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Abstract The liver is currently considered to be one of

the first organs to be subjected to the hypoxic insult

inflicted by hemorrhagic shock. The oxidative injury

caused by resuscitation also targets the liver and can lead to

malfunction and the eventual failure of this organ. Each of

the various fluids, vasoactive drugs, and pharmacologic

substances used for resuscitation has its own distinct

effect(s) on the liver, and the anesthetic agents used during

surgical resuscitation also have an impact on hepatocytes.

The aim of our study was to identify the specific effect of

these substances on the liver. To this end, we conducted a

literature search of MEDLINE for all types of articles pub-

lished in English, with a focus on articles published in the last

12 years. Our search terms were ‘‘hemorrhagic shock,’’

‘‘liver,’’ ‘‘resuscitation,’’ ‘‘vasopressors,’’ and ‘‘anesthesia.’’

Experimental studies form the majority of articles found in

bibliographic databases. The effect of a specific resuscitation

agent on the liver is assessed mainly by measuring apoptotic

pathway regulators and inflammation-induced indicators.

Apart from a wide range of pharmacological substances,

modifications of Ringer’s Lactate, colloids, and pyruvate

provide protection to the liver after hemorrhage and resusci-

tation. In this setting, it is of paramount importance that the

treating physician recognize those agents that may attenuate

liver injury and avoid using those which inflict additional

damage.
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Introduction

Hemorrhagic shock (HS) is the major cause of death in

trauma patients [1]. In addition, even among patients who

initially survive HS, a percentage will subsequently die of

multiple organ failure mainly due to ischemia/reperfusion

injury [2]. The liver is among the organs most frequently

affected by shock [3]. It has been reported that 20 % of

patients in hypovolemic shock will exhibit some degree of

liver dysfunction and that the morbidity related to inflam-

mation-induced liver dysfunction is by no means negligible

[2, 3]. Proper hepatic failure, as assessed by bilirubin levels,

is certainly less common, but again not insignificant. As

many as 5 % of patients who survive 24 h after hemorrhagic

shock may ultimately suffer from hepatic failure, although in

the majority of cases the condition is reversible [3].

Fluid resuscitation is the mainstay of the management of

hemorrhagic shock. The amount and type of fluid is of

particular importance, as is the timing of resuscitation.

Although early resuscitation with aggressive fluid admin-

istration restores central hemodynamics, this treatment may

cause further bleeding through elevation of the blood

pressure and dislodgment of blood clots. In this setting,
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different pharmacologic strategies can also be helpful. Late

resuscitation, on the other hand, may cause or aggravate

ischemia–reperfusion injury that particularly affects the

liver.

The aim of this article is to review the impact of dif-

ferent resuscitation strategies on the liver, including dif-

ferent types of fluids and pharmacological agents. Two of

the authors conducted a systematic literature search of

MEDLINE using the terms ‘‘hemorrhagic shock,’’ ‘‘liver,’’

‘‘resuscitation,’’ ‘‘vasopressors,’’ and ‘‘anesthesia.’’ A

manual review of references from each pertinent article

was also carried out in order to identify additional related

articles. Articles in languages other than English and edi-

torials, letters, and case reports were excluded from the

review. We mainly included studies published between

2000 and May 2012, although articles published before

2000 were included if they contained an important patho-

physiologic mechanism. When studies were identified that

involved the same substances and similar results, we

included the most recent one in the review. Experimental

studies were all included since they constituted the greatest

source of information in the field.

Pathophysiology of liver dysfunction

during hemorrhagic shock

Hemorrhagic shock-induced hepatic injury has two main

components (Fig. 1). The primary injury takes place in the

early phase of shock and is due to hypovolemia and sub-

sequent ischemia, while the secondary injury is attributed

to the reperfusion phase [2]. More specifically, massive

blood loss leads to reduced oxygen delivery, mainly

because of hemoglobin reduction, which is the principal

determinant of the oxygen content of blood. Moreover,

peripheral vasoconstriction also contributes to ischemia. At

the cellular level, ischemia often results in membrane

damage, loss of homeostasis ability, and hepatocyte

necrosis. Conversely, apoptotic cell death occurs mainly

during the restoration of the circulation and oxygen supply,

as apoptosis is a process that depends on oxidative

metabolism [4]. As a result, apoptosis is more associated

with the reperfusion phase rather than the ischemic period.

