains an urgent unmet need to introduce drugs that
effectively reverse OIRD by mechanisms independent of opioid receptor blockade. We are
currently reporting on the potencies/efficacies of bolus injections of L- and D-thiolesters,
such as L-cysteine ethyl ester [9], L-glutathione ethyl ester [10], D-cystine dimethyl

ester and D-cystine diethyl ester (11, 12), D-cysteine ethyl ester [12,13],and L-cysteine
methyl ester [14] to prevent or reverse the adverse effects of bolus injections of the opioids-
morphine and fentanyl-on ventilatory parameters, arterial blood-gas chemistry (pH, pCO»,
pOy, sO,), and Alveolar-arterial gradient (i.e., the index of active alveolar gas exchange)

in rats while minimally impacting the sedative or analgesic action of the opioids. In all

of these studies, the administration of the parent thiols (i.e., L, D-cysteine, L-glutathione,
D-cystine) were minimally effective [9-14]. Moreover, our findings that bolus injections
of N-acetyl-L-cysteine methyl ester (L-NACme) were unable to reverse the adverse effects
of morphine on breathing in unanesthetized rats [11], suggests that the thiolester forms of
L- and D-cysteine are active, whereas modifications to the L,D-cysteine backbone prevents
activity. Moreover, we have unpublished findings that bolus injections of L-NAC itself (500
umol/kg, 1V) given before or 5 min after bolus injections of morphine (10 mg/kg, 1V) or
fentanyl (75 pg/kg, 1V) have no effects on the ventilatory depressant effects of the opioids.
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Consistent with our findings, we have found no published evidence that L-NAC beneficially
effects opioid-induced respiratory depression (OIRD), whereas it is evident that L-NAC has
numerous beneficial effects in experimental animals/animal cell preparations [15-22] and
in humans/human cell preparations [23-29]. In truth, we are using L-NAC, which readily
enters central and peripheral cells upon systemic/oral ingestion, to (1) provide reducing
equivalents, (2) increase the intracellular concentrations of L-cysteine and L-glutathione

in order to exert numerous downstream intracellular actions [19,22,30-35], (3) provide a
negative control for our active L, D-thiolesters, and (4) discount the above mechanisms of
action activated by L-NAC.

Our lab is focused on studying the ability of L,D-thiolester drugs to overcome the ventilatory
depressant effects elicited by continuous intravenous infusions of fentanyl in unanesthetized
rats. Currently opioid infusions are used in adult and pediatric human patients [36—41]

but their ability to provide pain relief is often compromised by their propensity to cause
respiratory depression [42—47]. We now report our unexpected findings that intravenous
injections of L-NAC reverse the deleterious effects of continuous fentany!l infusion on
ventilatory parameters and ABG chemistry, whereas they did not affect the sedative or
analgesic effects of the opioid. It therefore appears that continuous infusion of fentanyl
somehow sets up a scenario that allows for L-NAC to modulate intracellular signaling
cascades the mediated fentanyl-induced OIRD. Systemic/oral administration of L-NAC is
approved for human use for a variety of conditions [21,23-26,28-30, 48-51], and our
findings raise the possibility that L-NAC could be readily evaluated for potential reversal of
OIRD elicited by the infusion of fentanyl in human subjects.

Methods

Permissions, rats, and surgical procedures

All studies were carried out in strict accordance with the NIH Guide for 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. All protocols involving the use of rats were approved by the Animal Care and
Use Committees of Galleon Pharmaceuticals, the University of Virginia, and Case Western
Reserve University. Adult male Sprague Dawley rats were purchased from Harlan Industries
(Madison, WI, USA). After five days of recovery from transportation, the rats received two
jugular vein catheters placed in the same vein under 2-3% isoflurane anesthesia [10-14,
52]. One of the jugular catheters was to allow for continuous infusion of fentanyl and the
other allowed for bolus injections of vehicle or L-NAC. Another group of rats received the
jugular vein catheters and a femoral artery catheter as described previously [10-14,52]. The
rats were given five days to recover from surgery before use in experiments. All femoral
arterial catheters were flushed daily with a heparin solution (50 units of heparin in 0.1

M, pH 7.4 phosphate-buffered saline). The femoral arterial and jugular vein catheters were
flushed with 0.3 ml of phosphate-buffered saline (0.1 M, pH 7.4) 2-3 h before the start

of the study. The pH of all of the stock solutions of vehicle and L-NAC were adjusted to

pH of 7.2 with 0.125 M NaOH. All studies were done in a quiet laboratory room with a
relative humidity of 51 + 2% and room temperature of 21.4 + 0.2 °C. The ventilatory, ABG
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chemistry studies, and the antinociception experiments were performed in separate groups
of rats so as to not compromise the ventilatory recordings. The plethysmography recordings,
antinociception recording sessions, and arterial blood sampling studies (ABG assays) were
done by an investigator who injected the opioid, and vehicle or L-NAC. The syringes with
vehicle or L-NAC were filled by another investigator, such that the studies were blinded.

In addition, the data files resulting from each experiment were collated and analyzed by
another investigator in the group.

