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Small-Volume Adenosine, Lidocaine, and Mg>* 4-Hour Infusion
Leads to 88% Survival after 6 Days of Experimental Sepsis in the Rat

without Antibiotics

Maddison Jade Griffin, Hayley Louise Letson, Geoffrey Phillip Dobson

Heart, Trauma and Sepsis Research Laboratory, Australian Institute of Tropical Health and Medicine, College of Medicine and Dentistry, James Cook University,

Queensland, Australia

Innovative host-directed drug therapies are urgently required to treat sepsis. We tested the effect of a small-volume 0.9% NaCl
adenosine, lidocaine, and Mg®>* (ALM) bolus and a 4-h intravenous infusion on survivability in the rat model of polymicrobial
sepsis over 6 days. ALM treatment led to a significant increase in survivability (88%) compared to that of controls (25%). Four
controls died on day 2 to 3, and two died on day 5. Early death was associated with elevated plasma and lung inflammatory mark-
ers (interleukin-6 [IL-6], IL-1(3, C-reactive protein), reduced white blood cell (WBC) count, hypoxemia, hypercapnia, acidosis,
hyperkalemia, and elevated lactate, whereas late death was associated with a massive cytokine storm, a neutrophil-dominated
WBC rebound/overshoot, increased lung oxidant injury, edema, and persistent ischemia. On day 6, seven of eight ALM survivors
had inflammatory and immunological profiles not significantly different from those of sham-treated animals. We conclude in
the rat model of experimental sepsis that small-volume ALM treatment led to higher survivability at 6 days (88%) than that of
controls (25%). Early death in controls (day 2 to 3) was associated with significantly elevated plasma levels of IL-13, IL-6, and
C-reactive protein, severe plasma lymphocyte deficiency, reduced neutrophils, and acute lung injury. Late death (day 5) was as-
sociated with a massive neutrophil inflammatory storm, increased lung injury, and persistent ischemia. Possible mechanisms of

ALM protection are discussed.

lobally, 1,000 people die from sepsis every hour, claiming
more lives than trauma, heart attack, or cancer (1-3). Sepsis
develops from the host’s response to an infection involving an
overexpression of systemic inflammation, coagulopathy, immune
dysfunction, and eventually multiple-organ failure (4, 5). Over the
past 2 decades, despite new antimicrobial/antifungal agents and
advanced life support systems, the case fatality rate for patients
with sepsis has remained at 20% to 30% and up to 50% in low-
income countries (3, 4, 6). An ongoing concern is why do some
patients who receive state-of-the-art treatment die and others live?
The reasons are complex but appear to be related to the type and
unpredictable nature of pathogen progression (2, 5, 7), the degree
of autonomic and cardiac dysfunction that develops (8), and the
lack of a suitable frontline drug therapy to protect against the
inability of the immune system to discriminate self from non-self,
causing widespread tissue injury and eventually death.
Previously, we have shown in the rat model of polymicrobial
sepsis, induced by cecal ligation and puncture (CLP), that small-
volume adenosine, lidocaine, and Mg2+ (ALM) induced a stable,
hypotensive state over 5 h with no arrhythmias, significantly less
pulmonary edema, and corrected coagulopathy (9). The ALM
concept has also translated to the pig model of lipopolysaccharide
endotoxemia (10). In comparison to controls, ALM infusion led
to a mild hibernation-like state that decreased mean arterial pres-
sure (MAP) to 47 mm Hg over 5 h and provided improved left
ventricular-arterial coupling, cardiac output, and tissue O, deliv-
ery, significantly lower plasma tumor necrosis factor alpha (TNF-
a), reduced pulmonary arterial pressures and resistances, higher
PaO,/FiO, ratios, and less edema (10). Single-bolus ALM has also
been shown to resuscitate the heart and rapidly correct coagulopa-
thy after severe hemorrhagic shock (11) and cardiac arrest (12)
and exhibits potent antiarrhythmic (13), anti-ischemic (14) and
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anti-inflammatory properties (15, 16). The aim of the present
study was to investigate the effect of small-volume ALM therapy in
the conscious rat model of CLP over 6 days. Our hypothesis was
that ALM infusion administered over the first 4 h will bolster the
host’s stress response to the pathogen load (i.e., prevent an over-
expression of the host’s immune and inflammatory systems) and
improve survivability in this model.

MATERIALS AND METHODS

Animals and reagents. Adult male Sprague-Dawley rats (360 to 420 g)
had free access to food and water. Nonheparinized animals were admin-
istered buprenorphine (subcutaneously [s.c.]) and isoflurane anesthetic
(5% via inhalation and then 1.5% throughout surgery). The study con-
formed to the Guide for the Care and Use of Laboratory Animals (17) and
was approved by the JCU Animal Ethics Committee (approval no.
A2029). Adenosine (catalog no. A9251), lidocaine-HCI (catalog no.
L5647), and MgSO, (catalog no. M7506) were purchased from Sigma-
Aldrich (Castle Hill, New South Wales, Australia).