However, it is possible that signals resulting from ischemia

initially share common pathways and finally culminate in

either necrosis or apoptosis depending on the degree of

resuscitation and the particular position of the hepatocyte

within the acinus [5]. Thus, the distinction between the two

components is not always that clear as they may coexist.

Liver dysfunction following HS and resuscitation is

therefore a combination of ischemia and reperfusion injury.

The extent of ischemia is determined by the duration and

the depth of the shock, which also influences the degree of

reperfusion injury. Depletion of cellular ATP due to

ischemia results in the induction of inflammatory pathways

and ultimately to necrosis. Specifically, hypoperfusion

causes neutrophil adhesion and infiltration, activation of

Kupffer cells, endothelial and hepatocyte damage, and

Fig. 1 Illustration of the

pathophysiologic mechanisms

that mediate hepatic damage

after hemorrhagic shock and

resuscitation. Hb Hemoglobin,

HO-I heme-oxygenase-I, IL
interleukin, TNF tumor necrosis

factor, I-NOS inducible form of

nitric oxide synthase, ROS
reactive oxygen species, ICAM
inter-cellular adhesion

molecule-I
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release of proinflammatory cytokines. Microcirculatory

dysfunction within the liver, biliary stasis, and subsequent

fibrosis also occur [6]. Inter-cellular adhesion molecule 1

(ICAM-1), which is expressed on endothelial cells, plays

an important role in neutrophil adhesion and is found to be

up regulated in hepatocytes in HS [7]. The degree of

systemic inflammation depends on the balance between

production of proinflammatory cytokines [interleukin

(IL)-1, -6; tumor necrosis factor-alpha (TNF-a)] and anti-

inflammatory ones (IL-4, IL-10), with the gut and liver

being the major sites of cytokine production in this setting.

TNF-a contributes to hemodynamic instability and

organ damage [8]. Increased production of vasoconstrictors

and the increased sensitivity of the hepatic vasculature to

endothelin may further compromise liver perfusion [9]. As

a consequence, despite fluid resuscitation, the liver may

still exhibit signs of hypoperfusion [10]. Interestingly,

hypovolemic shock results in the induction of heme oxy-

genase 1 (HO-1), an enzyme that degrades heme to bili-

verdin, iron, and carbon monoxide (CO). As CO acts as a

vasodilator on the hepatic vessels, the induction of HO-1 in

HS has a protective effect in the liver [11, 12]. Hence,

substances that act through induction of HO-1 seem to play

a protective role in HS.

Hepatic injury can be accentuated during the reperfusion

phase that occurs with volume replacement. Despite

intravascular fluid restoration, liver vasoconstriction and

subsequent hypoperfusion may persist together with tissue

fluid sequestration. In this phase, the production of reactive

oxygen species (ROS) further compromises liver function.

The production and release of free radicals is partially

attributable to the inducible form of nitric oxide synthase

(iNOS) in the liver, which is upregulated in HS [13]. The

influx of Ca2? due to acidosis or its accentuated release

from intracellular sites during reperfusion plays a major

role in death after ischemia/reperfusion [14]. Finally, there

is a growing body of evidence that platelets have a proin-

flammatory role in HS by interacting directly with leuco-

cytes or by augmenting leukocyte function through direct

interaction and subsequent release or surface expression of

substances such as arachidonic acid and CD40 ligand that

augment reperfusion injury [15]. More specifically, hepatic

reperfusion injury can be distinguished as two different

phases. The early reperfusion phase consists of the first 2 h

of reperfusion and is mainly characterized by the activation

of Kupffer cells, which causes the formation of ROS and

cytokines, culminating in damage to both endothelial cells

and hepatocytes [16]. This early period of reperfusion

injury provides the basis for the subsequent late reperfusion

phase, which mainly consists of neutrophil activation and

the additional release of ROS as described above [17].