Protocols for whole body plethysmography measurement of ventilatory parameters

Ventilatory parameters were recorded continuously in unrestrained freely-moving rats by

a whole body plethysmography system (PLY3223; Data Sciences International, St. Paul,
MN) as described previously (9—14). The directly recorded and derived parameters [53-56]
are defined in Supplemental Table 1 and Supplemental Fig. 1 These parameters and their
abbreviations are as follows: frequency of breathing (Freq), tidal volume (TV), minute
ventilation (MV), inspiratory time (Ti), expiratory time (Te), Ti/Te, end inspiratory pause
(EIP), end expiratory pause (EEP), peak inspiratory flow (PIF), peak expiratory flow (PEF),
PIF/PEF, expiratory flow at 50% expired TV (EFsg), relaxation time (RT), inspiratory drive
(TVITi), expiratory drive (TV/Te), apneic pause [(Te/RT) 1] and non-eupneic breathing
index (NEBI). On the day of study, each rat was placed in an individual plethysmography
chamber and given 60—75 min to acclimatize so that baseline (Pre) ventilatory parameter
values could be accurately defined. Two groups of rats (n = 6 per group) received a
continuous infusion of fentanyl (1 pg/kg/min, 1V) and after 60 min and 90 min, one group
of rats received bolus injections of vehicle (saline, 1V), whereas the other group of rats
received injections of L-NAC (500 umol/kg, 1V). Ventilatory parameters were monitored
for a further 30 min following the second injection of vehicle or L-NAC at timepoint 90
min. The body weights of the two groups were similar to one another (Supplemental Table
2) and as such, ventilatory parameters related to volumes such as TV, PIF, PEF and EFsg
are presented without correcting for body weight. FinePointe (DSI) software constantly
corrected digitized ventilatory values originating from the respiratory waveforms for
alterations in chamber humidity and temperature. Corrections of ventilatory parameters for
alterations in body temperature were not necessary because temperatures recorded in other
groups of rats changed minimally during the study and because these changes were virtually
identical in the two groups (Supplemental Table 3). Pressure changes associated with the
respiratory waveforms were converted to volumes (e.g., TV, PIF, PEF, EF5g) employing the
algorithms of Epstein and colleagues [57,58]. Specifically, factoring in chamber humidity
and temperature, 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. Flows at this point were “box flow” signals and from this, minimum and maximum
box flow values were determined and multiplied by a compensation factor provided by the
selected algorithm [57,58] thus producing TV, PIF, PEF and EFgq values that were used

to determine non-eupneic breathing events expressed as the non-eupneic breathing index
(NEBI), reported as the percentage of non-eupneic breathing events per individual epoch
[11-14,59]. Apneic pause was determined by the formula, (Expiratory Time/Relaxation
Time) - 1 [11-14,59].
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2.3. Protocols for blood gas measurements and determination of Arterial-alveolar

gradient

ABG chemistry parameters (pH, pCO», pO, and sO,) and A-a gradients were recorded
before (Pre), 60 min after continuous infusion of fentanyl (1 pg/kg/min, 1V), 30 min after an
injection vehicle (n = 9 rats, 83.1 £+ 0.4 days of age; 337 + 3 g) or L-NAC (500 pmol/Kkg,

IV; 83.5 + 0.3 days; 340 £ 3 g), and again 30 min after a second injection of vehicle

or L-NAC (500 umol/kg, 1V) as previously described [10-14,58]. The samples of arterial
blood (100 pL) taken at the above times were injected into a Radiometer blood-gas analyzer
(ABL800 FLEX) to obtain ABG values. The A-a gradient defines differences between
alveolar O, and arterial blood O, concentrations (10-14). A reduction in PaO,, without

a concomitant alteration in A-a gradient is due to hypo-ventilation, whereas a decrease

in PaO, with a concomitant elevation in A-a gradient indicates an on-going mismatch in
ventilation-perfusion in the alveoli [10-14]. A-a gradient = PAO, — PaO,, where PAO; is
the partial pressure (p) of alveolar O, and PaOs is pO5 in the sampled arterial blood. PAO,
= [(FiO2 x (Patm - PH20) - (PaCOo/respiratory quotient)], where FiO, is the fraction of

Oy in inspired air; Py is atmospheric pressure; Poq is the partial pressure of H,O in
inspired air; PaCO5 is pCO> in arterial blood; and respiratory quotient (RQ) is the ratio of
CO>, eliminated/O, consumed. We took FiO, of room air to be 21% = 0.21, Py, to be 760
mmHg, and Po to be 47 mmHg [11]. We took the RQ value of our adult male rats to be
0.9 [10-14,52,60,61].

2.4. Antinociception assessment by tail-flick latency assay

We recorded TFL values before (Pre), 15, 30, 45 and 60 min during continuous infusion

of fentanyl (1 pg/kg/min, 1V), 15 and 30 min after an injection vehicle (n = 9 rats, 82.2

+ 0.3 days of age; 331 + 3 g) or L-NAC (500 pmol/kg, 1V; 82.7 = 0.4 days; 333 = 3

g), and again 15 and 30 min after a second injection of vehicle or L-NAC (500 umol/kg,

IV) via the use of a Tail-Flick Analgesia Meter (1ITC Life Science Inc., USA) as detailed
previously [10-14,58]. The TFL procedure involved a minor degree of manual restraint
while positioning the tail to apply a thermal beam sufficient to induce a latency of tail
withdrawal of approximately 2.5 s [10-14,58]. In brief, prior to the infusion of fentanyl, the
rats were allowed to crawl inside a canvas garden glove and were lightly restrained within
the glove to allow for the thermal withdrawal latencies to be determined. During the infusion
of fentanyl, placement of the rat within the glove was helped by the investigator. The 9
points on the tail (Pre and 8 subsequent points) to apply the heat beam were marked by a
marker pen ahead of time and were placed in a concentric circle about 1 mm apart from one
another to avoid any potential tissue damage. TFL data are shown 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 [10-14].

