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Abstract

Several studies have suggested that sympathetic overstimulation causes deleterious effects
in septic shock. A previous study suggested that pralidoxime exerted a pressor effect
through a mechanism unrelated to the sympathetic nervous system; this effect was buffered
by the vasodepressor action of pralidoxime mediated through sympathoinhibition. In this
study, we explored the effects of pralidoxime on hemodynamics and survival in rats with
peritonitis-induced sepsis. This study consisted of two sub-studies: survival and hemody-
namic studies. In the survival study, 66 rats, which survived for 10 hours after cecal ligation
and puncture (CLP), randomly received saline placebo, pralidoxime, or norepinephrine
treatment and were monitored for up to 24 hours. In the hemodynamic study, 44 rats were
randomly assigned to sham, CLP-saline placebo, CLP-pralidoxime, or CLP-norepinephrine
groups, and hemodynamic measurements were performed using a conductance catheter
placed in the left ventricle. In the survival study, 6 (27.2%), 15 (68.1%), and 5 (22.7%) ani-
mals survived the entire 24-hour monitoring period in the saline, pralidoxime, and norepi-
nephrine groups, respectively (log-rank test P = 0.006). In the hemodynamic study,
pralidoxime but not norepinephrine increased end-diastolic volume (P <0.001), stroke vol-
ume (P = 0.002), cardiac output (P = 0.003), mean arterial pressure (P = 0.041), and stroke
work (P <0.001). The pressor effect of norepinephrine was short-lived, such that by 60 min-
utes after the initiation of norepinephrine infusion, it no longer had any significant effect on
mean arterial pressure. In addition, norepinephrine significantly increased heart rate (P
<0.001) and the ratio of arterial elastance to ventricular end-systolic elastance (P = 0.010),
but pralidoxime did not. In conclusion, pralidoxime improved the hemodynamics and 24-
hour survival rate in rats with peritonitis-induced sepsis, but norepinephrine did not.
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Introduction

Sepsis is a systemic inflammatory response syndrome secondary to infection. Among sepsis-
induced organ dysfunctions, cardiovascular dysfunction is a major contributor to the associ-
ated mortality [1, 2]. Norepinephrine is reccommended as the vasopressor of choice for sepsis-
induced hypotension [3]. However, responsiveness to this drug and other commonly used
vasopressors is markedly reduced in septic shock [4-6]; patients who do not respond to vaso-
pressors have extremely high mortality risks [7, 8]. Considering the high mortality of patients
with septic shock [1, 2, 7, 8], novel therapeutics are required to improve the outcomes of these
patients.

Pralidoxime (2-pyridine aldoxime methyl chloride) has been widely used to treat organo-
phosphate poisoning because it can reactivate organophosphate-inhibited cholinesterase.
Although several studies have reported its pressor effect [9-11], pralidoxime has never been
used as a vasopressor agent in clinical practice. We previously reported that pralidoxime as an
adjuvant to epinephrine increased aortic pressure during cardiopulmonary resuscitation in
porcine models [12, 13]. We recently investigated the effects of adrenergic antagonists on the
pressor action of pralidoxime in anesthetized normal rats to determine the involvement of the
sympathetic nervous system in the pressor action of pralidoxime [14]. We found that the
administration of 40 mg/kg of pralidoxime produced only a pressor response, while the
administration of 200 mg/kg of pralidoxime produced an initial vasodepressor response fol-
lowed by a delayed pressor response. Excluding sympathetic effects by means of adrenergic
blockers (guanethidine and phentolamine) did not inhibit the pressor response of pralidoxime,
but rather augmented it. Furthermore, in combination with the 200 mg/kg dose, the adrener-
gic blockers converted the initial vasodepressor response into a pressor response. These find-
ings, taken together, indicated that pralidoxime did indeed have a dose-dependent
vasodepressor action by mechanisms dependent on intact adrenergic receptor function, and
that the pressor effect of pralidoxime was unrelated to the sympathetic nervous system. The
latter’s vasodepressive action, mediated by inhibition of the sympathetic nervous system, acted
to buffer the pralidoxime’s pressor action.

The activity of the sympathetic nervous system is increased in septic shock [15, 16]. Several
studies suggest an association between sympathetic overstimulation and sepsis-induced car-
diovascular dysfunction [17, 18]. Considering the non-adrenergic nature of the pressor effect
of pralidoxime with its sympathoinhibitory effect, this drug may improve cardiovascular func-
tion in septic shock, ultimately leading to improved survival. In this study, we explored the
effects of pralidoxime on hemodynamics and survival in rats with peritonitis-induced sepsis.
We hypothesized that pralidoxime would improve hemodynamics and survival in this setting.

Materials and methods

Male Wistar rats (300-330 g) were purchased from a commercial supplier (Samtako Bio
Korea, Osan, Korea). They were housed two per cage for at least 7 days before experimentation
in a temperature- and light-controlled room (22°C; 12-hour light/dark cycle), with free access
to commercial feed and tap water. This study was approved by the Animal Care and Use Com-
mittee of Chonnam National University Hospital (CNUH IACUC-18003) and performed in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. The investigators who conducted the experiments had completed an Institutional
Animal Care and Use Committee training course on animal care and handling. All surgery
was performed under isoflurane anesthesia, and all efforts were made to minimize suffering.
This study comprised two sub-studies: one assessed the effects of the saline placebo,
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pralidoxime, and norepinephrine treatments on the survival rate (N = 84); the other assessed
the hemodynamic effects of these treatments (N = 44).

