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Abstract

Objective: A refractory haemorrhagic hypovolemic shock (HS) resuscitation is challenging. HS is associated with
profound depletions of cellular energy nucleotides that can cause death from a cardio-circulatory arrest. To prevent
an imminent cardio-circulatory arrest, vasopressors, commonly norepinephrine is usually temporarily administered to
manage a persistent hypotension that is not corrected by aggressive resuscitation efforts. The objective of this study
is to determine the post-resuscitation survival time after adjuvant resuscitations of a refractory HS with
norepinephrine, vasopressin or direct cytosolic energy (adenosine-5`-triphosphate, ATP) replenishment using lipid
vesicles encapsulating ATP (ATPv).

Methods: 50 male Sprague-Dawley rats were randomized to 5 groups of 10 each: HS/conventional resuscitation
(CR), HS/CR+Norepinephrine, HS/CR+Vasopressin, HS/CR+Vesicles, and HS/CR+ATPv. (HS=initial removal of
30% of the calculated blood volume, a 60 min hypotensive phase, and a subsequent transection of the spleen for
uncontrolled haemorrhage until persistent shock index (SI)>5 and mean arterial pressure (MAP)<35 mmHg were
achieved; CR=shed blood returned+double the shed blood volume as lactated Ringer’s solution). Direct cytosolic
ATP replenishment was accomplished with ATPv, which are highly fusogenic lipid vesicles encapsulating ATP.
Fusion of the ATPv with the cell membrane on contact, allows for direct cytosolic ATP delivery. We determined the
post-resuscitation survival time as the end-point of the study.

Results: All animals displayed the same class of shock as demonstrated by the SI and MAP. Median post-
resuscitation survival times (computed by the Kaplan-Meier survival curves and the long-rank Mantel-Cox test) were
as follows: HS/CR=35.5 min; HS/CR+Norepinephrine=38.5 min; HS/CR+Vasopressin=20 min; HS/CR+Lipid
Vesicles control=88.5 min; and HS/CR+ATPv=158.5 min (p<0.001).

Conclusion: The replenishment of the depleted cellular cytosolic energy stores in a refractory haemorrhagic
hypotensive shock prolongs post-resuscitation survival time and delays cardio-circulatory arrest. This buys time for
the initiation of definitive resuscitation protocols. Cellular energy failure appears to contribute to the pathogenesis of
shock refractoriness to resuscitation efforts. The temporary administration of vasopressors for pressure-support
resuscitation of a refractory haemorrhagic hypovolemic shock exerts no survival benefits.

Keywords: Haemorrhagic shock; Resuscitation; Cellular energy;
Vasopressors; Cytosolic energy delivery

Introduction
Trauma remains one of the most common causes of mortality and

morbidity worldwide [1]. Exsanguinating haemorrhage and the
resultant shock is the most common cause of mortality in the first hour
of arrival to a trauma centre and accounts for almost half of the trauma
deaths in the first 24 h [2,3]. The consensus in the management of
traumatic haemorrhage entails rapid homeostasis and subsequent
correction of the volume deficit [4,5]. The most recent human data
have confirmed that correction of the volume deficit by balanced
transfusions of plasma, packed red blood cells, and platelets in a 1:1:1
ratio achieved homeostasis and improved the 24 h survival as