2.5. Body temperatures, and sedation as determined by the modified righting reflex test

We recorded rat body temperatures before (Pre), 30 and 60 min during continuous infusion
of fentanyl (1 ug/kg/min, 1V), 15 and 30 min after an injection vehicle (n = 9 rats, 83.4

+ 0.4 days of age; 336 + 3 g) or L-NAC (500 umol/kg, 1V; 83.9 + 0.4 days; 339 + 3 g),

and again 15 and 30 min after a second injection of vehicle or L-NAC (500 umol/kg, 1V)

Biomed Pharmacother. Author manuscript; available in PMC 2022 September 09.
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via the use of a rectal thermometer (DSI Inc., USA) as detailed previously [10-14,58]. The
rats were placed in separate open plastic boxes and allowed 45-60 min to acclimatize. A
thermistor probe was inserted 5-6 cm into the rectum to allow for regular recordings of
body temperature. A 2-3 in. length of the probe cable connected to a tele-thermometer

( YellowSprings Instruments, South Burlington, Vermont), was taped to the tail. Note: these
rats, along with those rats used in the plethysmography and ABG experiments, were not
fasted prior to their use. The ability of the rats to regain their feet and remain on all four
paws without immediately returning to their original immobile position (e.g., on their side or
splayed out on the bellies) was determined and taken as the modified righting reflex (i.e., no
stimulus was provided for them to initiate rising to their four paws).

Data analyses

Directly recorded and arithmetically-derived ventilatory parameters were grouped into 1
min bins to be taken for statistical analyses. Pre-drug 1 min bins excluded occasional
marked deviations from resting values due to abrupt rat movements, such as scratching. All
ventilatory, ABG chemistry, A-a gradient, TFL, body temperature, and righting reflex data
are presented as mean + SEM and were evaluated using one-way and two-way ANOVA
followed by Bonferroni corrections for multiple comparisons between means using the error
mean square terms from each ANOVA analysis [62-65] as detailed previously [10-14]. A P
< 0.05 value denoted the initial level of statistical significance that was modified according
to the number of comparisons between means as described by Wallenstein et al. [64]. The
modified fstatistic is t = (mean group 1 - mean group 2)/[s x (1/n1 + 1/n,)12] where s2

= the mean square within groups term from the ANOVA (the square root of this value

is used in the modified t-statistic formula) and n; and n, are the number of rats in each
group under comparison. Based on elementary inequality called Bonferroni’s inequality,

a conservative critical value for modified #statistics obtained from tables of #distribution
using a significance level of P/m, where m is the number of comparisons between groups
to be performed [65]. The degrees of freedom are those for the mean square for within
group variation from the ANOVA table. The critical Bonferroni value cannot be found in
conventional tables of the t-distribution but can be approximated from tables of the normal
curve by t * = z + (z + z3)/4 n, with n being the degrees of freedom and z being the

critical normal curve value for P/m [62—65]. Wallenstein et al. [64] first demonstrated

that the Bonferroni procedure is preferable for general use since it has the widest range

of applications, and because it provides critical values that are lower than those of other
procedures when the investigator can limit the number of comparisons and will be slightly
larger than other procedures if many comparisons are made. As mentioned, a value of P<
0.05 was taken as the initial level of statistical significance [62—-64] and statistical analyses
were performed with the aid of GraphPad Prism software (GraphPad Software, Inc., La
Jolla, CA).

3. Results

3.1

Baseline ventilatory parameters

Descriptions of the ventilatory parameters used in this study are provided in Supplemental
Table 1 and Supplemental Fig. 1. There were no differences in baseline (Pre) parameters

Biomed Pharmacother. Author manuscript; available in PMC 2022 September 09.
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between the two groups of rats (Supplemental Table 2). Note that the infusion of fentanyl

(1 pg/kg/min, 1V) and subsequent injections of vehicle or L-NAC (500 umol/kg, 1V) exerted
minor changes in body temperature (Supplemental Table 3). Therefore, body temperature
was not a factor in the expression of the ventilatory responses described below (see Methods
for explanation).

3.2. Ventilatory responses

3.2.1. Frequency of breathing, tidal volume and minute ventilation—Actual
values of frequency of breathing (Freq), tidal volume (TV) and minute ventilation (MV)
before (Pre), and during the infusion of fentanyl (1 pg/kg/min, 1V) and subsequent injections
of vehicle (VEH) or L-NAC (500 umol/kg, IV) given at the 60 and 90 min infusion
timepoints are shown in Fig. 1. The infusion of fentanyl elicited pronounced decreases

in Freq, TV and MV that were equal in the two groups. The two injections of vehicle elicited
minor immediate responses, and presumably did not affect the temporal effects of fentanyl
infusion. In contrast, the first injection of L-NAC (500 umol/kg, 1V) caused immediate and
sustained increases in these parameters to levels approaching (Freq and MV) and actually
reaching (TV) pre-fentanyl infusion levels. The second injection of L-NAC did not further
boost Freq, whereas it did boost TV and therefore MV.