Surgical procedure for Cecal Ligation and Puncture (CLP)

A 2-3-cm ventral midline incision was made in each rat after inducing general anesthesia with
5% isoflurane. The cecum was exposed and ligated just distal to the ileocecal valve with a
suture; it was then punctured through-and-through with an 18-gauge needle and compressed
to extrude stool. The extruded stool was weighed using an electronic balance (CUX220H, CAS
Korea, Seongnam, Korea). After returning the cecum and 300-400 mg of stool into the
abdominal cavity, the incision was closed using sutures. Post-operative analgesia was provided
with a subcutaneous injection of butorphanol (1 mg/kg), and the animals were returned to
their cages. Animal health and behavior were monitored carefully every 30 minutes until the
commencement of each study described below to determine if the rats met the pre-specified
humane endpoints (unconsciousness, lack of reactivity, labored breathing, and cyanosis). Ani-
mals experiencing one or more of these endpoints were euthanized immediately by deep anes-
thesia with isoflurane.

Survival study

Nine hours after the CLP, surviving animals were intubated using a 16-gauge catheter follow-
ing the induction of anesthesia with 5% isoflurane and ventilated using a rodent ventilator
with a 70/30 mixture of nitrous oxide and oxygen gas at a tidal volume of 6 ml/kg. The respira-
tory rate was titrated to achieve normocapnia. Throughout the experiment, the administered
isoflurane was titrated to maintain adequate anesthesia (the dose of isoflurane required for this
purpose was 1% in all animals), and butorphanol (1 mg/kg) was administered subcutaneously
every 6 hours. A side stream end-tidal carbon dioxide sample line was placed in the ventilator
circuit; the rat rectal temperature was maintained at 37-38°C using a heating pad. Twenty-
four-gauge catheters were inserted into the left femoral and right jugular veins for the adminis-
tration of norepinephrine and pralidoxime, respectively, and into the right femoral artery for
arterial pressure monitoring. After baseline measurements were taken, imipenem (10 mg/kg,
intravenously) and fluid for resuscitation (0.9% saline, 20 ml/kg intravenously over 20 min-
utes) were administered to mimic initial treatments in clinical practice.

An investigator, otherwise uninvolved with this study, assigned the animals to the control,
pralidoxime, or norepinephrine groups using the sealed envelope method and prepared the
prescribed drugs such that all other investigators remained blind to the group assignments.
Each animal required one bag labeled as pralidoxime solution and one bag labeled as norepi-
nephrine solution. In the pralidoxime group, the pralidoxime-labeled bags each contained 5
mg/ml pralidoxime solution, and the norepinephrine-labeled bags each contained 0.9% saline
solution; in the norepinephrine group, the pralidoxime-labeled bags each contained 0.9%
saline solution, and the norepinephrine-labeled bags each contained 0.08 mg/ml norepineph-
rine solution; in the control group, both bags contained 0.9% saline solution. Animals in all
treatment groups also each received a separate 0.9% saline solution bag, labeled as such, for use
in setting the overall infusion rate at 15 ml/kg/hour.

Ten hours after the CLP, we commenced experimental procedures. For each animal,
regardless of group, pralidoxime-labeled solution was administered through the jugular
venous catheter; norepinephrine-labeled solution was administered through the femoral
venous catheter and was titrated up to a maximum of 1.5 ml/kg/hour to achieve the target
mean arterial pressure (MAP) of >70 mmHg, in all groups, including those in which the nor-
epinephrine-labeled bag contained saline. Norepinephrine-labeled solution was not
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administered if the MAP was 70 mmHg or higher. This approach was chosen to simulate clini-
cal practice, in which norepinephrine dose is adjusted to predefined levels of arterial pressure.
The correctly labeled saline was concurrently administered through the femoral venous cathe-
ter to ensure that despite any adjustments, the overall fluid infusion rate was 15 ml/kg/hour in
all animals. The resultant actual treatments are listed below. Animals in the pralidoxime group
were treated with an intravenous bolus (4 ml/kg, pralidoxime 20 mg/kg) followed by a contin-
uous infusion of pralidoxime solution (4 ml/kg/hour, pralidoxime 20 mg/kg/hour), plus 0.9%
saline solution (labeled as norepinephrine solution) titrated to achieve the target MAP, made
up to the total rate of 15 ml/kg/hour with correctly-labeled saline. Adjustments made to the
administration rate of the saline substituted for norepinephrine in this group varied within the
same range as for the group receiving genuine norepinephrine. The pralidoxime dosing regi-
men was derived from that used in the treatment of organophosphate poisoning [19, 20]. Ani-
mals in the norepinephrine group were treated with an intravenous bolus (4 ml/kg) followed
by a continuous infusion of 0.9% saline solution (4 ml/kg/hour, labeled as pralidoxime), plus
norepinephrine solution titrated to achieve the target MAP, made up to the total rate of 15 ml/
kg/hour with correctly-labeled saline. Animals in the control group received saline only, in the
same protocol, i.e., an intravenous bolus (4 ml/kg) followed by a continuous infusion of 0.9%
saline solution through the jugular venous catheter (labeled as pralidoxime solution, 4 ml/kg/
hour) plus 0.9% saline solution (labeled as norepinephrine solution) titrated up to 1.5 ml/kg/
hour to achieve the target MAP (as above), and another 0.9% saline solution, through the fem-
oral venous catheter, adjusted to set the overall fluid infusion rate to 15 ml/kg/hour. Arterial
pressure and heart rate were continuously monitored for up to 24 hours after the CLP. At the
end of the 24-hour period or immediately upon the occurrence of signs of impending death
(agonal breathing, cyanosis, and extreme bradycardia with hypotension), the animals were
euthanized by exsanguination under general anesthesia.