compared with the traditional methods of resuscitation including
crystalloids [6-8]. Nevertheless, despite these modern resuscitation
protocols, the management of a refractory shock that is associated with
prolonged hypotension remains a challenge. In such a situation,
vasopressors, commonly norepinephrine, is added to the resuscitation
protocol to manage a persistent hypotension that is not responsive to
massive transfusions; and to protect against an imminent cardio-
circulatory collapse [9]. Today, there is no prospective evidence to
support the efficacy vasopressors in improving resuscitation outcome
after a refractory shock. It is likely that the refractoriness of shock to
resuscitation efforts is attributed, at least in part, to the failures to
maintain adequate cellular energy levels and end-organ perfusion to
satisfy the energy-dependent cellular processes and the tissue
metabolic demands.
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The role of cellular energy failure in the pathogenesis of traumatic
haemorrhage is well established [10-13]. Studies in animals have
demonstrated profound depletions of cellular levels of adenosine
nucleotides after traumatic haemorrhage [14,15]. This occurs as the
cellular energy production mechanisms shift from the aerobic high
energy-yield to the anaerobic glycolysis. Similarly, our systematic
studies with dual-label quantitative autoradiography have
demonstrated depletions of the local intravascular volume in all organs
even after adequate resuscitation that restored and maintained central
hemodynamic [16]. This result occurs as the trans-capillary starling
forces, which maintain a balanced intravascular volume, are perturbed
by both haemorrhagic shock and by resuscitation in favour of a rapid
trans-capillary fluid escape rate and depletion of the intravascular
volume. However, attempts to correct this energy failure by the
administration of exogenous magnesium-containing nucleotides like
adenosine-5`-triphosphate (ATP) have been unsuccessful. This is
attributed to two limiting effects: 1) ATP cannot pass through the cell
membrane in quantities sufficient to replenish and subsequently satisfy
cellular and tissue metabolic requirements [17,18]; and 2) the half-life
of free ATP in the blood is less than 40 s, limiting its efficacy as a
bioenergetics substrate. However, these limitations have been resolved
by the development of ATPv, which is highly fusogenic Nano-lipid
vesicle encapsulating ATP. ATPv fuses with cell membranes on contact,
thereby delivers its ATP load directly into the cytosol of cells [19].

The continued depletion of the cellular energy nucleotides together
with the contracted local intravascular volume contribute to the failure
to maintain adequate end-organ perfusion and hence, irreversibility of
shock. To examine this reasoning, we sought to determine the effect of
direct cytosolic energy replenishment with ATPv on the post-
resuscitation survival time in a rat model of lethal refractory shock. We
hypothesized that in a refractory shock, the adjuvant use of ATPv
along with conventional resuscitation improves post-resuscitation
survival time as compared with conventional resuscitation alone or
pressure-support resuscitation with either adjuvants norepinephrine or
vasopressin to conventional resuscitation.

Methods

General animal preparation
The Institutional Animal Care and Use Committees (IACUC) of

Hamad Medical Corporation and Qatar University (Doha, Qatar)
preapproved the experimental protocols. All experiments were
performed on male Sprague Dawley rats (weighing 200-220 g)
procured from Harlan Laboratories (Correzzana, Italy). They were fed
standard rat chow and allowed free access to water and feeding until
the day of the experiment. On that day, anesthesia was induced with an
intraperitoneal injection of 60 mg/kg of Pentobarbitone (Troy
Laboratories Pty Ltd, Plumpton, Australia), which was maintained
during the course of the experiment with a supplemental subcutaneous
injection of 25% of the induction dose at 60 min intervals. Body
temperature was maintained at 37º ± 0.5°C with a rectal probe and a
servo-controlled heating pad (TC-1000, Temperature Controller, CWE
Incorporated, Ardmore PA, USA). We carried out surgery after the loss
of blink and withdrawal reflexes. A tracheostomy was performed to
reduce airway resistance and to allow for spontaneous room-air
breathing. We cannulated the left carotid artery and then the right
femoral vein with PE-50 tubing for continuous blood pressure
recording using a calibrated pressure transducer connected to a blood
pressure analyser (BPA-400, Digi-Med, Louisville, KY, USA), and for

blood withdrawal and resuscitation, respectively. A mid-line
laparotomy was performed for access to the spleen, which was
transected for the induction of uncontrolled haemorrhage, according
to protocol. During the course of the experiment, at 5 min intervals, we
recorded the mean arterial pressure (MAP); and calculated the Shock
index (SI) as the ratio of heart rate to systolic pressure.