3.2.2. Inspiratory time, expiratory time and inspiratory quotient—Inspiratory
time (Ti), expiratory time (Te) and Ti/Te (inspiratory quotient) during various stages of the
study are summarized in Fig. 2. The infusion of fentanyl elicited substantial and sustained
increases in Ti that were only minimally affected by injections of vehicle or L-NAC (Panel
A). As seen in Panel B, the infusion of fentanyl elicited a relatively minor decrease in Te in
the VEH group that reversed into an increase in Te at about 45-50 min and was sustained

at the latter stages of infusion in the VEH group. The infusion of fentanyl also elicited a
relatively minor decrease in Te in the L-NAC group that began to reverse into an increase in
Te at about 45-50 min however the L-NAC injections prevented this increase in Te such that
the slow downward trajectory of Te during fentanyl infusion was sustained. As such, L-NAC
caused a sustained elevation in Ti/Te compared to vehicle-injected rats (Panel C).

3.2.3. End inspiratory pause and end expiratory pause—End inspiratory pause
(EIP), and end expiratory pause (EEP) during various stages of the study are summarized
in Fig. 3. The infusion of fentanyl elicited a relatively prompt and sustained increase in
EIP that was unaffected by the two injections of L-NAC. The infusion of fentanyl did not
immediately affect EEP, but rather remarkably EEP rose quickly and markedly beginning
about 50 min into the continuous infusion of fentanyl. The first injection of L-NAC elicited
a prompt and sustained decrease in EEP, whereas the second injection had no discernible
further effect.

3.2.4. Peak inspiratory flow, peak expiratory flow and flow balance—Peak
inspiratory flow (PIF), peak expiratory flow (PEF) and PIF/PEF (flow balance) during
various stages of the experiment are shown in Fig. 4. The fentanyl infusion elicited a
pronounced and sustained decrease in PIF that was unaffected by injections of vehicle,
whereas the injections of L-NAC elicited a sustained partial recover of PIF (Panel A). The

Biomed Pharmacother. Author manuscript; available in PMC 2022 September 09.
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infusion of fentanyl elicited minor effects on PEF that were unchanged with injections of
vehicle. The injections of L-NAC elicited substantial and sustained increases in PEF (Panel
B). As a result, the substantial decrease in PIF/PEF during infusion of fentanyl was not
affected by the injections of vehicle or L-NAC (Panel C).

3.2.5. Inspiratory drive and expiratory drive—Inspiratory (TV/Ti) and expiratory
(TV/Te) drives during various stages of the experiment are shown in Fig. 5. The infusion of
fentany! elicited pronounced and sustained decreases in inspiratory drive that were partially
reversed by injections of L-NAC (Panel A). The fentanyl infusion elicited gradual and
eventually substantial decreases in expiratory drive in the rats that received injections of
vehicle, whereas the injections of L-NAC elicited immediate, substantial and sustained
increases in expiratory drive that surpassed baseline pre-fentanyl infusion values (Panel B).

3.2.6. Relaxation time, expiratory delay, apneic pause, EFsg and NEBI—
Relaxation time (RT), expiratory delay (Te-RT) and apneic pause [(Te/RT)-1] during various
stages of the experiment are shown in Fig. 6. The infusion of fentanyl elicited a substantial
and sustained decrease in RT that was not affected by the injections of vehicle or L-NAC
(Panel A). The infusion of fentanyl also caused a sustained increase in expiratory delay
(Panel B), and apneic pause (Panel C) that was markedly diminished by the injections

of L-NAC. Expiratory flow at 50% tidal volume (EFs5p) and non-eupneic breathing index
(NEBI) during various stages of the study are shown in Supplemental Fig. 2. The fentanyl
infusion elicited substantial increases in EFgg (Panel A) that were only minimally affected
by injections of L-NAC. The fentanyl infusion did not clearly affect the low level of
non-eupneic breathing (Panel B). The first L-NAC injection caused a noticeable decrease in
NEBI, whereas the level of NEBI after the second injection of L-NAC was not noticeably
different from those that received the second injection of vehicle.

3.2.7. Cumulative ventilatory responses—A summary of the total (i.e., cumulative
changes in ventilatory parameters recorded over the first 60 min of fentanyl infusion (1
pg/kg/min, 1V)) in the two experimental groups are summarized in Supplemental Table 4.
As described above, the infusion of fentanyl elicited pronounced decreases in Freq, TV,

MV, PIF, PIF/PEF, RT, inspiratory drive, expiratory drive and NEBI, substantial increases
in Ti, Ti/Te, EIP, EF50, apneic pause and RT-Te, and minimal changes in Te, EEP or PEF.
Ventilatory parameters at key timepoints in the studies are shown in Supplemental Tables

5 and 6. The timepoints are Pre-values, values at 60 min of infusion (i.e., immediately

prior to the first injection of vehicle or L-NAC), values at 90 min of infusion (i.e., 30

min post-injection one and immediately prior to injection two) and at 120 min of fentanyl
infusion (i.e., 30 min post-injection two). These tables provide summary data and statistics
to support the conclusions above concerning the effects of the infusion of fentanyl on
baseline ventilatory parameters and the responses by the two injections of vehicle or L-NAC.
A summary of the total (cumulative) changes in ventilatory parameters elicited by the first
injection of vehicle or L-NAC (500 pmol/kg, IV) in rats receiving a continuous infusion

of fentanyl (1 pg/kg/min, 1V) are summarized in Fig. 7. These values are expressed as %
changes from Pre-values so as to determine the degree of reversal by L-NAC. As seen in
Panel A, the first L-NAC injection reversed the adverse effects of fentanyl on Freg, TV, MV,