In this setting, the regulation of the inflammatory response

through the type and amount of fluids administered for

resuscitation and the pharmacologic strategies used are of

paramount importance.

Impact of resuscitation fluids on the liver

Crystalloids

Resuscitation with crystalloid fluids has been the treatment

of choice for HS for more than half a century. The most

commonly used crystalloids are the lactated Ringer’s

solution (LR) and the normal saline (NS) (see Table 1 for

abbreviations). Both of these have been studied thoroughly

with regard to their hemodynamic properties, their effect

on coagulation and acid–base homeostasis, their transition

from the intravascular to the extracellular and intracellular

space, and their effects on lungs and kidneys, whereas a

relative paucity of information exists regarding their effects

on the liver (Table 2).

The exact composition of the crystalloid fluid seems to

play a pivotal role in regulating hepatic apoptosis. Racemic

LR solution, which contains both the D- and L-isomers of

lactate, is the crystalloid most widely used in the clinical

setting. However, modifications of the classic LR have also

been studied. These include bicarbonate Ringer’s (BR),

ketone Ringer’s (KR), pyruvate Ringer’s (PR), and L-lac-

tated Ringer’s (L-LR) which contains only the L-isomer of

lactate. Conventional LR has been proven to possess hep-

atotoxic properties in animal models [18, 19]. In fact, in a

short-term model, Ayuste et al. [19] found that the degree

of liver apoptosis with LR, as measured both by nuclear

DNA fragmentation and morphological parameters, was

more accentuated in animals resuscitated with LR than in

those not resuscitated at all. As there is no high incidence

of complications in the clinical use of LR, these authors

Table 1 Abbreviated terms for crystalloid fluids

Abbreviation Crystalloid fluids

BR Bicarbonate Ringer’s

HES Hydroxyethyl starch

HSD Hypertonic saline dextran

HSP Hypertonic sodium pyruvate

HTS Hypertonic saline 7.5 %

KR Ketone Ringer’s

L-LR L-Lactate stereoisomer Ringer’s

LR Lactated Ringer’s solution

NS Normal saline solution

PR Pyruvate Ringer’s

REP Ringer’s ethyl pyruvate

b-HOB b-Hydroxybutyrate
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Table 2 Studies of resuscitation fluids

First author

of published

studies

Animal

model

Shock depth/duration Fluids

compareda
Enzyme

leakage

Inflammation Oxidative

stress

Apoptosis/

necrosis

Other results

Tawadrous

[28]

Rat 40 mmHg/150 min REP ;

Yang [92] Mice 30 mmHg/120 min REP ; ; : Survival at

24 h

Shah [50] Rat 33–36 ml/kg/150 min LR fast rate : ; Survival at

72 h

LR medium

rate

; : MAP

LR slow rate ;; : MAP

Knudson

[43]

Swine 40 mmHg/40 min LR

HSD

HBOC-201 ; : MAP

Shires [21] Rat 40 mmHg/40 min Plasma ::::

HTS :::

NS ::

LR :

BR ;

KR ;;

Sharma [29] Rat 40 mmHg/60 min HTS

b-HOB

HSP ; ; : Mitochondrial

resp

Mulier [24] Swine 47–55 mmHg 90 min LR ND ND

mitochondrial

respiration

REP

Hoppen [36] Rat 45 mmHg/60 min LR

HTS ;; : Secretory

function

Jaskille [18] Rat 40 % total blood volume/

75 min

DL-LR :

L-LR ; : Mitochondrial

resp

KR ; : Mitochondrial

resp

PR ;;

Ayuste [19] Swine 40 % total blood volume/

30 min

NS ;; ;; ;;

LR : ::: ::

L-LR ::: :: ;;;

KR ; ; ;

HES :: : :

Johnson

[44]