Characterization of the model of refractory haemorrhagic
shock

We performed our study in a reproducible rat model of lethal
refractory haemorrhagic hypovolemic shock. Our model encompasses
significant tissue damage (abdominal laparotomy incision, transections
of the splenic parenchyma, and a vascular injury), a reproducible class
of refractory shock, and inherent 100% mortality without resuscitation
intervention. We induced a refractory haemorrhagic hypovolemic
shock in two phases of haemorrhage separated by 60 min
hypovolemia. Phase-1 involved pump-controlled venous withdrawal of
30% of the animal’s calculated blood volume over 15 min using the
formula of Lee and Blaufox [20]. Hypovolemia was then maintained
for 60 min, followed by a phase-2 of uncontrolled haemorrhage as
induced by transections of the splenic parenchyma at the two ends of
the organ as well as the severing of one of the branches of the splenic
artery. The transected organ was returned to the abdominal cavity for
free arterial and venous bleeding until a preset point for homeostasis
and resuscitation intervention was reached. This was defined by the
following: 1) the need to infuse 0.5 ml saline to restore the mean
arterial pressure (MAP) to 50 mmHg at two consecutive occasions of
precipitous blood pressure drops within a 10 min period during the
phase of uncontrolled haemorrhage; and, 2) a rapid increase and
sustainability of the SI to a value>5 during the phase of uncontrolled
haemorrhage [21]. In our model, the two criteria that triggered the
initiation of resuscitation were reached within 10-15 min after the
splenic injury in all animals. The time of animal death was defined by a
pulse-less, zero mean arterial pressure on the continued hemodynamic
digital recording together with no respiration effort.

Chemical, drugs and tissue-bath solution
All chemicals were purchased from the Sigma Chemical Company

(St. Louis, Missouri, USA). We obtained Levophed (Norepinephrine
Bitartrate, Hospira Inc., Lake Forest, IL, USA) and Pitressin (Synthetic
Vasopressin, Par Pharmaceutical, Inc., Parsippany, NJ, USA) from
Hamad Medical Center Pharmacy. The energy delivery vehicle (ATPv)
was purchased from Energy Delivery Solutions (Energy Delivery
Solutions, LLC, Jeffersonville, IN, USA). We added the designated
vasopressor (or ATPv) to the crystalloid resuscitation fluid according
to protocol. ATPv is a special formulation of Adenosine-5’-
triphosphate (ATP) encapsulated in nanoscale delivery vehicles (lipid
vesicles), which are highly fusogenic. Fusion of the lipid vesicles with
the cell membrane and the rate of delivery of ATP directly into the
cytosol of cells have all been verified and validated by the manufacturer
in human umbilical endothelial cells, rat hepatocytes, and rat cardio-
myocytes.

Experimental protocol
In execution of the experimental protocol depicted in Figure 1, we

enrolled fifty animals in our study.
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Figure 1: Six phases (Enrollment, Procedures, Allocation,
Intervention, Observation and Data Analysis) of a randomized trial
of five experimental resuscitation groups. EQ=Equilibration Phase;
VCH=Volume Controlled Haemorrhage (30% of the estimated
blood volume); UHS=Uncontrolled Haemorrhage; Blood
RES=Return of the Shed Blood Over 5 min; HS=Haemorrhagic
Shock; CR=Conventional Resuscitation (return of shed blood over
5min followed by 2x the shed blood volume as ringers lactate
infused over the subsequent 25 min). All adjuvants were admixed
with the ringers lactate crystalloid solution; Lipid Vesicles=Lipid
Vesicles (no ATP); and ATPv=Lipid Vesicles Encapsulating ATP;
ATP=Adenosine-5`-Triphosphate.

After induction of anesthesia, all animals received a subcutaneous
injection of 2 ml of warmed normal saline to compensate for any fluid
loss during animal preparation. Following the surgical procedures,
there was a stabilization period of 45 min to allow the animal to
recover from surgical stress. We took the baseline hemodynamic
measurements during the last 10 min of the equilibration period. Then,
all animals underwent the first phase of a volume-controlled
haemorrhage. This was initiated by pump-controlled withdrawal
(Genie Touch, Kent Scientific Corporation, Torrington, CT, USA) of
venous blood (femoral vein), totalling 30% of the animal’s estimated
blood volume over 15 min. Following protocol, the shed blood was
preserved in a pre-rinsed heparin-coated tube (Heparin Leo, 1000 IU
per ml, Ballerup, Denmark) for later re-infusion. All animals stayed
hypovolemic during the subsequent 60 min. At the end of the
hypovolemic phase, the spleen was exteriorized and transected at the
two ends of the organ as described earlier. We then returned the spleen
to the abdominal cavity for uncontrolled bleeding. During this phase
of uncontrolled haemorrhage, we closely observed the animal until a
predetermined resuscitation-trigger point was reached. At that point,
haemostasis was rapidly achieved by ligation of the splenic pedicle.