Biomed Pharmacother. Author manuscript; available in PMC 2022 September 09.
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Te and EEP, but did not affect the fentanyl-induced increases in Ti, Ti/Te or EIP. As seen in
Panel B, the first injection of L-NAC only partially reversed the fentanyl-induced decrease
in inspiratory drive (InspD), whereas it converted the decrease in expiratory drive (ExpD)

to an increase. Additionally, L-NAC elicited a pronounced increase in PEF and significantly
decreased NEBI, but did not effect the fentanyl-induced changes in PIF, PIF/PEF and RT.
As can be seen in Panel C, the first injection of L-NAC caused a marked reduction in the
fentanyl-induced increase in apneic pause and relative expiratory delay (Te-RT). A summary
of the total (cumulative) changes in ventilatory parameters elicited by injection two of
vehicle or L-NAC (500 pmol/kg, 1V) in the rats receiving continuous infusion of fentanyl

(1 pg/kg/min, 1V) are summarized in Fig. 8 Again these values are expressed as % changes
of Pre-values. As seen in Panel A, the second injection of L-NAC reversed the deleterious
effects of fentanyl on Freq, TV, MV, Te and EEP, but did not affect the fentanyl-induced
changes in Ti, Ti/Te or EIP. As seen in Panel B, the second injection of L-NAC reversed

the effects of fentanyl on PIF, PEF, but not PIF/PEF. Moreover, the second injection of
L-NAC reversed the effects of fentanyl on inspiratory (InspD) and expiratory (ExpD) drives,
but not EFsg, RT or NEBI. As seen in Panel C, the second injection of L-NAC caused a
substantial reduction in the fentanyl-induced increase in apneic pause and relative expiratory
delay (Te-RT).

3.3. Arterial blood gas chemistry

The values for pH, pCO,, pO,, sO, and A-a gradient at various timepoints during the
experiment in the two groups of rats are summarized in Supplemental Table 7. The
arithmetic changes in these parameters that occurred at the 60 min timepoint of infusion
of fentanyl (1 ug/kg/min, IV) in the two groups of rats, 30 min after the first injection

of vehicle or L-NAC (500 umol/kg, 1V), and 30 min after the second injection of vehicle
or L-NAC (500 umol/kg, 1V) are summarized in Fig. 9. The infusion of fentanyl elicited
profound decreases in pH, pO, and sO, after 60 min of infusion that were accompanied
by equally pronounced increases in pCO, and A-a gradient. The two injections of vehicle
given 30 min apart did not elicit appreciable changes in these values. In contrast, the first
injection of L-NAC elicited a pronounced reversal of the negative effects of fentanyl on all
ABG chemistry and A-a gradient values as recorded 30 min after injection. The beneficial
effects of L-NAC were still evident 30 min after the second injection of L-NAC.

3.4. Tail-flick latencies

TFL values recorded at various timepoints during the experiments are shown in Table 1. As
can be seen, the infusion of fentanyl (1 ug/kg/min, 1V) elicited a sustained increase in TFL
in the two groups of rats that was evident within 15 min. The 1V injections of vehicle or
L-NAC (500 umol/kg) did not affect the antinociceptive effects of the continuous fentanyl
infusion.

3.5. Righting reflex

Prior to starting the fentanyl infusion (1 pg/kg/min, 1V), it was impossible to determine the
righting reflex because the rats refused to be put on their side. Upon commencement of the
fentanyl infusion, the rats were obviously sedated and it was easy to place them on their
side, and at 5 min post start of fentanyl infusion the two groups of rats (group 1 received
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bolus IV injections of vehicle, group 2 received bolus 1V injections of L-NAC) got back on
all four paws at 4.2 + 1.8 min and 4.6 + 1.5 min, respectively. From 15 min onward, none
of the fentanyl-infused rats got back on their paws after being placed on their side (30 min
cut-off testing time), regardless of whether they received injections of vehicle or L-NAC.

4 . Discussion

The present study shows that continuous intravenous infusion of fentanyl at 1 pg/kg/min
elicited pronounced sedative and anti-nociceptive effects in unanesthetized male Sprague
Dawley rats that were not affected by two bolus injections of L-NAC (2 x 500 pmol/kg,
IV) given at 60 min and 90 min timepoints during infusion. As such, it is evident that these
doses of L-NAC do not sufficiently rise to levels that may directly block opioid receptors
or the signaling pathways that mediate these actions of fentanyl [66—68]. In contrast, the
findings that injections of L-NAC elicit a pronounced reversal of the adverse effects of
continuous fentanyl infusion on ventilatory parameters, ABG chemistry and A-a gradient
provide direct evidence that L-NAC interferes with opioid-receptor signaling pathways that
elicit the depression of breathing and alveolar gas exchange during continuous exposure

to fentanyl. We propose that L-NAC ameliorates these effects by its propensity to alter

the redox status or activities of intracellular signaling proteins [19,69,70] rather than direct
blockade of opioid receptors, for which there is no direct evidence either way. Of vital
interest to us is that the administration of bolus injections of L-NAC either immediately
before or immediately after administrations of bolus injections of fentanyl or morphine
were completely without effect (unpublished observation). As such, we are surprised at the
efficacy of L-NAC in rats receiving the continuous infusion of fentanyl and suspect that
the infusion causes intracellular signaling events, including formation of protein complexes,
that are susceptible to L-NAC or downstream products, which are not sustained by bolus
injections of opioids, and therefore are not affected by bolus injections of L-NAC given
minutes afterward.