Surgical protocol. The left femoral vein and artery were catheterized
aseptically for infusions and blood sampling. Dual-access vascular ports
were fitted within a customized jacket. In CLP rats, a 3-cm midline lapa-
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FIG 1 (A) Schematic representation of the in vivo rat protocol of polymicrobial sepsis. Following isoflurane anesthesia, the femoral artery and vein were
cannulated and a laparotomy, cecum isolation, cecal ligation, and puncture were performed in control and ALM groups. Sham-treated animals received the same
procedures but no cecal ligation or puncture, i.e., cannulation of femoral artery and vein, laparotomy, and manipulation of the organs and 4-h i.v. saline
injections. (B) Kaplan-Meier survival relationship. Symbols: B, 0.9% NaCl group (control); A, ALM group; @, sham group over the 6-day period. P < 0.05,

controls compared to sham- or ALM-treated animals.

rotomy was performed and the cecum was ligated at half the distance
between the distal pole and the ileocecal valve (9, 18). The ligated portion
was punctured once through-and-through with a 21-gauge needle, and a
small droplet of stool was milked through each puncture. Sham-treated
animals were subjected to the same procedures but with no CLP (Fig. 1A).
Animals were allowed to recover on a warming pad (37°C), administered
buprenorphine s.c., and placed in isolation cages for treatment and mon-
itoring.

Experimental design. Rats were randomly assigned to different
groups in the acute and chronic arms of the study (Fig. 1A). The groups
comprised baseline (1 = 8) (group 1), 0.9% NaCl sham (n = 8) (group 2),
0.9% NaCl control (n = 8) (group 3), and 0.9% NaCl ALM (n = 8) (group
4) groups. The acute-arm animals were used for 2 h and day 1 data sam-
pling and then sacrificed (n = 8 each group), and the chronic-arm animals
were used for blood sampling on days 2, 4, and 6 (n = 8 each group). After
day 1, groups 2 to 4 (chronic arm) were reanesthetized, a laparotomy was
performed again, and the gangrenous cecum was removed to reduce the
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pathogen load (cecum was surgically isolated but not resected in sham-
treated animals). Preliminary studies showed that if the cecum was not
removed, death was imminent (n = 10).

Infusion protocol. After 15 min, control and sham group animals
received a 0.3-ml intravenous (i.v.) bolus of 0.9% NaCl, followed by a 4-h
infusion (1 ml/kg of body weight/h) (Fig. 1). ALM animals received a
0.3-ml bolus of 1 mM adenosine, 3 mM lidocaine, and 2.5 mM MgSO, in
0.9% NaCl (9), followed by an ALM infusion developed from rat and pig
studies (adenosine at 6 mg/kg/h, lidocaine at 12 mg/kg/h, and MgSO, at
6.72 mg/kg/h in 0.9% NaCl) (9) (10). After 4 h, the rats were detached
from the infusion tether and had free access to food and water.

Moribund score and survival. Each animal was assessed twice daily
using the humane endpoints described by Nemzek and colleagues (19)
and Toth (20). Scoring was done for the following: alertness (grades: 0,
normal; 1, low attention; 2, very low attention), mobility (grades: 0, nor-
mal; 1, low motion; 2, motionless), piloerection (grades: 0, none; 1, mild;
2, moderate; 3, severe), diarrhea (grades: 0, none; 1, moderate; 2, severe),
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TABLE 1 Blood gases, plasma ions, and lactate at baseline and in sham-treated rats, saline controls, and ALM-treated rats over 6 days”

Rat group (1)” and pCO, pO, K* Na* Ca*™* cl™ Lactate
time point pH (mmHg) (mmHg) sO, (%) (mmol/liter)  (mmol/liter)  (mmol/liter)  (mmol/liter)  (mmol/liter)
Baseline (8) 7.43 = 0.01 38*1 109 = 1 100 0.2 3.9*0.2 138 =24 1.28 £ 0.03 102 = 1.2 0.9 £0.1
2h

Sham (8) 7.44 = 0.01 44 + 1.5% 86 £ 2* 97 £ 0.5% 4.3 *£0.1 141 = 1.5 1.30 = 0.04 104 + 0.6 0.9 £0.1

Control (8) 7.44 £ 0.01 41 * 0.6 86 * 3* 96 + 1.2% 4.7 £ 0.2% 139 £ 1.5 1.27 = 0.03 104 = 0.8 0.9 = 0.1

ALM (8) 7.43 = 0.02 41 =3 91 = 5* 97 + 1* 4.7 = 0.1* 139 = 0.9 1.22 = 0.01 105 = 1.2 0.9 £0.1
Day 1