Intravenous resuscitation was initiated by returning the shed blood
over 5 min. Animals were then randomly allocated to receive fluid
resuscitation with double the shed blood volume as Ringer’s lactate
[conventional resuscitation, CR]; or double the shed blood volume as
Ringer’s lactate containing either norepinephrine (25 µg/100g),
vasopressin (0.8 units/100g), lipid vesicles (2.5 mM lipid vesicles
without ATP)-the lipid vesicles control group; or, lipid vesicles
encapsulating ATP, that is, ATPv (2.5 mM/ml lipid/2.5 mM ATP).
There were 10 animals in each group. We completed resuscitation in 30
minutes in all animals.

Data reduction and statistics
We performed descriptive statistics and presented data as mean and

standard deviations for interval variables. Post-resuscitation survival
times for all groups were computed from the survival curves generated
by Prism-6 (GraphPad Software, Inc., La Jolla, CA, USA). The program
uses the product-limit method of Kaplan and Meier to generate the
survival curves, and the log-rank and the Gehan-Wilcoxon tests for
comparisons between the survival curves. Survival data was presented
and plotted as fractional survival, standard error as calculated by the
Greenwood method, together with the 95% confidence interval. As the
end-point measurement in each group is death, censored observations
were not accounted for in the analysis of the survival curves.
Differences in MAP and SI within the group and between groups were
analyzed by two-way analysis of variance and Tukey’s post-hoc test to
correct for multiple comparisons using Prism-6 (GraphPad Software,
Inc., La Jolla, CA, USA). A P-value of 0.05 (two-tailed) was considered
as statistically significant.

Results

Mean arterial pressure and shock index
The Table 1 Shows the summary and statistical analysis of the mean

arterial pressure (MAP) and shock index (SI) as determined for each of
the five experimental groups at the baseline, after hemostasis, at 5 min
after completion of resuscitation, and at the time of cardio-circulatory
collapse.

MAP and SI at the pre-haemorrhage baseline and at the time-point
of cardio-circulatory collapse were similar between individual animals
within each group and between groups. Establishment of hemostasis
after the second phase of uncontrolled haemorrhage produced similar
mean arterial pressures and shock indices in individual animals within
each group and between groups, suggesting a similar class of shock in
all animals. By design, none of the five resuscitation modalities
restored the MAP or the SI to the pre-haemorrhage levels. However, at
5 min time point following completion of resuscitation, the adjuvant
ATPv resuscitation group maintained a significantly higher MAP when
compared with the other 4 resuscitation groups.

Cardio-
dynamic
Index

HS/CR HS/CR+Lipid
Vesicles HS/CR+Norepinephrine HS/CR+Vasopressin HS/CR+ATPv P-value

Mean Arterial Pressure (MAP)

0 112.4 ± 11.7 111.0 ± 14.0 117.8 ± 11.6 117.4 ± 17.0 118.0 ± 18.0 0.34
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1 41.5 ± 8.5a 47.1 ± 8.3a 46.5 ± 6.3a 43.2 ± 7.8a 46.7 ± 5.6 0.35

2 49.6 ±
17.8a,b 56.9 ± 22.8 54.2 ± 19.6a,b 69.9 ± 30.8a,b 76.2 ± 15.1a,b 0.05

3 13.2 ±
12.9a,b,c 16.4 ± 14.5 a,b,c 7.8 ± 6.5a,b,c 9.5 ± 7.6a,b,c 14.8 ± 9.0a,b,c 0.34

P-value 0.001 0.001 0.001 0.001 0.001

Shock Index (SI)

0 2.8 ± 0.3 2.6 ± 0.3 2.5 ± 0.22 2.6 ± 0.3 2.5 ± 0.2 0.15

1 4.7 ± 1.2 4.8 ± 1.6 3.9 ± 0.6 4.6 ± 0.9 3.9 ± 0.8 0.24

2 4.5 ± 0.9 5.5 ± 1.6 4.2 ± 1.5 3.8 ± 1.3 3.5 ± 0.6 0.06

3 13.2 ±
10.0a,b,c 15.6 ± 23.0a,b,c 15.9 ± 8.9a,b,c 16.5 ± 12.7a,b,c 10.5 ± 4.8a 0.84

P-value 0.001 0.001 0.001 0.001 0.001

Table 1: Variations in MAP and SI within the group and among the groups.