Hemodynamic study

Before the surgical procedure, animals were randomized to the sham or CLP group. The sham
group animals underwent the same surgical procedure as the CLP group, except that the
cecum was not ligated or punctured. Four hours after the CLP or sham operation, the animals
were intubated, anesthetized, ventilated, and cannulated as described above. In addition, a 2.0
French pressure-volume conductance catheter (SPR-838, Millar Instruments, Houston, TX,
USA) was inserted into the left ventricle (LV) through the right carotid artery to obtain the LV
pressure-volume loops, and a 24-gauge catheter was inserted into the left jugular vein to moni-
tor central venous pressure. Five hours after the CLP, the animals in the CLP group were ran-
domly divided into the control, pralidoxime, or norepinephrine group. In the hemodynamic
study, the time from CLP to study treatment was reduced to 5 hours to minimize the number
of animals that died before the initiation of the study treatments, which were identical to those
of the survival study, except for the norepinephrine infusion. The norepinephrine solution in
the norepinephrine group (or 0.9% saline in the other groups) was administered at a fixed
infusion rate of 1.5 ml/kg/hour (norepinephrine at 2 ug/kg/minute). In addition, norepineph-
rine infusion was started at 5 hours after the CLP irrespective of the MAP, to allow comparison
of its effect with those of pralidoxime and saline placebo at the same timepoint. The animals
were observed for 1 hour after study treatment initiation; they were then euthanized by exsan-
guination under general anesthesia.

The LV pressure-volume loops were analyzed using LabChart software (ADInstruments,
Bella Vista, Australia) to measure end-diastolic volume (EDV), end-systolic volume, end-sys-
tolic pressure, arterial elastance (Ea), stroke volume, heart rate, cardiac output, ejection
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fraction, stroke work, and LV relaxation time constant. We did not perform preload manipula-
tion through inferior vena cava compression for measurements of preload-independent param-
eters such as LV end-systolic elastance, since many rats experienced severe hemodynamic
instability sustained even after release of the compression in our pilot experiments using the
same model. Thus, LV end-systolic elastance estimated by single-beat method (Eesg,), calculated
as the ratio of end-systolic pressure to end-systolic volume [21-23], was used as a surrogate for
the LV end-systolic elastance. A ratio of Ea to Eesg, was calculated to characterize ventriculo-
arterial coupling. Systemic vascular resistance (SVR) was calculated as the difference between
the MAP and central venous pressure divided by the cardiac output. In addition, rate pressure
product, which reflects myocardial oxygen consumption, was calculated by multiplying systolic
arterial pressure by heart rate [24]. Arterial pressure, central venous pressure (monitored from
the jugular venous catheter), and hemodynamic parameters derived from the LV pressure-vol-
ume loops were sampled at baseline, 1-minute intervals for 5 minutes after study treatment ini-
tiation, and 15, 30, 45, and 60 minutes after study treatment initiation.

Statistical analysis

The primary outcomes of the survival study were MAP and survival to 24 hours after CLP.
The sample size for the survival study was calculated based on the MAP data of a pilot study
(between-group variance = 31.443, within-group variance = 212.81, correlation among
repeated measures = 0.6764), yielding a minimum requirement of 66 animals (22 per group)
to reach an o of 0.05 and a power of 90%. We initially estimated that 94 animals would be
needed for the survival study assuming 30% mortality before randomization. However, 84 rats
were used, until there were 22 animals per group that survived up to the randomization. The
sample size for the hemodynamic study was calculated based on the MAP data of the survival
study. We estimated that 11 animals per group would be required to reach an a of 0.05 and