Sham (8) 7.42 = 0.01 48 + 2% 88 = 3* 96 £ 0.7 3.6 £ 0.0 141 = 1.8 1.33 £ 0.03 100 = 0.7 1.4 £0.1

Control (8) 7.42 £ 0.03 50 £ 5* 73 £ 10* 82 £ 11* 3.9*+0.2 141 = 1.0 1.31 = 0.02 101 = 0.5 1.9 £ 0.5*

ALM (8) 7.41 = 0.01 47 = 1.8 88 = 3* 95 £ 0.6 3.8 +0.2 142 = 1.5 1.34 = 0.03 101 = 0.8 1.6 £0.2
Day 2

Sham (8) 749 £ 0.01* 36* 14 92 *+ 3* 98 = 0.8% 4.5 £ 0* 141 = 0.5 1.33 = 0.01 103 = 0.4 1.3 £0.1

Control (2) 7.53 £0.01* 36 £0.8 100 = 0.1 101 205 44=*0 141 = 0.5 1.33 = 0.05 104 = 1.5 0.7 £0.3

ALM (7) 7.52 £ 0.02* 34 * 1.6* 101 =6 99 + 0.7 4.6 £ 0.1% 141 = 0.9 1.34 = 0.02% 104 = 0.7 1.2 0.3
Day 4

Sham (8) 7.51 £0.01* 35* 14 91 = 2* 98 £ 0.6 4.1 £0.0 139+ 14 1.32 = 0.03 103 = 0.2 1.3 £0.2

Control (2) 7.53 £ 0.04* 33 *£40 113 £ 9* 100 =0 4.4 *0.1 140 = 0.5 1.34 £ 0.03 104 = 0.0 1.3 £04

ALM (7) 7.53 £ 0.01* 33 + 1.4* 102 =7 98 = 0.7 4.2+ 0.1 142 = 0.7 1.36 = 0.01* 105 = 1.1 1.1 = 0.1
Day 6

Sham (8) 7.45 £ 0.04 42 5.7 84 £ 9* 97 * 1.6 39*+0.2 140 = 1.4 1.34 = 0.02 103 = 0.6 1.1 0.1

Control (2) 7.45 = 0.00 42 =23 85*5 97 £2.8 3.0 0.0 142 =2 1.36 = 0.02 102 = 0.0 1.5 £ 0.6

ALM (7) 7.47 = 0.02 39+ 1.0 93£3 97 £ 1.1 3.4 *0.1 147 + 3* 1.40 = 0.04* 105 * 1.7 1.2+£0.2
Death

CED (4) 7.31 £ 0.08 59 *+ 12* 73 + 34 64 = 22* 5.7 +0.7* 141 = 1.3 1.37 = 0.02 103 =2 2.1 £0.7*

CLD (2) 7.45 = 0.02 39 £5.1 85 *£ 21 90 =9 3.6 0.3 145 += 0.5 1.39 = 0.01 107 =1 2.0 = 0.5*

ALM LD (1) 7.30 59 108 97 2.9 159 1.81 107 1.20

“Values are for survivors through day 6, followed by animals with early and late death. *, P < 0.05, relative to baseline. CED, control early death; CLD, control late death; LD, late

death.
1 = number of animals.

encrusted eyes, dirty nose and tail (grades: 0, none; 1, one place; 2, two
places; 3, three places), and food intake (grades: 0, normal; 1, low; 2, very
low; 3, none). If any animal scored =12, it was categorized as being in a
moribund state that preceded imminent death (19, 20). Euthanasia was
performed under 5% isoflurane inhalation, and blood and tissues were
rapidly removed.

Whole-blood cell count, gases, and electrolytes. Blood cell counts
were measured on a VetScan HM5 hematology system (REM Systems,
Australia). Arterial blood gases, oxygen saturation (sO,), pH, electrolytes,
and lactate were measured on an ABL 8000 blood gas analyzer (Radiom-
eter, Pacific).

Cytokine assays and CRP. Plasma and lung tissue supernatants (pg/
ml) were used to measure cytokines with Magpix technology and
MilliplexMap rat cytokine/chemokine magnetic bead panel kits (Abacus
ALS, Queensland, Australia). Plasma C-reactive protein (CRP) (ng/ml)
was measured using Cusabio rat CRP enzyme-linked immunosorbent
assay (ELISA) kits (Resolving Images).

Lung injury and edema. Lung neutrophil infiltration and pro-oxidant
activity were estimated from myeloperoxidase (MPO) activity (21), and
and malondialdehyde ELISA kits were used to quantify lipid peroxidation
(Sigma-Aldrich, Australia). Lung water content was calculated as a per-
centage based on the formula [(wet weight — dry weight)/wet weight] X
100 (9).