Trends of the variations in the MAP and the SI over time from
individual animals from each group are given in Figure 2.

Figure 2: Trends of the mean arterial pressure (MAP) and the shock index (SI=Heart Rate/Systolic Pressure) from individual animals plotted
as a function of time, respectively for each of the five resuscitation groups in: A=HS/CR; B=HS/CR+Norepinephrine; C=HS/CR+Vasopressin;
D=HS/CR+Lipid Vesicles without ATP; and in E=HS/CR+ATPv. HS=haemorrhagic shock (controlled haemorrhage by removal of 30% of the
animals’ blood volume+60 min of hypovolemia+uncontrolled haemorrhage); CR=Conventional Resuscitation (return of shed blood and 2x
shed blood volume as lactated ringers). Lipid Vesicles=Lipid vesicles (no ATP); and ATPv=Lipid Vesicles encapsulating ATP;
ATP=adenosine-5`-triphosphate; Hatched vertical line represents the time-point of haemorrhage initiation. HS=Haemorrhagic Shock (30%
removal of the blood volume+60 min of hypovolemia+uncontrolled bleeding until haemostasis). CR=Conventional Resuscitation (return of
shed blood over 5 min followed by 2x the shed blood volume as ringer’s lactate infused over the subsequent 25 min). All adjuvants were
admixed with the ringers lactate crystalloid solution.

Citation: Zakaria ER, Joseph B, Jehan FS, Khan M, Algamal A, et al. (2017) Improved Post-Resuscitation Survival Time with Adjuvant Cytosolic
Energy Replenishment in a Murine Model of Hemorrhagic Refractory Shock . J Surg Anesth 1: 110. 

Page 4 of 7

J Surg Anesth, an open access journal Volume 1 • Issue 1 • 109



As seen in the figure, MAP and SI varied considerably during the
unsteady state of 25 min of infusion, much in accordance with the type
of the adjuvant resuscitation used. Manual infusion of norepinephrine
and vasopressin as guided by blood pressure monitoring, caused
remarkable but transient spikes in blood pressure above the pre-
haemorrhage levels. However, both vasopressors failed to maintain the
MAP after completion of resuscitation. This was associated with a
steady decrease in MAP and increase of the SI until death from cardio-
circulatory collapse. These trends contrast with the ATPv and the lipid
vesicles groups. During the 25 min of the unsteady state of manual
ATPv infusion and while observing for arterial pressure, ATPv caused
transient decreases in both MAP and SI. When compared with the
other 4 resuscitation groups, adjuvant ATPv maintained the MAP and
the SI close to the baseline for a much longer time after completion of
resuscitation. In addition, as seen in the figure 2, a SI ≥ 4 is a strong
predictor for shock decompensation, whereas an abrupt increase in the
SI to a ratio>5 suggests pending cardio-circulatory collapse and
subsequent death from cardiac arrest.

Post-resuscitation survival time
Figure 3 depicts the survival fractions from the five resuscitation

groups as computed by the Kaplan-Meier method.

Figure 3: Kaplan Meier analysis of the survival curves.
HS=Haemorrhagic Shock (30% removal of the blood volume+60
min of hypovolemia+uncontrolled bleeding until haemostasis).
CR=Conventional Resuscitation (return of shed blood over 5min
followed by 2x the shed blood volume as ringers lactate infused over
the subsequent 25 min). All adjuvants were admixed with the
ringers lactate crystalloid solution; Groups are: HS/CR; HS/CR
+Norepinephrine; HS/CR+Vasopressin; HS/CR+vesicles only and
no ATP; HS/CR+ATPv; Lipid Vesicles=Lipid Vesicles (no ATP);
and ATPv=Lipid Vesicles encapsulating ATP. ATP=adenosine-5`-
triphosphate.