Swine 40 or 55 % total blood

volume/

20 min ? uncontrolled

HS group/15 min

HBOC-201 : Cholangiohepatitis : Survival at

72 h in severe

shock

HES

Tsai [33] Rat 30–40 mmHg/60 min Whole blood

L-LR

HES ; ;; : Survival

Deree [37] Rat 35 mmHg/60 min LR

HSPTX ; ; ;; ;; : Survival
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postulated that the adverse effects were probably dose-

dependent. In agreement with this proposal, various other

fluids, namely, NS, L-LR, KR, and hetastarch, were found

to be superior to LR in terms of anti-apoptotic effects on

hepatic tissue, even though lactate/pyruvate ratios in the

liver, reflecting metabolic activity, did not exhibit statis-

tically significant differences between groups. This latter

finding is not necessarily conflicting as tissue ATP levels

do not always reflect the degree of apoptosis. A similar

study comparing LR, L-LR, KR, and PR yielded compa-

rable results: the use of racemic LR increased the number

of apoptotic cells, reduced the expression of antiapoptotic

protein bcl-2, and reduced the hepatic ATP reserve [18].

When lactate was substituted with b-hydroxybutyrate

(b-HOB) or pyruvate, forming KR and PR, respectively,

apoptosis was further decreased. L-LR and KR improved

hepatocellular ATP levels while PR and LR failed to

replenish ATP reserve. Overall, modifications of LR

would appear to exert protective effects on hepatic tissue

during resuscitation.

Compared to NS, resuscitation with LR requires less

volume and is associated with less dilutional coagulopathy

and increased survival in swine [20]. Shires et al. compared

the apoptotic effect of NS, LR, hypertonic saline 7.5 %

(HTS), plasma, BR, and KR and concluded that BR and

KR induced the lowest apoptosis among all solutions

studied [21]. Unexpectedly, liver apoptosis in the LR group

was lower than that in the HTS group which is not in

agreement with the effect in other tissues studied [22, 23];

the authors postulated the cause to be a technical error. The

novel BR used in this experiment is believed to decrease

apoptosis by balancing the membrane potentials and

decreasing overall cellular destruction.

Pyruvate-containing solutions

Special attention should be given to pyruvate, as several

studies have proved its value as either an additive in bal-

anced salt resuscitation solutions or as an independent

agent. In particular, pyruvate, an intermediate molecule in

glucose metabolism, serves as a potent antioxidant and

ROS scavenger [24], and its antioxidant action has been

substantiated in hepatocellular cultures [25]. Unfortunately,

it has a very poor stability in aqueous solutions where it

forms 2,4-dihydroxy-2-methylglutarate, a substance that is

poisonous to mitochondria; consequently, its clinical use

has not gained popularity [26]. In an attempt to overcome

this toxicity problem, Sims et al. [27] used a derivative of

pyruvate, ethyl pyruvate, in a calcium ? potassium-con-

taining balanced salt solution, i.e., Ringer’s ethyl pyruvate

(REP). Shortly thereafter, Tawadrous et al. [28] confirmed

the positive effect of REP in reducing the oxidative stress

for hepatocytes as compared to conventional LR. Com-

pared to hypertonic saline and hypertonic b-HOB, hyper-

tonic sodium pyruvate has a protective effect on the liver

by lowering alanine transaminase (ALT), aspartate trans-

aminase (AST), and iNOS levels and by improving mito-

chondrial respiration [29]. This protective effect has been

attributed to the excellent antioxidant action of pyruvate

[29]. The same investigators also compared the infusion of

low-volume hypertonic sodium pyruvate (HSP) with REP,

HTS, NS, and LR. HSP was found to possess better met-

abolic, antioxidant, and antiapoptotic properties than REP

and the other fluids used. However the anti-inflammatory

effects HSP and REP were comparable, as shown by their

reduction of TNF-a and IL-6 levels in the liver and serum.