Statistical analysis. SPSS Statistics 22.0 was used for all data analysis
(IBM, Armonk, NY). A priori power analysis was conducted using
G*Power” to determine sample size to minimize type 1 errors (survival;
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n = 8). Survival was assessed using a Kaplan-Meier test, expressed as a
percentage, with a log rank test used to determine differences. Animals
were grouped within their treatment group depending on whether they
died within the early phase (1 to 3 days) or late phase (4 to 6 days) or if they
survived (22, 23). The data were evaluated between groups when there
were sufficient sample sizes (1 = 2 or 3) by using a one-way analysis of
variance (ANOVA) in conjunction with Levene’s test of homogeneity to
ensure that the assumption of equal variance was met. This was followed
by multiple comparisons (Fisher’s least significant difference). Within-
group differences were evaluated using a repeated-measure ANOVA.
Nonparametric data were analyzed with a Kruskal-Wallis test, followed by
a Mann-Whitney U test to analyze the difference between two groups. All
values are expressed as means = standard errors of the mean (SEM) with
significance set at a P of <0.05.

The data sets supporting the conclusions of this article are available by
contacting the corresponding author.

RESULTS

Mortality and blood physiological status. Mortalities were 0%
(sham-treated rats), 75% (saline-treated controls), and 12%
(ALM-treated rats) (Fig. 1B); 50% of the controls died on day 2 to
3, and two died on day 5 (as did one ALM rat). Early death was
associated with a PaO, of 73 mm Hg, 60% saturation, PaCO, of 59
mm Hg, blood pH 7.31, hyperkalemia (5.7 mM), and blood lac-
tate (2.1 mM) (Table 1). Late death was associated with no hypox-
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emia, no hypercapnia, normal pH, normokalemia, and 2.0 mM
lactate. ALM-treated rats with late death had normal PaO,, 97%
saturation, hypercapnia, hypokalemia, 159 mM Na™, 1.82 mM
Ca?", and baseline lactate (Table 1).

Plasma cytokines (6-day survivors). Interleukin-6 (IL-6) was
2-fold higher in controls than in sham- or ALM-treated rats after
2 h (P < 0.05) and peaked on day 1 (not detected in the sham or
ALM group) (Fig. 2). TNF-a was significantly higher than base-
line at 2 h in all groups, as was IL-13 and RANTES, which de-
creased day 1. IL-10 was significantly increased in all groups at 2 h
over baseline; IL-10 was 2-fold higher in controls and the ALM
group than in sham-treated animals (P < 0.05). On day 1, IL-10 in
sham-treated animals and the ALM group decreased toward base-
line, whereas that in controls remained significantly higher. C-re-
active protein was significantly higher in controls than in all other
groups on day 1 (Fig. 2). No significant changes in IL-1e, granu-
locyte-macrophage colony-stimulating factor (GM-CSF), IL-2,
gamma interferon (IFN-vy), and IL-4 occurred at 2 h or day 1. On
day 2, no significant differences were found in the cytokines except
for IFN-, with that in controls being 2-fold higher than in the
ALM group. Thus, the redone laparotomy and surgical removal of
the necrotic cecum did not appear to have a significant effect on
inflammatory or immune responses, because the values for sham-
treated animals on day 2 were not significantly different from
those on day 1 (Fig. 2; Table 2). On day 4, RANTES was 2-fold
higher in controls than in sham-treated animals or the ALM
group. On day 6, with the exception of RANTES and C-reactive
protein, all other cytokines were significantly elevated in controls,
and ALM cytokine levels were similar to those in sham-treated
animals (not IL-10) (Fig. 2).

Plasma cytokines (nonsurvivors). In control animals with
early death, IL-6, IL-1B3, and C-reactive protein were all higher
than in any other group (P < 0.05) (Fig. 3). In contrast, control
animals with late death showed elevations in all cytokines. The
ALM-treated animals with late death had increases only in IL-1(3,
C-reactive protein, and IL-10 (Fig. 3).

Blood cell counts. The baseline white blood cell (WBC) count
was 9.07 X 10”/liter and fell 6% to 18% after 2 h in all groups. After
day 1, the WBC count in controls fell nearly 50% and was signif-
icantly lower than that in sham- or ALM-treated rats (Table 2). At
day 2, there were no significant differences in WBC counts be-
tween groups (Table 2). On day 4, WBC counts in control survi-
vors and in ALM- and sham-treated rats were 1.28 to 1.44 times
the baseline (ALM group, P < 0.05), and on day 6 the WBC counts
decreased back toward baseline. Early death in controls was asso-
ciated with a 68% fall in WBC count, but controls with late death
had counts 1.41 times that of the baseline. The WBC counts in
ALM animals with late death fell 65% (similar to that of controls
with early death) (Table 2).