Comparison of the five survival curves using the log-rank test for
trends rejected the null hypothesis in favor of significant difference
between the five survival curves (Chi-square 35.64, DF=4, P=0.0001)
and for trend (Chi-square 31.30, DF=1, P=0.0001). The survival curve
for the HS/CR group was similar to the curves of HS/CR
+Norepinephrine (P=0.131), and the HS/CR+Vasopressin (P=0.095),
but significantly different from the curve of the HS/CR+Lipid Vesicles
(P=0.0006). In contrast, the survival curve for the HS/CR+ATPv group
was significantly different from the HS/CR+Norepinephrine
(P=0.00001), HS/CR+Vasopressin (P=0.00001), and the HS/CR+Lipid

Vesicles (P=0.0005). Level of significance for the log-rank (Mantel-
Cox) test was adjusted for multiple comparisons. Median post-
resuscitation times were HS/CR (35.5 min), HS/CR+Norepinephrine
(38.5 min), HS/CR+Vasopressin (20 min), HS/CR+Lipid Vesicles (88.5
min), and HS/CR+ATPv (158.5 min).

Discussion
In this, prove of concept study, we reproduced refractory shock in

rats to determine the efficacy and effectiveness of three resuscitation
strategies in delaying cardio-circulatory arrest that follows this class of
shock. Among the three resuscitation strategies evaluated, only the
targeted cellular energy resuscitation strategy delayed cardio-
circulatory arrest. Although, a modest increase in post-resuscitation
survival time was obtained by resuscitation with the lipid vesicles
lacking the encapsulated ATP, vasopressors exerted no post-
resuscitation survival benefits over conventional resuscitation with
blood and crystalloids. Although our study is not a mechanistic study,
interpretation of the outcome of each of the three targeted
resuscitation strategies should take into consideration the pathogenesis
of a refractory haemorrhagic shock and, in particular, hypovolemia.
Lactated Ringer’s is the most commonly used crystalloid in the
resuscitation of haemorrhagic shock [22]. However, in progressive
haemorrhagic hypovolemic shock in which bleeding is controlled,
large crystalloid volumes are required to correct the volume deficit and
to support the central hemodynamics. Such aggressive crystalloid
resuscitation promotes hemodilution and coagulopathy, accelerates
systemic inflammation, and usually fails to maintain blood flow and
end-organ tissue perfusion [23-25]. The administration of vasopressors
in shock due to etiologies other than hypovolemia is a recognized
clinical practice [26]. In contrast, such therapy in hypovolemic shock
does not achieve the therapeutic goals of restoring tissue perfusion and
normalizing cellular metabolism.

In a previous study conducted in a pressure-controlled
haemorrhagic shock model in rats, we demonstrated that cellular
cytosolic energy replenishment restores and maintains the baseline
pre-haemorrhage hemodynamic and blood flow to the gut without the
need to correct for the vascular volume deficit with fluids [27]. These
favorable outcomes were explained by the restoration of the energy-
dependent cellular processes and by a strong positive inotropic action
of ATP [28]. It is interesting to note that resuscitation with the lipid
vesicles without the ATP maintained a higher post-resuscitation
arterial pressure and produced a longer post-resuscitation survival
time than the conventional or the pressure-support resuscitation with
vasopressors. Although unexpected finding, there are several possible
explanations for this observation. First, the composition of the lipid
vesicles is similar to that of the cell membrane, as it was specifically
designed to be unstable in order to fuse and integrate with cell
membranes on contact. Because of these similarities, the integration of
lipid vesicles within the cell membrane can potentially ameliorate the
cell membrane structural abnormalities such as fluidity, which, as
demonstrated in a number of studies, is known to occur with
haemorrhage [29-31]. Second, the observed favorable effects of the
lipid vesicles might relate to the ability of the phospholipid
components of the vesicles to stimulate the Na+/K+-ATPase [32]. This
helps to maintain resting membrane potential and cellular volume,
which are altered by haemorrhage [30]. However, the exact
mechanisms of the favorable effects of the lipid vesicles cannot be
directly discerned from the present single outcome study.
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The vascular endothelium accounts for ~24% of the total O2
consumption of the body [33] to generate energy from oxidative
phosphorylation and glycolysis in order to support its multifaceted
functions [34]. During conditions of energy substrate deprivation or
depletion of cytosolic nucleotides as in traumatic haemorrhage,
endothelial cells adapt by massive downregulation of their energy-
dependent processes [35]. As a result, endothelial protein synthesis and
the ability to control and maintain vascular tone and myogenic
response are severely impaired. In our study, cellular cytosolic energy
replenishments were restricted to the duration of the ATPv infusion. It
is likely that the rate of cytosolic ATP replenishment in our current
study was below the threshold required to fulfil the continued cellular
energy needs. Therefore, it remains to be determined if continuous
cytosolic ATP replenishment would completely prevent cardio-
circulatory collapse. This is beyond our current proving of concept
study.