a power of 80%. Continuous variables were tested for normality by using the Kolmogorov-
Smirnov test and Shapiro-Wilk test. Normally distributed variables were summarized as
mean + standard deviation, whereas non-normally distributed variables were summarized as
medians with interquartile ranges. One-way analysis of variance or Kruskal-Wallis test was
performed to compare continuous variables among the three groups. Pairwise comparison
with Bonferroni adjustment was performed for post-hoc analysis. In the hemodynamic study,
the Mann-Whitney U test was used to compare continuous variables between the sham and
CLP groups, and Wilcoxon signed rank test was used to compare the hemodynamic parame-
ters before and after study treatment within the groups. Multiple linear mixed effect models
with Bonferroni adjustments were used to analyze group effects and group-time interactions
on serial hemodynamic measurements. Group, time, and their interaction were used as fixed
effect covariates by controlling the random intercept and random slope of subjects. Survival
curves were plotted using the Kaplan-Meier method and compared using the log-rank test,
followed by pairwise comparison with Bonferroni adjustment. A two-tailed P value <0.05 was
considered statistically significant. Data were analyzed using the R language version 3.3.3 (R
Foundation for Statistical Computing, Vienna, Austria), T&F program version 3.0 (YooJin
BioSoft, Goyang, Korea), and IBM SPSS Statistics for Windows version 22.0 (SPSS Inc., Chi-
cago, IL, USA).

Results

Survival study

Among the 84 rats that underwent CLP, 18 (21.4%) met the pre-specified humane endpoints
and were euthanized before 9 hours after the CLP. The remaining 66 animals were randomized
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Table 1. Baseline measurements.

Variable Control group Pralidoxime group Norepinephrine group P value'
(N=22) (N=22) (N=22)
Weight (g) 310 (306-310) 310 (306-314) 310 (310-310) 0.675
Systolic arterial pressure (mmHg) 106 (94-116) 104 (99-107) 108 (101-112) 0.567
Diastolic arterial pressure (mmHg) 66 + 10 66 + 10 67 £ 12 0.968
Mean arterial pressure (mmHg) 81+13 79+ 12 80+ 12 0.822
Heart rate (/min) 407 (392-444) 393 (384-429) 426 (394-442) 0.327
pH 7.438 £ 0.075 7.461 £ 0.095 7.438 £ 0.083 0.581
PaCO, (mmHg) 349+5.5 33.5+44 352+82 0.619
Pa0, (mmHg) 177.0 (151.5-195.0) 183.5 (158.5-197.8) 189.5 (148.3-199.5) 0.742
HCO5™ (mmol/l) 235+3.1 24.0+34 23.8+4.3 0.912
Base excess (mmol/l) 0.6 (-2.8-2.3) 0.9 (-1.3-2.2) 0.3 (-1.1-1.8) 0.824
Sa0, (%) 100 (99-100) 100 (100-100) 100 (99-100) 0.624
Hemoglobin (g/dl) 15.1 (13.6-16.1) 14.9 (13.2-15.8) 15.4 (14.1-16.1) 0.804

Data are the means + standard deviation or medians with interquartile ranges.
T P values were calculated using one-way analysis of variance or the Kruskal-Wallis test. PaCO,, partial pressure of carbon dioxide; PaO,, partial pressure of oxygen;

HCOy’, bicarbonate; SaO,, oxygen saturation.

https://doi.org/10.1371/journal.pone.0249794.t001

into three groups of 22 rats each. No inter-group differences were observed at baseline

(Table 1). One animal in the norepinephrine group did not require norepinephrine adminis-
tration until the end of the experiment, but data from this animal were included in the analysis.
The norepinephrine group animals received 163 + 138 ug norepinephrine for 218 (80-466)
minutes (1.95 + 0.52 ug/kg/minute). Fig 1 shows the arterial pressure and heart rate after ran-
domization. The linear mixed effect model used to analyze the fixed effect of the pralidoxime
group over that of the norepinephrine group revealed a significant group-time interaction for
the diastolic arterial pressure (P = 0.019). Furthermore, the linear mixed effect model used to
analyze the fixed effect of the pralidoxime group over that of the control group revealed a sig-
nificant group effect for heart rate (P = 0.006). The pralidoxime group had the highest survival
rate among the three groups (Fig 2). The result of the log-rank test revealed a significant differ-
ence in cumulative survival among the three groups (P = 0.006). Post-hoc analyses revealed
higher survival in the pralidoxime group than in the norepinephrine group (P = 0.022).

Hemodynamic study

All the 44 rats that underwent CLP or the sham operation survived until the end of the experi-
ments. At baseline, the animals that underwent CLP had higher Ea/Eesg, (P <0.001) and lower
arterial pressure (P <0.001), LV ejection fraction (P = 0.005), LV relaxation time constant

(P =0.001), Eesg, (P = 0.011), and rate pressure product (P <0.001) than the animals in the
sham group (Table 2), but no significant differences in the hemodynamic parameters were
observed among the three CLP groups (Table 3). Fig 3 shows the hemodynamic data from
baseline to 60 minutes after study treatment initiation. The linear mixed effect model used to
analyze the fixed effect of the pralidoxime group over that of the control group revealed signifi-
cant group effects for heart rate (P <0.001) and rate pressure product (P = 0.001), significant
group-time interactions for cardiac output (P <0.001), stroke volume (P = 0.002), stroke work
(P =0.012), SVR (P = 0.021), Ea (P = 0.030), and Ea/Ees, (P = 0.001), and a significant group
effect and a group-time interaction for MAP (P <0.001 and P = 0.023, respectively). The linear
mixed effect model used to analyze the fixed effect of the pralidoxime group over that of the
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Fig 1. Systolic arterial pressure (A), diastolic arterial pressure (B), mean arterial pressure (C), and heart rate (D)
after the saline placebo, pralidoxime, and norepinephrine treatments. Only the data of surviving animals at each
time point are included. Data are medians (horizontal box dividers) with interquartile ranges (box size). CLP, cecal
ligation and puncture. * P <0.05, group-time interaction and ** P <0.05, group effect using the linear mixed effect
model.