The percentages of neutrophils, lymphocytes, and monocytes
relative to the baseline were 18%, 79%, and 3%, respectively, for a
neutrophil/lymphocyte (N/L) ratio of 0.22 (Table 2). After 2 h,
neutrophils increased 3-fold and lymphocytes decreased by 66%
in all groups, resulting in 10-fold increases in the N/L ratio, and
monocytes increased around 2-fold. A similar trend occurred at
days 1 and 2; however, the N/L ratio fell by 35% to 50% to ~1.4 in
all groups, largely from a rise in lymphocyte count. At day 4, the
N/L ratio increased in control survivors and ALM rats to around
3.0 (1.8 times that of sham-treated rats) (Table 2). On day 6, the
N/L ratio was 2.8 to 3.0 for all survivors (15 times the baseline).
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Controls with early death were WBC depleted, with a 1.7-times
higher N/L ratio (2.2) than control survivors (1.3) the day before.
As mentioned, control animals with late death had very high WBC
counts, but these values were similar to those of control survivors
the day before (day 4), indicating that the total WBC count (or
high N/L ratio) was not responsible for death (Table 2).

Lung inflammation, injury markers, and water content.
Lung IL-6 changed little in survivors on day 1 or 6 but was dra-
matically increased in controls with early or late death (Fig. 4).
TNF-a increased slightly at day 1 in all groups and significantly
peaked in controls at day 6 compared to that in sham- or ALM-
treated animals with late death. Similar lung TNF-a levels were
found in controls with early or late death, and levels were 60%
lower in ALM animals with late death. Changes in IL-1( levels
were similar to those of TNF-«, and IL-1a peaked in animals with
late death but showed minimal changes in animals with early
death or in ALM animals with late sdeath. Lung GM-CSF in-
creased in controls at day 1, and small changes occurred in all
other groups over the 6 days. IFN-vy increased only in controls and
ALM rats on day 1. IL-12p70 was higher in controls with early
death and lowest in ALM rats with late death. IL-2 changed little
over the 6 days. Similarly, RANTES changed little but decreased
during death in all groups. Lung IL-10 and IL-4 levels were high in
controls with late death but not in any other group (Fig. 4).

Lung water content was 75 to 77% in all groups and increased
to 81% in controls with late death, with no change in animals with
early death (77%). Lung MPO significantly increased during early
death in controls and increased a further 3 times at late death (P <
0.05). Lung MDA significantly increased in controls at day 1 and
during early and late death (2.5 times that during early death).
MDA levels in ALM-treated rats were 50% less (P < 0.05) than
those in controls with early death (Fig. 4).

DISCUSSION

Despite significant improvements in medical care, breakthrough
drug therapies are urgently required to treat sepsis (2, 3, 6, 24). We
report in the rat model of experimental sepsis that small-volume
ALM treatment led to higher survivability at 6 days compared to
that of controls. Early death in controls occurred on day 2 to 3 and
was associated with inflammatory/immune dysfunction, hypox-
emia, hypercapnia, blood acidosis, high lactate, and acute lung
injury. In contrast, late death (day 5) had a very different inflam-
matory/immune and lung injury profile, with less systemic hypox-
emia, no hypercapnia, normal blood pH, and persistent lac-
tatemia. The one ALM rat that died at day 5 had a reduced white
cell count, higher plasma IL-1B, C-reactive protein, and IL-10
levels, hypercapnia, low blood pH, normal arterial pO,, low lac-
tate, and no apparent lung injury. ALM group survivors at day 6
had an inflammatory/immune profile not significantly different
from that of sham-treated animals.

Drug volume and timing. Our study showed that ALM ther-
apy resulted in one death at day 5 compared to 6 deaths in controls
(P < 0.05) (Fig. 1B), which is remarkable given that (i) the total
drug volume administered was ~1.6 ml per animal over 4 h (~6%
of blood volume), (ii) the treatment time comprised 2.8% of the
total 6-day experimental sepsis, and (iii) there were no antibiotics.
We will now discuss these differences in survivability and possible
reasons for ALM’s ability to improve outcomes.

Early death in controls. Early death at day 2 to 3 in controls
was associated with significantly elevated IL-13, IL-6, and C-reac-
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TABLE 2 Total WBC, neutrophil, lymphocyte, and monocyte counts and neutrophil/lymphocyte ratios at baseline and for sham-treated rats,

controls, and ALM-treated rats over 6 days”

Rat group (n) and Total WBC count Neutrophil count Lymphocyte count Monocyte count Neutrophil/
time point” (10°/liter) (10°/liter) (10°/liter) (10°/liter) lymphocyte ratio
Baseline (8) 9.07 £ 0.71 1.60 = 0.19 7.21 £ 0.62 0.26 = 0.05 0.2 £ 0.03
2h