The present study demonstrates that the continuous infusion of fentanyl elicited marked
changes in ventilatory parameters in unanesthetized rats. The pronounced and sustained
effects of the 1.0 ug/kg/min fentanyl infusion, which were established within 5 min of
starting the infusion, were somewhat surprising since these responses were approximately
equal in magnitude to a bolus dose of 75 pug/kg fentanyl in freely-moving rats [10]. We
have no detailed explanation for why the effects of the fentanyl infusion were so robust,
but it may be possible that continuous occupation of opioid receptors is somehow able

to increase the strength of the response noting that the pharmacokinetics of fentanyl,
including access to brain sites, would most likely differ remarkably between continuous
infusion and bolus injection. Our data shows that fentanyl infusion elicited substantial
and sustained decreases in Freq and TV and therefore pronounced reductions in MV. The
fentanyl-induced decrease in Freq was associated with sustained increase in Ti whereas
Te, which was decreased in the early stages of infusion, gradually reverted to a sustained
increase in Te. EIP rose rapidly upon commencement of the fentanyl infusion, whereas
EEP abruptly began to rise at about 55 min of infusion. We do not understand any of the
reasons for or mechanisms behind this pattern of responses, but it is obvious that fentanyl
differentially affected the signaling pathways that control inspiration compared to those
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controlling expiration. Similarly, the infusion of fentanyl elicited a substantial and sustained
decrease in PIF, whereas it minimally affected PEF. The infusion of fentanyl did /ncrease
EF5q substantially, thereby promoting this aspect of expiratory mechanics. In addition,
whereas fentanyl infusion decreased RT (i.e., it reduced the time to expire 64% of TV), it
lengthened the difference in time between the decay of RT and Te, as expressed by greater
Te-RT and apneic pause [(RT/Te)—-1] values. As would be expected from the changes in
TV, Ti and Te, the infusion of fentanyl elicited pronounced decreases in inspiratory drive
(TV/Ti) and expiratory drive (TV/Te) most likely because of actions in the brainstem [66,
67]. We have reported that bolus injections of fentanyl (75 pg/kg, V) markedly increase
non-eupneic breathing events (NEBI) in unanesthetized rats due primarily to enhancing

the incidence of apneas (10). In contrast, it is evident that the continuous infusion of
fentanyl had relatively minimal effects on NEBI. We assume that the levels of fentanyl and
potential bioactive metabolites [71] that are reached during the infusion do not obtain those
reached upon bolus injection of 75 pg/kg of fentanyl and therefore do not affect central
and/or peripheral structures underlying the adverse effects of the synthetic opioid, fentanyl,
on NEBI. The changes in ABG chemistry elicited by the fentanyl infusion are consistent
with hypoventilation, whereas the increased A-a gradient is also consistent with the opioid
causing a decrease in alveolar-gas exchange by mechanisms that likely involve atelectasis
(10, 52).

Key findings of the present study include that the bolus injections of L-NAC elicit a

rapid and sustained reversal of many of the adverse effects of the fentanyl infusion on
breathing. For example, the L-NAC injections reversed the fentanyl-induced depression of
Freq, TV and MV, with the enhancement of Freq associated with a profound reversal of

the negative effects of fentanyl on Te and EEP, but with minimal effects on the fentanyl-
induced increases in Ti or EIP. As such, it appears that L-NAC acts on the systems by
which fentanyl infusion depresses TV and specifically affects the fentanyl-sensitive central/
peripheral systems that regulate expiratory timing, but not the fentanyl-sensitive systems
that control inspiratory timing. As would be expected from the above findings, it was
evident that L-NAC reversed the adverse effects of fentanyl infusion on both inspiratory
and expiratory drives most likely by acting in brainstem sites expected to participate in the
adverse effects of fentanyl on the drives to inhale and exhale. The findings that the injections
of L-NAC reversed the negative effects of fentanyl infusion on PIF certainly suggests that
L-NAC can reverse the deleterious effects of the fentanyl infusion on ventilatory mechanics
associated with inspiration, and perhaps those ventilatory mechanisms involved with the
external intercostal muscles. Nonetheless, the pronounced increases in PEF following bolus
injections of L-NAC, suggest that L-NAC can drive ventilatory mechanics associated with
expiration as well, including, perhaps, the activity of the internal intercostal muscles. In
addition, although the injections of L-NAC did not influence the fentanyl-induced decrease
in RT, they did produce substantial reductions in the fentanyl-induced increases in Te-RT
and apneic pause [(RT/Te) 1] values by specifically diminishing the fentanyl-induced
increases in the duration of Te. Although the first injection of L-NAC reduced NEBI in

the fentanyl-infused rats, it is difficult to interpret these data because of the relatively minor
changes that are involved. Even so, it could be said that L-NAC promotes somewhat the
stability of eupneic breathing in the presence of the fentanyl infusion. Finally, the ability of
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L-NAC to rapidly overcome the adverse effects of the fentanyl infusion on arterial blood pH,
pCO,, pO, and sO, and A-a gradient is consistent with the L-NAC-induced reversal of the
adverse effects of the fentanyl infusion on breathing, and may speak to undefined actions of
L-NAC within the lungs if the fentanyl-induced increase in A-a gradient is not simply due to
hypoventilation-induced atelectasis.