https://doi.org/10.1371/journal.pone.0249794.9001

norepinephrine group revealed a significant group effect for heart rate (P <0.001) and signifi-
cant group-time interactions for cardiac output (P = 0.007), stroke volume (P = 0.004), LV
ejection fraction (P = 0.003), stroke work (P = 0.001), and Ea/Eesg, (P <0.001). The linear
mixed effect model used to analyze the fixed effect of the norepinephrine group over that of
the control group revealed a significant group effect for Eesg, (P = 0.005), significant group-
time interactions for heart rate (P = 0.003) and Ea/Ees, (P = 0.018), and a significant group
effect and a group-time interaction for MAP (P = 0.040 and P = 0.009, respectively). The effects
of the saline placebo, pralidoxime, and norepinephrine treatments on the hemodynamic
parameters are summarized in Fig 4. At 60 minutes after the saline placebo treatment, the
EDV (P = 0.005), stroke volume (P = 0.024), stroke work (P = 0.032), and cardiac output (P =
0.032) were significantly higher than their baseline values, whereas the SVR (P = 0.003) and
Eesg, (P = 0.014) were significantly lower. The pralidoxime group showed a significantly higher
EDV (P <0.001), stroke volume (P = 0.002), cardiac output (P = 0.003), MAP (P = 0.041), stroke
work (P <0.001), and rate pressure product (P = 0.024) and a significantly lower SVR

(P =0.014) and Ea (P = 0.003) 60 minutes after pralidoxime treatment than at baseline. The nor-
epinephrine group showed no significant changes in hemodynamic parameters 60 minutes
after the norepinephrine treatment compared to the baseline values, except for the heart rate
and Ea/Eesg,; the heart rate (P <0.001) and Ea/Eesg, (P = 0.010) were significantly higher.

Discussion

To the best of our knowledge, this is the first study investigating the use of pralidoxime as a
primary vasopressor in the treatment of septic shock. In this study, pralidoxime improved the
EDV, stroke volume, cardiac output, MAP, and stroke work, whereas norepinephrine failed to
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Fig 2. Survival curves following the saline placebo, pralidoxime, and norepinephrine treatments. Each treatment
was initiated 10 hours after cecal ligation and puncture (CLP, N = 22 per group, P = 0.006 using the log-rank test).

https://doi.org/10.1371/journal.pone.0249794.9002
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Table 2. Effects of cecal ligation and puncture on hemodynamic parameters at baseline.

Variable Sham group (N =11) CLP group (N = 33) P value’
Weight (g) 315 (310-318) 310 (310-320) 0.773
Systolic arterial pressure (mmHg) 153 (136-165) 113 (103-131) <0.001
Diastolic arterial pressure (mmHg) 68 (60-81) 47 (43-55) <0.001
Mean arterial pressure (mmHg) 102 (83-109) 70 (65-74) <0.001
End-tidal carbon dioxide (mmHg) 38 (37-42) 39 (37-41) 0.702
End-diastolic volume (pl) 238 (165-265) 253 (184-284) 0.593
Stroke volume (ul) 162 (140-199) 138 (102-168) 0.295
Heart rate (beats per min) 481 (439-498) 457 (441-477) 0.406
Cardiac output (ul/min) 75,020 (65,850-85,125) 63,820 (49,780-82,530) 0.283
Ejection fraction (%) 71 (66-80) 62 (56-69) 0.005
Stroke work (mmHg x ul) 17,350 (13,735-18,620) 12,620 (8,602-16,830) 0.078
Systemic vascular resistance (mmHg/ml per min) 1.24 (0.92-1.66) 1.08 (0.85-1.30)* 0.315
Left ventricular relaxation time constant (ms) 7.68 (6.70-8.68) 6.18 (5.48-6.50) 0.001
Ea (mmHg/pl) 0.619 (0.525-0.864) 0.736 (0.548-0.920) 0.810
Eesy, (mmHg/pl) 1.711 (0.940-1.852) 0.854 (0.658-1.401) 0.011
Ea/Eesg, 0.484 (0.316-0.563) 0.776 (0.572-0.925) <0.001
Rate pressure product (mmHg x beats per min) 72,009 (60,297-78,114) 52,969 (47,736-61,690) <0.001

Data are the medians with interquartile ranges.

" P values were calculated using the Mann-Whitney U test.

¥ Systemic vascular resistance was not obtained in one animal because of technical issues. CLP, cecal ligation and puncture; Ea, arterial elastance; Eesqy,, left ventricular

end-systolic elastance.

https://doi.org/10.1371/journal.pone.0249794.t002

Table 3. Hemodynamic measurements at baseline in the control, pralidoxime, and norepinephrine groups.