Sham (8) 7.41 = 0.75 4.75 = 0.51* 2.2 = 0.36* 0.47 = 0.09 2.4 *04*

Control (8) 8.56 = 1.21 4.92 + 1.09* 3.05 £ 0.51* 0.59 = 0.14* 1.8 = 0.4*

ALM (8) 7.8 £0.83 4.79 £ 0.59* 2.37 = 0.25* 0.64 = 0.12* 2.1 0.2
Day 1

Sham (8) 7.85 £ 0.5 4.82 * 0.46* 2.6 = 0.13* 0.43 = 0.1 1.9 £ 0.2

Control (8) 4.82 £ 0.66N 3.11 = 0.497 1.5+ 0.23+ 0.21 £ 0.03~ 2.1 £0.2%

ALM (8) 6.96 = 0.59* 4.8 + 0.42* 1.8 = 0.2* 0.37 £ 0.08 2.8 = 0.3*
Day 2

Sham (8) 8.11 £ 0.92 4.41 £0.77* 3.35 = 0.38* 0.35 = 0.04 1.4 = 0.4*

Control (2) 6.37 £ 0.04 3.40 = 0.02 2.69 * 0.07* 0.29 = 0.02 1.3 = 0.04*

ALM (7) 7.74 = 0.61 4.27 *+ 0.34* 3.13 £ 0.31* 0.33 £ 0.03 14 *+0.1*
Day 4

Sham (8) 11.68 £ 0.98 6.87 £ 0.93* 4.24 * 0.45* 0.57 £ 0.11 1.7+ 0.3

Control (2) 12.22 £ 6.33 8.95 * 5.34* 2.61 = 0.72* 0.67 = 0.28 3.1+ 1.2*

ALM (7) 13.43 = 1.23* 8.5 £ 1.12* 3.93 * 0.64* 1.0 = 0.16" 3.0 £ 1.0*
Day 6

Sham (8) 9.9 * 1.54 5.95 £ 0.95* 3.23 £ 0.85* 0.72 £ 0.19* 2.8 £0.9*

Control (2) 9.88 = 0.02 6.68 + 0.12* 2.54 £ 0.2* 0.72 = 0.02 2.7 0.3

ALM (7) 9.14 = 0.65 5.87 £ 0.5* 2.6 = 0.65* 0.67 = 0.13* 3.0 £ 0.6*
Death

CED (4) 291 *= 1.02* 1.69 £ 0.55 0.95 * 0.41* 0.26 = 0.1 2.2 *£0.3*

CLD (2) 12.79 £ 8.42 9.15 + 5.94* 292 £ 2.1* 0.68 * 0.34* 3.5 £ 0.5*

ALM LD (1) 3.17 2.11 0.78 0.29 2.7

@ Values are for survivors through day 6, followed by animals with early and late death. *, P < 0.05 versus value at baseline; A, P < 0.05 versus values for all groups; ~, P < 0.05
versus value for sham; *, P < 0.05 versus values for sham and baseline. CED, control early death; CLD, control late death; LD, late death.

b = number of animals.

tive protein, a severe lymphocyte deficiency, and 50% fewer neu-
trophils than that in survivors (day 2 to 3) (Fig. 3; Table 2). Of the
12 inflammatory cytokines/proteins measured, only three ap-
peared to be activated at early death, indicating a selective upregu-
lation of the acute-phase response. The acute-phase response is
one of two interrelated arms of the immune response; it is an
innate, host-directed mechanism to protect against early infection
(or injury) and may further limit invasion by trapping microbes
within local blood clots (25). The innate response is followed by a
second, temporally delayed, adaptive immune response, which
generates a different recognition repertoire of seemingly limitless
clonally expressed receptor combinations on immune cells to
fight off infection (26). Despite the differences, both response
strategies in the whole organism can overcorrect and change the
system from a pro-survival to an “injurious” phenotype resulting
in widespread collateral endothelial/tissue damage and, eventu-
ally, death (25-27). Our data are, in part, consistent with this
scenario.

In our study, upregulation of IL-1[, IL-6, and C-reactive pro-
tein is interesting because IL-1f3 is one of the major activators of
IL-6 expression (28) and both IL-1f and IL-6 are potent inducers
of C-reactive protein synthesis in the liver (25, 27, 29). All three are
also believed to be central mediators at the interface between
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the innate and adaptive immune responses. Curiously, plasma
TNF-a, an early “master” amplifier of the acute-phase response
(29), did not increase at early death (Fig. 3) or in survivors on day
2 to 4 (Fig. 2). However, TNF-a did increase in lung tissue at early
death (see below) and after 2 h in response to surgery (Fig. 2).
Although we did not study the mechanism of regulation, IL-1f
may have been activated and upregulated via the caspase-1 inflam-
masome pathway (30). However, why IL-1a did not increase (Fig.
4) is unclear, because this cytokine (and IL-18) is part of the IL-1
family that is also activated by the innate caspase-1 inflammasome
complex (31). The reason may be that IL-1 activation and IL-1a
activation require different pattern recognition “trigger” signals
or compartmentation strategies to feed their specific precursors
into the inflammasome complex (32) or may involve other inde-
pendent activation pathways (33), such as platelets which produce
IL-1B (25).