HSP is likely to be a better resuscitation medium than REP

Table 2 continued

First author

of published

studies

Animal

model

Shock depth/duration Fluids

compareda
Enzyme

leakage

Inflammation Oxidative

stress

Apoptosis/

necrosis

Other results

Cai [31] Rat 35–40 mmHg/30 min HES

HES ? ethyl

pyruvate

; ; : Survival

Sharma [30] Rat 40 mmHg/60 min HTS

LR

REP ; ; ; ; : Mitochondrial

resp

HSP ;; ;; ;; ;; ::
Mitochondrial

resp

ND No difference, HS hemorrhagic shock, MAP mean arterial pressure
a

DL-LR or LR D- and L-stereoisomer lactated Ringer’s, HSPTX hypertonic saline 7.5 % with pentoxifylline, HBOC-201 hemoglobin-based

oxygen carrier; for other abbreviations, see Table 1
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as it mitigates elevations in ALT, AST, caspase-3 activity,

a marker of apoptotic cell death, and malondialdehyde

(MDA) levels in addition to increasing ATP levels in

hepatocyte mitochondria [30]. MDA is a product of lipid

peroxidation, and increases in its level imply impairment of

normal mitochondrial membrane structure; consequently, it

is used as a marker of oxidative stress. Cai et al. [31] have

supplemented 6 % hydroxyethyl starch with 50 mM ethyl

pyruvate and compared it to plain starch in awake hem-

orrhage. Although both solutions attenuated the elevation

of liver TNF-a, starch with ethyl pyruvate additionally

prevented high serum TNF-a levels. On the contrary, a

study on liver tissue energetics and tissue perfusion,

assessed by nuclear magnetic spectroscopy and near-

infrared reflectance spectroscopy, did not confirm a supe-

riority of REP over LR [24]. However, this is not in conflict

with the concept that pyruvate acts mainly through its

antioxidant capacity and not through its energetic

properties.

Low-volume resuscitation

The classic resuscitation strategy with high-volume crys-

talloids has recently been brought into question. Hyper-

tonic crystalloids and colloids, or a combination of the two,

have gained attention due to certain improved attributes,

i.e., they are more effective in expanding the plasma vol-

ume, restoring hemodynamic parameters, and improving

microcirculation [32]. A study comparing hydroxyethyl

starch (HES) with blood and LR in a resuscitation model of

hemorrhaged rats demonstrated that both shed blood and

that HES reversed the NF-jB-mediated inflammatory

process caused by HS when low volumes were infused

[33]. Based on their measurements of glutathione, a mol-

ecule that is pivotal in the cellular defense against oxida-

tive stress, these authors concluded that HES did cause

oxidative stress for hepatocytes [33]. Both colloids and

hypertonic fluids have also been studied in combination

with adjunctive substances with the aim of improving

resuscitation results. For example, Wu et al. [34] used a

murine model to study the effects of a Na?/H? exchanger

inhibitor (BIIB513) in combination with low-volume

resuscitation with HES (15 ml kg-1). These authors

reported that Na?/H? exchanger activation resulted in

intracellular Na? and Ca2? overload, thus contributing to

cell death. Hetastarch alone improved hemodynamic

parameters, but failed to restore plasma TNF-a, ICAM-1,

AST, ALT, and myeloperoxidase (MPO) activity in the

liver, while the addition of the inhibitor further raised mean

arterial pressure (MAP) towards baseline and also attenu-

ated the inflammatory response [34].

HTS, which is known to possess an anti-inflammatory

action by suppressing neutrophils [35], has also been

investigated as a low-volume resuscitation strategy. Hop-

pen et al. [36] found that HTS reduced ALT and total

bilirubin levels and increased bile flow. Its hepato-protec-

tive effect was attributed to improved microvascular per-

fusion due to low-volume resuscitation. Compared with

LR, the co-administration of HTS and pentoxifylline

attenuates histologically proven liver injury and elevates

transaminases, i-NOS, and pro-inflammatory cytokines

[37].

The combination of colloid and hypertonic solutions

seems to further improve outcome. In two consecutive

animal experiments, Corso et al. [38, 39] concluded that

hypertonic saline dextran (HSD) improved hepatic micro-

vascular perfusion by roughly 4 % more than dextrane

alone and by 6 % more than LR; this improvement was

statistically significant, although it might be relatively

small to be biologically important. The arterial ketone body

ratio and bile flow were also measured as an index of the

functional reserve of the liver, and both were found to be

improved with the use of HSD. In the second experiment,

leukocyte adherence and stagnation in hepatic sinusoids

and venules were studied, and both were found to be

reduced in the dextran group and further minimized in the

HSD group [38, 39].