Variable Control group Pralidoxime group Norepinephrine group P value’
(N=11) (N=11) (N=11)
Systolic arterial pressure (mmHg) 113 (103-131) 105 (102-128) 127 (111-137) 0.268
Diastolic arterial pressure (mmHg) 46 (43-50) 46 (40-56) 55 (48-60) 0.092
Mean arterial pressure (mmHg) 70 (66-73) 68 (61-73) 73 (68-84) 0.152
End-tidal carbon dioxide (mmHg) 40 (38-41) 39 (37-41) 39 (36-40) 0.683
End-diastolic volume (1) 234 (180-266) 212 (137-272) 277 (226-331) 0.235
Stroke volume (ul) 122 (109-151) 143 (95-163) 168 (135-206) 0.311
Heart rate (beats per min) 464 (450-491) 451 (438-479) 457 (445-462) 0.545
Cardiac output (ul/min) 55,360 (50,335-71,820) 63,450 (45,310-73,280) 77,120 (61,785-94,355) 0.409
Ejection fraction (%) 58 (54-66) 69 (58-75) 59 (55-66) 0.209
Stroke work (mmHg x ul) 10,650 (8,837-14,605) 12,620 (8,565-15,580) 14,360 (12,040-18,805) 0.482
Systemic vascular resistance (mmHg/ml per min) 1.08 (0.98-1.23) 1.18 (0.83-1.42) 0.94 (0.80-1.13)* 0.741
Left ventricular relaxation time constant (ms) 6.29 (5.73-6.65) 6.06 (5.32-6.66) 6.11 (5.43-6.44) 0.767
Ea (mmHg/pl) 0.751 (0.717-0.853) 0.712 (0.519-0.966) 0.605 (0.506-0.779) 0.514
Eesq, (mmHg/pl) 0.865 (0.671-1.175) 1.401 (0.791-1.681) 0.775 (0.641-0.930) 0.364
Ea/Eesg, 0.790 (0.603-1.100) 0.610 (0.435-0.820) 0.837 (0.674-0.894) 0.257
Rate pressure product (mmHg x beats per min) 51,005 (47,703-63,465) 48,654 (44,434-58,722) 58,014 (50,949-60,995) 0.545

Data are the medians with interquartile ranges.

T P values were calculated using the Kruskal-Wallis test.

¥ Systemic vascular resistance was not obtained in one animal because of technical issues. Ea, arterial elastance; Ees,, left ventricular end-systolic elastance.

https://doi.org/10.1371/journal.pone.0249794 1003
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https://doi.org/10.1371/journal.pone.0249794.9003

improve these hemodynamic parameters. Importantly, pralidoxime treatment resulted in the
best survival rate among the three groups.

Several studies have suggested that adrenergic vasopressors have deleterious effects, includ-
ing tachycardia, myocardial cell damage, and deterioration of myocardial function [18, 25-
27]. In a study that examined the effect of norepinephrine infusion on cardiac performance
using a rat model of peritonitis-induced sepsis [26], norepinephrine infusion resulted in signif-
icant decreases in the LV ejection fraction and fractional shortening. In a study of 112 inten-
sive care unit patients with cardiovascular failure, the extent and duration of catecholamine
therapy were independently associated with the occurrence of adverse cardiac events including
tachyarrhythmia, myocardial cell damage, and reduction of systemic blood flow [18]. In addi-
tion, studies have indicated that the attenuation of sympathetic activity improves cardiovascu-
lar function and survival in septic shock [28-30]. Considering these studies suggesting the
harmful effects of sympathetic overstimulation in septic shock [17, 18, 28-30], the non-
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adrenergic nature of the pressor effect of pralidoxime with its sympathoinhibitory effect
(reported in our previous study [14]) could have led to the superiority of the hemodynamic
and survival benefits of this drug over those of norepinephrine in the present study.