Although plasma IL-6 was significantly higher in controls at
early death than in survivors (Fig. 2 and 3), it is unclear whether
IL-6 was a marker of death or disease severity or a mediator of
tissue injury. The literature appears divided on this question be-
cause several studies have shown that antibody inhibition of IL-6
improved survival in a bacterium-derived sepsis model, while oth-
ers have not (34). IL-6 also has many other inflammatory func-
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tions, including enhancing the production of fibrinogen, and ac-
tivates the hypothalamic-pituitary-adrenal (HPA) axis as part of
the stress response to infection and trauma (35, 36). In our study,
we also found higher IL-6, IL-1, and TNF-a levels in lung tissue
at early death, and this together with increased MPO activity (2.8-
fold at day 1) and higher MDA (3.8-fold baseline, P < 0.05) sug-
gests acute lung injury from neutrophil infiltration, inflamma-
tion, and lipid peroxidation damage (Fig. 4). Nonsurvivors were
also hypoxic (PaO,, 73 mm Hg, 64% saturation), hypercapnic,
acidotic, and hyperkalemic with a blood lactate of 2 mM (Table 1).
The absence of pulmonary edema in our study (Fig. 4) may be due
to the small volumes of fluids used during ALM treatment com-
pared to what is currently recommended clinically (37).

The dramatic fall in WBC and lymphocyte numbers in our
study (Table 2) is consistent with the study of Muenzer and col-
leagues, which reported low WBC numbers and immunosuppres-
sion in the two-hit mouse model of CLP plus pneumonia (38),
and the decreased T-cell number increased apoptosis in septic
humans (39). Boomer and colleagues further showed that immu-
nosuppression was present not only in peripheral blood cells but
also locally in organs in patients that died of sepsis (40). Unfortu-
nately, we did not identify the relative contributions of B lympho-
cytes (B cells), T lymphocytes (T cells), or natural killer cells (NK
cells) to the total WBC count. We therefore conclude that early
death in controls was associated with a systemic overexpression of
plasma IL-1(3, IL-6, and C-reactive protein, a severe lymphocyte
deficiency, and an immune-mediated acute lung injury.
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Late death was a different inflammatory and immune state.
Late death in controls (day 5) was very different and was associ-
ated with a massive amplification of inflammatory and anti-in-
flammatory cytokines compared to the levels at day 4 (6-day sur-
vivors) and a higher neutrophil-dominated WBC count (Table 2).
Compared to survivors on day 4, plasma IL-1a increased >1,600-
fold, IL-1B >20-fold, IL-2 >45-fold, IL-4 >500-fold, IL-6
>2,500-fold, TNF-« 100-fold, IL-10 >16-fold, GM-CSF >2,400-
fold, IFN-vy >1,200-fold, IL-12 >1,600-fold, and RANTES >7-
fold. The lower plasma level of C-reactive protein at late death
than at early death (Fig. 3) may indicate liver injury secondary to
infection, although liver injury markers were not measured. De-
spite lymphocyte counts remaining relatively low (23% of total),
as well as monocytes (5% of total), the cytokine storm at day 5 was
associated with a significant 4.4-fold-higher WBC count than that
at early death (Table 2). In contrast to findings at early death,
neutrophil numbers were dominant (72% of WBC) and their ac-
tivation appeared to be the potential source of the different cyto-
kine profile (Fig. 3), 5-fold-higher lung oxidant MPO activity (Fig.
4), increased lung MDA (lipid peroxidation), and increased pul-
monary edema (Fig. 4). Curiously, the arterial PaO, of 85 mm Hg
was not indicative of hypoxia (90% saturation) and there was no
hypercapnia, no blood acidosis, and no hyperkalemia (Table 1).
Late death in controls appears to be a “systems failure” from a
neutrophil-dominated cytokine storm and persistent elevation of
blood lactate (2 mM). Lactate may remain elevated from the liver’s
reduced ability to clear lactate (via gluconeogenesis) and/or in-
creased peripheral mitochondrial dysfunction with a greater an-
aerobic contribution to sustain the body’s ATP-energy require-
ments during ongoing sepsis.