We conducted preliminary studies using vasopressor concentrations
that were previously published [36-38]. These concentrations even at
prolonged and slow infusion times caused very high spikes in blood
pressure and remarkably prolonged resuscitation time. It was also
observed that a number of animals developed hydrostatic pulmonary
edema and had no improvement in post-resuscitation survival time.
Therefore, in the experiments summarized in the present study, the
doses of norepinephrine and vasopressin were reduced by 50%. Still,
these doses did not protect against cardio-circulatory collapse to
improve post-resuscitation survival time. In contrast, the ATPv
formula used in our present study contained free ATP in the medium,
which caused transient drop of blood pressure that lasted for seconds
during the resuscitation period. These drops in blood pressure were
not sustained as the half-life of free ATP in the blood is less than 40 s.
Nevertheless, to overcome any significant effect on blood pressure, the
administration of norepinephrine, vasopressin, or ATPv has to be
administered manually as small boluses and not as continuous
infusion. While continuously watching the blood pressure, this manual
infusion technique allows for the blood pressure to return to baseline
before the next bolus is infused. We should emphasize that all animals
in our current study received the same class of a refractory shock,
equivalent blood and crystalloid volumes, and similar resuscitation
times. We acknowledged that the standard of care resuscitation of this
class of refractory shock is to evoke the modern massive transfusion
protocols, and therefore all the animals in the present study are under-
resuscitated by design. This should not negate, refute or challenge the
significant difference in post-resuscitation survival times between the
five groups.

Conclusions
We concluded that the replenishment of the depleted cellular

cytosolic energy stores in a refractory haemorrhagic hypotensive shock
prolongs post-resuscitation survival time and delays cardio-circulatory
arrest. This buys time for the initiation of definitive resuscitation
protocols. Cellular energy failure appears to contribute to the
pathogenesis of shock refractoriness to resuscitation efforts. The
temporary administration of vasopressors for pressure-support
resuscitation of a refractory haemorrhagic hypovolemic shock exerts
no survival benefits.

MAP and SI presented as mean ± SD. HS=haemorrhagic shock
(30% removal of the blood volume+60 min of hypovolemia
+uncontrolled bleeding until haemostasis). CR=Conventional
Resuscitation (return of shed blood over 5 min followed by 2x the shed

blood volume as ringer’s lactate infused over the subsequent 25 min).
All adjuvants were admixed with the ringers lactate crystalloid
solution.

ATPv=Lipid Vesicles encapsulating ATP; ATP=adenosine-5`-
triphosphate; 0, 1, 2, and 3 were measurements at baseline,
immediately after haemostasis (ligation of splenic pedicle), 5 min after
completion of resuscitation, and at the time of cardio-circulatory
collapse, respectively. Variation within the group’s time points 1 vs. 0
(a) p<0.001; 2 vs. 1 (b) p<0.001; and 3 vs. 2 (c) p<0.001 by two-way
analysis of variance and Tukey’s multiple comparison post hoc test.
Vesicles encapsulating ATP; ATP=adenosine-5`-triphosphate.
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