In this study, the pressor effect of pralidoxime was mediated by its action on stroke volume
and cardiac output rather than on SVR. The increase in stroke volume after pralidoxime treat-
ment seemed largely driven by its negative chronotropic effect. In both the survival and
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hemodynamic studies, pralidoxime treatment produced the lowest heart rate among the three
groups. There was a significant group effect for heart rate in both studies. This was consistent
with our previous study where pralidoxime significantly decreased the heart rate compared
with saline placebo in anesthetized normal rats [13]. In the present study, the increase in stroke
volume after pralidoxime administration was not accompanied by an increase in the LV ejec-
tion fraction but rather by an increase in EDV and a decrease in heart rate (although this result
was not statistically significant; see Fig 4). This finding indicates that the increase in stroke vol-
ume after pralidoxime treatment was a result of the improved LV diastolic filling caused by an
increase in the time for diastolic filling. Importantly, despite the decrease in heart rate, the
increased stroke volume after pralidoxime administration significantly increased the cardiac
output. As shown in Fig 3, the stroke volume and cardiac output markedly increased over time
in the pralidoxime group relative to the control group, and the linear mixed effect models
including pralidoxime and control groups showed significant group-time interactions for both
stroke volume and cardiac output. The increase in cardiac output could have contributed to
the survival benefit conferred by pralidoxime. These hemodynamic effects of pralidoxime
resembled those reported for § blockers in multiple previous studies [28, 31]. In a study that
examined the effects of esmolol, a short-acting B blocker, on cardiovascular function in rats
with peritonitis-induced sepsis [28], the esmolol-induced reduction in heart rate was accompa-
nied by a significant increase in stroke volume without any associated improvement in LV
ejection fraction. In addition, the animals treated with esmolol showed better survival than
those that were not. In a randomized clinical trial that compared esmolol infusion titrated to
maintain the heart rate between 80 beats/minute and 94 beats/minute with standard treatment
for patients with septic shock [31], the esmolol infusion resulted in lower heart rate, higher
stroke volume and LV stroke work, and lower 28-day mortality than the standard treatment.
In contrast, the marked increase in heart rate after norepinephrine treatment observed in the
hemodynamic study could be detrimental. Several studies have suggested that tachycardia is
significantly associated with poor outcomes in patients with septic shock [27, 32, 33].

Consistently with previous results suggesting ventriculo-arterial decoupling in septic shock
[34, 35], the Ea/Eesg, was markedly increased in our septic animals as compared to that in our
sham group animals. In a study that investigated ventriculo-arterial coupling in 25 septic and 25
non-septic patients [34], the ratio of peripheral Ea to LV end-systolic elastance (estimated by
using the single beat method) was significantly higher in septic patients than in non-septic
patients (1.81 [1.49-2.03] vs. 1.07 [0.95-1.18], P = 0.01). In our study, the Ea/Eesg, fell after pra-
lidoxime treatment, as shown in Fig 4, although this did not reach statistical significance. Mean-
while, norepinephrine increased the Ea and decreased the Eesy, (albeit non-significantly),
which resulted in the significant increase in Ea/Eesg,. As shown in Fig 3, the Ea/Eesg;, increased
over time in the norepinephrine group, while it remained close to the baseline values in the pra-
lidoxime group. These findings indicate that norepinephrine significantly impaired ventriculo-
arterial coupling in our model, while no such adverse effect followed pralidoxime treatment.

The rate pressure product has been demonstrated to correlate with myocardial oxygen con-
sumption [24]. In our hemodynamic study, the rate pressure product was significantly
decreased in the septic animals as compared to that in the sham group animals. This finding is
consistent with several previous studies [36, 37]. In studies using rat models of sepsis, Mathieu
et al. and Wang et al. reported significant reductions in rate pressure product after CLP and
lipopolysaccharide challenge, respectively [36, 37]. In our study, the rate pressure product was
increased after the pralidoxime treatment, but was not increased after the norepinephrine or
saline placebo treatment. Our findings suggest that pralidoxime improved cardiac function,
and thereby increased cardiac work and myocardial oxygen consumption, all of which were
abnormally depressed by sepsis.
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Previous studies have reported impairments to several action mechanisms of catecholamine
in septic shock, including systemic downregulation of adrenoceptor gene expression and inac-
tivation of adrenoceptors [38, 39]. Studies have also reported that peroxynitrite, a reactive oxi-
dant produced from nitric oxide and superoxide, contributes to the reduced responsiveness to
catecholamine in septic shock by deactivating catecholamines [40, 41]. Consistently with these
studies [38-41], norepinephrine failed to improve hemodynamic parameters and survival rate
in this study. Instead, it adversely affected hemodynamic parameters. As shown in Fig 3, heart
rate and Ea/Eesy, increased over time in the norepinephrine group relative to the control
group, and the mixed linear effect models including norepinephrine and control groups
showed significant group-time interactions for heart rate and Ea/Eesg,. The MAP was tran-
siently increased after norepinephrine administration, resulting in the significant group effect
and group-time interaction in the linear mixed effect model including norepinephrine and
control groups. However, MAP returned to baseline values within 60 minutes. In our previous
study [13], an intravenous bolus administration of 20 mg/kg pralidoxime increased the MAP
by approximately 5 mmHg in anesthetized normal rats. In this study, the increase in MAP
after pralidoxime treatment in the hemodynamic study (4 [2.5-6.5] mmHg) was similar, sug-
gesting that the action mechanism of pralidoxime, which remains to be determined but is
non-adrenergic in nature, may not be impaired in septic shock. These findings are also in line
with previous studies reporting reduced responsiveness to catecholamine in the presence of
relatively preserved responsiveness to non-catecholamine vasopressors in septic shock [5, 42,
43]. In a study that investigated arterial pressure responses to norepinephrine, vasopressin,
and F-180, a selective V; receptor agonist, in rats [5], Barrett et al. reported that the arterial
pressure responses to norepinephrine were markedly reduced in rats with fecal peritonitis
compared with sham-surgery controls, while the responses to vasopressin and F-180 were rela-
tively preserved in rats with fecal peritonitis. In a study that investigated the effects of norepi-
nephrine, vasopressin, terlipressin, vasopressin plus norepinephrine, and terlipressin plus
norepinephrine in rats subjected to CLP [42], vasopressin and terlipressin either alone or in
combination with norepinephrine improved MAP and survival while norepinephrine alone
did not. Further studies are needed to determine the effects of sepsis on the pressor effect of
pralidoxime.