ALM-treated animals had similar profiles as sham-treated
animals. At the termination of the experiment on day 6, the ALM-
treated survivor group had inflammatory, immune cell counts
and blood gas, electrolyte, and lactate levels similar to those of
sham-treated animals (Fig. 2; Tables 1 and 2). ALM animals also
appeared to limit acute lung injury (Fig. 4), which is a major com-
plication of sepsis (4, 5). The one ALM animal that died on day 5
had a WBC count and inflammatory profile similar to those of
controls at early death but without elevated IL-6 in plasma (Fig. 3;
Table 2). The survival advantage of ALM therapy appeared to be
the bolstering of host defense and the minimization of collateral
damage or self-harm. Our working hypothesis is that ALM ther-
apy controls a centrally driven frontline regulatory response that
(i) reduces the body’s “stress” circuits from activating with im-
proved heart rate variability via the medulla’s nucleus tractus soli-
tarius “task matching” capability, (ii) helps to regulate the innate
control of adaptive immunity, and (iii) reduces aberrant immune
cell receptor-sensing mechanisms and uncontrolled gene expres-
sion programs that would otherwise lead to injury (16). In the
present study, we assume that the early pathogen-associated mo-
lecular patterns (PAMPS) and pattern recognition receptors
(PRRs) in ALM-treated animals were the same as those in con-
trols, but the deleterious overexpression of inflammatory and im-
mune responses was minimized or prevented. The ALM therapy
may also increase host fitness by increasing peripheral tolerance
to an ongoing pathogen challenge.

Damaging immune overexpression in response to sepsis may
arise from the body’s inability to distinguish self from non-self
(26) and may be leveled at multiple checkpoints, including central
nervous system (CNS) autonomic regulatory imbalance (41),
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macrophage effector dysfunction (42), “autoreactive” lympho-
cytes (26, 42), and aberrant neutrophil attack (43). Collectively,
this system of promiscuous immune malfunction may lead to de-
teriorating endothelial dysfunction, cardiac compromise, multi-
ple-organ failure, and eventually death.

At present, we do not know the relative contributions of aden-
osine, lidocaine, or magnesium to ALM protection in our rat
model of polymicrobial sepsis (9, 16). Individually, adenosine and
lidocaine have a long history in sepsis research, but neither have
realized therapeutic potential in the clinical setting, and hypomag-
nesemia is a frequent complication of septic and critically ill pa-
tients but magnesium therapy for improving outcomes is contro-
versial (44). In preclinical studies using knockout mice, and other
animal models, blocking adenosine A,, A,;, or A; receptors before
experimental sepsis has been shown to be associated with multi-
ple-organ dysfunction and increased mortality (45). Cs6ka and
colleagues further showed that activating A, adenosine receptors
protected against sepsis-induced mortality by dampening exces-
sive inflammation (46). Similarly, Wang and colleagues showed
that lidocaine was protective against sepsis in rats and is linked to
inhibition of serum high-mobility-group box 1 (HMGB1) expres-
sion and NF-kB in liver, kidneys, lungs, and ileum (47). Liu and
colleagues also showed that lidocaine protected against renal and
hepatic dysfunction in septic rats from the downregulation of
Toll-like receptor 4 (48). It is noteworthy that in all of our previ-
ous work, from myocardial ischemia to hemorrhagic shock, the
ALM combination is key for whole-body protection, as the indi-
vidual adenosine or lidocaine groups provided suboptimal out-
comes (16). Further studies are under way to understand the un-
derlying protective mechanisms of ALM during sepsis.

Potential clinical implications. The ALM therapy has a num-
ber of potential advantages for clinical adoption, as follows: (i) the
drug combination is used at higher concentrations as a “polariz-
ing” cardioplegia in cardiac surgery, and a recent prospective ran-
domized trials showed its superiority over the standard of care
(49); (i1) early drug infusion time for infection control is short (4
h); (iii) the small volume avoids the untoward pulmonary and
cardiac problems of colloidal or larger-volume saline-based fluid
therapies (37); and (iv) the therapy may help to bolster the host’s
early response to fight other “stressors,” i.e., viral or parasitic in-
fections (24), including buying biological time for victims of Ebola
and other viral hemorrhagic diseases.

Limitations of the study. The rat CLP model has many clini-
cally relevant features; however, translation of new drugs to hu-
man use has proven to be an enormous challenge (50). In the
present study, we did not characterize the bacterial burden or
clearance over the 6-day period, the mechanisms of innate sensing
and pattern recognition, lymphocyte subtypes, regulation of
adaptive immunity, endothelial function, or platelet function.
Nor did we investigate cardiac, liver, kidney, or gut function over
6 days or how long any animal could survive beyond 6 days. Fur-
ther studies are required to examine ALM therapy before human
trials with a full cardiovascular, tissue O, delivery, neurological,
immune, and coagulation assessment can be made.

Conclusions. We conclude in the rat model of experimental
sepsis that small-volume ALM treatment led to higher survivabil-
ity at 6 days (88%) than in controls (25%). Early death in controls
(day 2 to 3) was associated with significantly elevated plasma levels
of IL-1pB, IL-6, and C-reactive protein, severe plasma lymphocyte
deficiency, reduced neutrophils, and acute lung injury. Late death
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(day 5) was associated with a massive neutrophil inflammatory
storm, increased lung injury, and persistent ischemia.
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