An older study comparing recombinant human serum

albumin, plasma-derived 5 % albumin, and LR found no

differences in hepatic energy metabolism or blood pyruvate

and lactate levels between the three treatment groups [40].

In another study, a laboratory-constructed conjugate of

human albumin with bovine hemoglobin conferred 100 %

survival rate (same as whole blood) and better liver his-

tology compared to LR, 5 % human albumin in LR, and

stroma free hemoglobin [41].

Lastly, plasma resuscitation, especially lyophilized

plasma, reduces inflammation markers in blood, but studies

focusing specifically on hepatic tissue are lacking [42].

Hemoglobin-based solutions

Hemoglobin-based oxygen-carrying (HBOC) solutions

constitute another relatively novel resuscitation strategy

currently under investigation. Knudson et al. [43] com-

pared HBOC-201 to conventional LR and HTS dextran in a

swine HS model. Although HBOC-201 was the most

effective fluid in restoring MAP to baseline levels, liver

PO2 was lower with HBOC-201 than with the other fluids

test, although the difference did not reach statistical sig-

nificance [43]. While HBOC-201 seems to favor overall

survival in severe uncontrolled HS, it has been associated

with hepatobiliary hyperplasia, cholestasis, and neutrophilic

cholangiohepatitis. Furthermore, AST and alkaline phos-

phatase are higher with HBOC treatment than with 6 %

hetastarch in LR [44]. Interestingly, these manifestations
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were more obvious when HS was moderate, but with

increasing severity of the HS, the difference between HBOC

and hetastarch-LR resuscitated swine was less pronounced

[44]. York et al. [45] also reported elevation of liver enzymes

when resuscitating swine with HBOC-201 in comparison to

LR or blood. HBOC-201 hepatotoxicity has been well doc-

umented [46] and constitutes a problem, especially for

patients with pre-existing liver diseases.

Hypotensive resuscitation

A resuscitation practice that has gained attention in recent

years is the so-called ‘‘controlled’’ or ‘‘hypotensive’’ or

‘‘slow’’ resuscitation. This concept is in conflict with the

current trauma resuscitation approach that recommends

rapid volume resuscitation in order to restore arterial blood

pressure to normal values [47]. However, slow—as

opposed to aggressive—resuscitation would allow com-

pensatory hemostatic mechanisms to work and would

minimize the risk of clot dislocation, hemodilution, loss of

platelets, and coagulant factors while restoring some

intravascular volume. On the other hand, a great delay in

providing adequate resuscitation could aggravate ischemia/

reperfusion injury and decrease survival. Li et al. [48]

studied and compared different target MAPs and different

durations of permissive hypotension in a rat model of liver

injury. Resuscitation was achieved with whole blood and

LR at a ratio of 1:2. According to their findings, the ideal

resuscitation MAP seems to be 50–60 mmHg, as a MAP of

[80 mmHg or \40 mmHg augments hepatic damage,

worsens mitochondrial function, and reduces survival rates.

However, this ‘‘permissive hypotension’’ should not exceed

90 min in duration because severe liver damage can occur

after this critical point.

Similarly, in another study in rats resuscitated with NS,

apoptosis in the liver was more pronounced when the target

MAP was 80 mmHg compared to 40 mmHg. Higher blood

pressure was also associated with increased blood loss [49].

The detrimental effects of rapid LR resuscitation had

already been confirmed by Shah et al. [50] in terms of both

survival and hepatic dysfunction measured by plasma

ornithine carbamoyltransferase. On the contrary, Talving

et al. [51] found a comparable survival at 100 min in swine

resuscitated with HTS dextran when the infusion was

delayed either for 20 min or for 40 min after HS. Even

though portal vein and hepatic artery blood flow were

increased in the delayed resuscitation group, there was no

statistically significant effect on mortality.