In summary, this study raises the possibility that L-NAC could be employed to reverse
OIRD in human subjects receiving a continuous intravenous infusion of fentanyl, while
maintaining the analgesic and sedative actions of the powerful synthetic opioid. L-NAC

has been used in numerous clinical trial with various levels of success (48-51). Obviously,
the efficacy of L-NAC upon oral or intravenous administration will depend upon numerous
factors that affects its bioavailability (e.g., rate of degradation in the blood, liver and/or
kidneys, and formation of mixed disulfides), and the rate of entry into cells. Accordingly, we
are planning follow-up studies with N-acetyl cysteine amide [72] and L-NAC methyl ester
[73], which rapidly and readily enter cells, and with L-D-thiolesters, such as L-cysteine ethyl
ester [9], L-glutathione ethyl ester [10], D-cystine dimethyl ester, D-cystine diethyl ester
[11,12], D-cysteine ethyl ester [12,13] and L-cysteine methyl ester [14] to see whether these
compounds provide an enhanced activity profile compared to L-NAC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
L-NAC reverses the adverse effects of fentanyl infusion on Freq, TV and MV. Actual values

of frequency of breathing (Panel A), tidal volume (Panel B) and minute ventilation (Panel
C) before (Pre), and during the continuous intravenous infusion of fentanyl (1 pg/kg/min)
and following two bolus intravenous injections of vehicle (VEH) or N-acetyl-L-cysteine
(L-NAC, 500 umol/kg) given at 60 and 90 min after start of fentanyl infusion in two groups
of unanesthetized rats. There were 6 rats in the VEH group and 6 rats in the L-NAC group.
The data are presented as mean = SEM.
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Fig. 2.
L-NAC reverses the adverse effects of fentanyl infusion on Ti, Te and Ti/Te. Actual values

of inspiratory time (Ti) (Panel A), expiratory time (Te) (Panel B) and Ti/Te (Pand C)
before (Pre), and during continuous intravenous infusion of fentanyl (1 pg/kg/min) and
following two bolus intravenous injections of vehicle (VEH) or N-acetyl-L-cysteine (L-
NAC, 500 umol/kg) given at 60 and 90 min after start of fentanyl infusion in two groups of
unanesthetized rats. There were 6 rats in the VEH group and 6 rats in the L-NAC group. The
data are presented as mean + SEM.
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Fig. 3.
L-NAC reverses the adverse effects of fentanyl infusion on EEP, but not EIP. Actual values

of end inspiratory pause (Panel A) and end expiratory pause (Panel B) before (Pre), and
during continuous intravenous infusion of fentanyl (1 pg/kg/min) and following two bolus
intravenous injections of vehicle (VEH) or N-acetyl-L-cysteine (L-NAC, 500 pmol/kg) given
at 60 and 90 min after start of fentanyl infusion in two groups of unanesthetized rats. There
were 6 rats in the VEH group and 6 rats in the L-NAC group. The data are presented as
mean = SEM.
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Fig. 4.

L-NAC reverses the adverse effects of fentanyl infusion on PIF and PEF. Actual values

of peak inspiratory flow (PIF) (Panel A), peak expiratory flow (PEF) (Panel B) and
PIF/PEF (Panel C) before (Pre), and during continuous intravenous infusion of fentanyl

(1 pg/kg/min) and following two bolus intravenous injections of vehicle (VEH) or N-acetyl-
L-cysteine (L-NAC, 500 umol/kg) given at 60 and 90 min after start of fentanyl infusion in
two groups of unanesthetized rats. There were 6 rats in the VEH group and 6 rats in the
L-NAC group. The data are presented as mean + SEM.

Biomed Pharmacother. Author manuscript; available in PMC 2022 September 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Getsy et al.

Page 21

Fentanyl

©VEH @ L-NAC

..................................................................................

°

o

9

€ 12

- VEH or L-NAC

$ 10 -

|

(m]

> 87

8

g6

@ 4 -

£

2 Trrrr LIRS B LN BN NN BN NN B | T LN BN AN BNL NN BNL AN BN NN BNL NN BNL NN NNLINE BNL BN NN NN BNL NN NEL AN | LA |
-15 0 15 30 45 60 75 90 105 120
Pre (min) Time from onset of fentanyl infusion (min)
B. 12 -
o ® |-

™ VEH L-NAC VEH or L-NAC

2 101 |

£

iy Fentanyl

2 97

|-

(]

2 B3

EE T ———

-t

o

Qe 4

X

w

2 I'l':'l'l'l'l'l'l'l‘l'I'l'l':‘l'l'l'l'l'i'l'l | Bl |

-15 0 15 30 45 60 75 90 105
Pre (min) Time from onset of fentanyl infusion (min)

Fig. 5.
L-NAC reverses the adverse effects of fentanyl infusion on inspiratory and expiratory drives.