The pressor effect of norepinephrine was short-lived in the present study, resulting in no
significant effect on MAP 60 minutes after the initiation of norepinephrine infusion. Previous
studies showed conflicting results of the hemodynamic effects of norepinephrine in septic
shock, which depended on the experimental conditions [35, 42, 44]. The inability of norepi-
nephrine to improve arterial pressure in our study might be related to the sepsis severity of our
model, which was high (as evidenced by the 72.7% mortality rate in the control group). We
ligated the cecum just distal to the ileocecal valve (rather than at a more distal portion), punc-
tured it through-and-through with an 18-gauge needle (rather than a single puncture with a
smaller gauge needle), and extruded a large amount of stool to achieve a high-severity sepsis
model to allow the monitoring of treatment effects. Alternatively, the inability of norepineph-
rine to improve arterial pressure in our study might be attributable to the time of evaluation in
our study. Norepinephrine (0.25-4 pug/kg/min) administered between 10 and 14 hours after
CLP did not increase arterial pressure in a study using a rat model of peritonitis-induced sepsis
[42], whereas, in studies using rat models of peritonitis-induced sepsis where norepinephrine
was administered after more than 24 hours [5, 45], it increased arterial pressure.

This study has several limitations. First, it was conducted in rats, and the findings are not
directly extrapolatable to humans. Second, we used a high-severity sepsis model, which could
have exaggerated the reduced responsiveness to norepinephrine. In addition, the volume of
intravenous fluid bolus administered for initial resuscitation (20 ml/kg) was lower than that
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recommended in the Survival Sepsis Campaign guidelines (30 ml/kg) [46, 47]. Unlike typical
clinical settings, where the intravenous fluid infusion rate is adjusted according to intravascu-
lar volume status, our intravenous fluid infusion following initial resuscitation was performed
at a weight-based fixed rate. The intravenous fluid administration might thus have been insuf-
ficient, and this might have blunted the hemodynamic effects of study drugs. Third, the aver-
age infusion rate of norepinephrine in the survival study was close to or higher than those used
in multiple previous studies using rat models [35, 44, 45], but higher norepinephrine infusion
rate might have led to different results. In addition, norepinephrine was administered at a
fixed timepoint irrespective of MAP in our hemodynamic study, which might limit the trans-
latability of its findings to human septic shock. Fourth, our study focused on macrocirculatory
hemodynamics. Previous studies have reported the dissociation between macro- and microcir-
culation in septic shock [48, 49]. Further studies are needed to examine the microcirculatory
effects of pralidoxime. Fifth, this study employed a pralidoxime dosing regimen used in the
treatment of organophosphate poisoning. Further studies are required to identify the optimal
dosing regimen in septic shock. Sixth, the anesthetic and analgesic agents used in this study
might have affected the study groups differently, in terms of both hemodynamic parameters
and survival. Isoflurane and butorphanol have been shown to affect hemodynamics and car-
diac function, as well as norepinephrine kinetics [50-53]. An experimental study also reported
that norepinephrine abolished the anti-inflammatory effects of isoflurane in rats with endotox-
emia [54]. In addition, mechanical ventilation itself could have affected our results. Mechanical
ventilation modulates hemodynamics and cardiac output. An experimental study reported
that mechanical ventilation also significantly affected the duration of survival in rats with sep-
sis [55]. Thus, our findings should be verified in unanesthetized spontaneously breathing ani-
mals. Seventh, the time from CLP to study treatment differed between the hemodynamic and
the survival studies. Thus, the results of hemodynamic study might have been different from
those that could have been obtained in the setting of the survival study, in which the time from
CLP to study treatment was longer. Eighth, we could not unravel the mechanism underlying
the hemodynamic benefit of pralidoxime observed in the present study. While the mechanism
of the antidotal effect of pralidoxime is well known, limited information is available on the
mechanism underlying its hemodynamic effect [9-11, 14]. To our knowledge, the effects of
pralidoxime on the mechanisms responsible for sepsis-induced cardiovascular dysfunction
and vascular hyporeactivity to catecholamine vasopressors, including nitric oxide overproduc-
tion and adrenoceptor downregulation in response to high circulating catecholamine levels,
have not yet been investigated. In addition, the sympathoinhibitory effect of pralidoxime has
been reported only in our previous study [14]. Hence, further studies investigating these fac-
tors in detail are needed. Lastly, the Eesg, might not have reflected the LV end-systolic ela-
stance accurately, as it was calculated on the assumption that the volume-axis intercept of end-
systolic pressure-volume relationship was negligible.

Conclusions

In conclusion, pralidoxime but not norepinephrine improved the hemodynamics and 24-hour
survival rate in a rat model of peritonitis-induced sepsis. In view of these results, pralidoxime
treatment in septic shock deserves further evaluation.
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