Direct peritoneal resuscitation

A novel resuscitation strategy, denoted direct peritoneal

resuscitation (DPR), has been recently studied as an

alternative or in combination to conventional fluid resus-

citation. DPR is a process by which the small intestine is

exposed to peritoneal dialysis solution during resuscitation

from HS. Peritoneal resuscitation initiated at the start of

intravenous (i.v.) fluid administration improves effective

liver blood flow, as measured by galactose clearance [6].

Additionally, it is associated with minimal or no hepatic

injury and normal ALT and AST levels [6]. Another

important aspect of DPR is that it prevents the formation of

tissue edema caused by conventional resuscitation alone as

assessed by dry/wet weight ratios [6, 52, 53]. DPR

increases the production of the anti-inflammatory cytokine

IL-10 from the liver [52] and reduces the levels of TNF-a
and IL-6 in the liver and portal blood. The overall bene-

ficial effect of DPR seems to be attributed to better gut and

liver perfusion, which is related to attenuation of the

inflammatory cascade following HS and resuscitation.

More recently, DPR has also been applied in clinical

practice, in trauma patients in particular, with the favorable

result of lower intra-abdominal complication rates [54].

Vasoactive substances

Vasoactive substances are also widely used in HS resusci-

tation. The hepatic artery possesses a1-adrenergic receptors,

which cause vasoconstriction, as well as b2-adrenergic,

dopaminergic (D1) and cholinergic vasodilating receptors.

The portal vein has only a1-adrenergic and D1 receptors.

Among the vasoactive substances having an effect on the

liver, the most thoroughly studied agents are vasopressin,

noradrenaline (norepinephrine), and dobutamine.

As previously described, HS causes the hepatocellular

induction of HO-1, which contributes to the maintenance of

liver blood flow and hepatocellular integrity. Dobutamine

preconditioning seems to offer a protective effect through

activation of this pathway [55]. Arginine vasopressin

(AVP) raises blood pressure by acting on V1 vasocon-

stricting receptors and seems to be more effective in

maintaining MAP in uncontrolled HS than noradrenaline

[56]. Concerns have been raised that by diverting blood

flow away from the splanchnic bed to the heart and brain,

AVP may contribute to gut necrosis, translocation, and

subsequent sepsis and death [57]. However, studies have

shown only a transient decrease of liver blood flow 2.5 min

after AVP administration, with restoration 10 min later,

and a significantly higher portal vein blood flow with AVP

compared to noradrenaline [58, 59]. Moreover, this effect

is attributed, as discussed, to a decrease in portal vein blood

flow, while it is important that hepatic artery flow is

maintained. Stadlbauer et al. [60] demonstrated that AVP

administration (0.4 U/kg) during HS caused by liver
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trauma in pigs resulted in less blood loss and increased

long-term survival (7 days) compared to fluid resuscitation

with LR ? plus gelatin, with the disadvantage that organ

blood flow was not measured. It has also been confirmed in

small animal models that 0.1 U/kg AVP, unlike nor-

adrenaline, increases blood flow in the liver, as measured

through a Doppler flowmeter, and ameliorates hepatic

mitochondrial function. However, the precise mechanisms

need to be investigated. Even though in previous models

AVP seemed to be the better choice over noradrenaline

when each agent was the only agent administered, in this

study these favorable effects seemed to be more accentu-

ated with the combined administration of AVP and nor-

adrenaline [61]. Lastly, angiotensin II release during HS is

at least partially responsible for extracellular signal-related

kinase (ERK1/2) elevation in the liver. ERK1/2 is a kinase

with an established role in stress-signaling; as a result, the

modulation of angiotensin II levels through the inhibition

of angiotensin converting enzyme may play a protective

clinical role by improving perfusion [62]. The greatest

limitation of the aforementioned studies is that the impact

on long-term survival could not always be estimated. The

researchers focused mainly on short-term survival and the

effects on liver blood flow without thorough investigation

on hepatic cellular function.