Acutal values of inspiratory drive (TV/Ti) (Panel A) and expiratory drive (TV/Te) (Panel
B) before (Pre), and during continuous intravenous infusion of fentanyl (1 ug/kg/min)

and following two bolus intravenous injections of vehicle (VEH) or N-acetyl-L-cysteine
(L-NAC, 500 pmol/kg) given at 60 and 90 min after start of fentanyl infusion in two groups
of unanesthetized rats. There were 6 rats in the VEH group and 6 rats in the L-NAC group.
The data are presented as mean + SEM.
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Fig. 6.

L-?\IAC reverses adverse effects of fentanyl infusion on expiratory delay and apneic pause.
Actual values of relaxation time (RT) (Panel A), expiratory delay (Te-RT) (Panel B)

and apneic pause [((Te/RT)-1) (Panel C) before (Pre), and during continuous intravenous
infusion of fentanyl (1 pg/kg/min) and after two bolus intravenous injections of vehicle
(VEH) or N-acetyl-L-cysteine (L-NAC, 500 umol/kg) given at 60 and 90 min after start of
fentanyl infusion in two groups of unanesthetized rats. There were 6 rats in the VEH group
and 6 rats in the L-NAC group. The data are presented as mean + SEM.
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The first injection of L-NAC reverses many adverse effects of continuous fentanyl infusion
on ventilatory parameters. A summary of total (cumulative) changes in Freq, TV, MV, Ti, Te,
Ti/Te, EIP, EEP (Panel A), PIF, PEF, PIF/PEF, EF50, InspD, ExpD, NEBI (Panel B), and
apneic pause and Te-RT (Panel C) during the 30 min period after the first IV injection of
vehicle or N-acetyl-L-cysteine (L-NAC, 500 umol/kg) in rats receiving a continuous infusion
of fentanyl (1 pg/kg/min, 1V). There were 6 rats in each group. Data are presented as mean +

SEM. *P < 0.05, significant change from Pre-values. TP < 0.05, L-NAC versus Pre.
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Fig. 8.
Tr?e second injection of L-NAC reverses many adverse effects of continuous fentanyl
infusion on ventilatory parameters. A summary of total (cumulative) changes in Freq, TV,
MV, Ti, Te, Ti/Te, EIP, EEP (Panel A), PIF, PEF, PIF/PEF, EF50, InspD, ExpD, NEBI
(Pandl B), and apneic pause and Te-RT (Panel C) during the 30 min period after the second
1V injection of vehicle or N-acetyl-L-cysteine (L-NAC, 500 umol/kg) in rats receiving a
continuous infusion of fentanyl (1 pg/kg/min, 1V). There were 6 rats in each group. Data are
presented as mean + SEM. *P < 0.05, significant change from Pre-values. TP < 0.05, L-NAC
versus Pre.
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L-NAC reverses the adverse effects of continuous fentanyl infusion on ABG chemistry and
A-a gradient. A summary of the arithmetic changes in pH (Panel A), pCO5 (Panel B),
pO, (Pand C), sO, (Panel D), and Alveolar-arterial (A-a) gradient (Panel E) elicited by
continuous infusion of fentanyl (1 pg/kg/min, 1) and bolus 1V injections of vehicle or
N-acetyl-L-cysteine (L-NAC, 500 pmol/kg) in unanesthetized rats. There were 6 rats in
each group. The data are presented as mean + SEM. *P < 0.05, significant change from
Pre-values. TP < 0.05, L-NAC versus Pre.
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Antinociceptive status during various timepoints of the experiments.

Table 1

Study Group
Parameters Study Phase Injection Phase Vehicle L-NAC
Actual TFL values, sec Pre 22+0.1 21+0.1
Post-infusion 15 min 11.6+0.2 115+0.1
Post-infusion 30 min 119+01 120+0.0
Post-infusion 45 min 119+01 119+01
Post-infusion 60 min 12+0.0 11.9+0.1
Post-infusion 75 min Post-drug injection 1-15 min 12+ 0.0 119+0.1
Post-infusion 90 min Post-drug injection 1-30 min ~ 11.9 £ 0.0 12.0+0.0
Post-infusion 105 min  Post-drug injection 2-15 min ~ 11.9 + 0.0 11.8+0.1
Post-infusion 120 min  Post-drug injection 2-30 min  11.9 £ 0.0 119+0.1
Delta changes from Pre, sec  Post-infusion 15 min 957+15 " 950+09%
Post-infusion 30 min 992+08 F 100+07
Post-infusion 45 min 994+08F 99.1+08%
Post-infusion 60 min 995+08 F 990+07%
Post-infusion 75 min  Post-drug injection 1-15min 199+ * 993+0.7%
Post-infusion 90 min ~ Post-drug injection 1-30 min 93 74+09 * 100+0%
Post-infusion 105 min  Post-drug injection 2-15min  g92+08 * 984+1.1%
Post-infusion 120 min  Post-drug injection 2-30 min  g93+07 * 992+08%

Page 26

TFL, tail-flick latency. L-NAC, N-acetyl-L-cysteine (500 umol/kg, IV). The data are presented as mean + SEM. There were 9 rats in each group.

*
P < 0.05, significant change from Pre-values. There were no between group differences at any timepoint (P > 0.05, for all comparisons).
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