Impact of anesthetic agents on the liver

during resuscitation

Most trauma patients will require anesthesia for definite

surgical control of bleeding. This usually takes place

concomitantly or shortly after fluid resuscitation. Various

agents used in anesthetic practice have been investigated

for their effect on the liver during hemorrhage and resus-

citation. In an experimental study in conscious rats, post-

shock treatment with low-dose propofol (1 mg/kg/h for

48 h) decreased AST, ALT, lactate dehydrogenase, crea-

tine phosphokinase, TNF-a, and IL-10 levels, while it also

attenuated hepatic cell necrosis [63]. Overall, low-dose

propofol was associated with increased survival rate. In this

same study, high-dose propofol (10 mg/kg/h for 48 h)

produced adverse results, possibly due to a greater reduc-

tion in blood pressure [63]. In a similar experiment model

in hypertensive rats subjected to the withdrawal of 40 % of

blood volume, high-dose propofol (10 mg/kg/h) given in

continuous infusion for 48 h conveyed greater liver pro-

tection than low-dose propofol (1 mg/kg/h), but in contrast

the former also increased IL-10 levels [64]. This discrep-

ancy should be addressed in future studies. It has been

postulated that the beneficial effect of propofol can be

attributed to its anti-inflammatory properties. Combining

the results of hypertensive and normotensive animals it

could be postulated that the protective effect of propofol is

evident as long as hypotension is not accentuated with its use.

Limitations such as the absence of temperature monitoring

were also highlighted in the above-mentioned studies.

Volatile anesthetics influence hepatic blood flow through

their varying effects on the hepatic artery and the portal vein.

Halothane is well-known for its hepatotoxicity under certain

circumstances. Takahashi et al. compared the effects of iso-

flurane and halothane on the rat liver during HS at 40 mmHg

for 50 min, using these two agents for both the induction and

maintenance of anesthesia [65]. Overall, halothane was

associated with greater increases in AST, greater intracellular

acidosis, and a reduction in ATP content, as assessed by 31P

nuclear magnetic resonance spectroscopy. Taken together,

these changes suggest an impairment of the oxygen supply to

the liver and a possible correlation with hepatocyte damage.

The same investigators compared the continuous adminis-

tration of ketamine and isoflurane. Between the two agents,

isoflurane was again superior to ketamine as the decrease in

ATP/Pi (inorganic phosphate), reflecting that phosphoener-

getic state of hepatic cells was more marked in the ketamine

group, with limitations involving the use of spectroscopy in

rat liver [64]. Similarly, hepatic necrosis was found in rats

anesthetized with ketamine/diazepam and ketamine/xylazine

(an a-2 agonist), while it was not present in the animal group

anesthetized with isoflurane [67]. In the ketamine/xylazine

group distention of Disse spaces was found. On the contrary,

a study comparing ketamine and isoflurane mainly focusing

on the lung demonstrated lower TNF-a mRNA production in

the ketamine group, even though serum IL-6, IL-8, and

TNF-a were equal in the two groups [68]. In a pig model of

ischemia/reperfusion injury not due to hemorrhagic shock

and resuscitation, but caused by portal triad clamping, iso-

flurane and sevoflurane were found to exert a comparable

effect on the liver judged mainly by plasma a-glutathione-S-

transferase (a-GST) concentration, which is a very sensitive

index of liver injury [69]. Emulsified isoflurane precondi-

tioning, a recent formulation of isoflurane mixed with in-

tralipid, was found to confer hepatic protection during HS of

50 % of blood volume loss for 70 min [70], expressed by

reduced MDA activity, increased superoxide dismutase

(SOD) in liver mitochondria, and by reduced apoptosis in the

emulsified isoflurane preconditioned group. SOD is an

enzyme, which protects the mitochondria against cytotoxic

reactions. However, as in most experimental studies, there

was a lack of correlation with the clinical assessment of

organ dysfunction.

Various pharmacologic resuscitation strategies

Since HS-related mortality remains quite high, numerous

other pharmacologic interventions are currently being
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investigated, mainly in animal models, in an effort to

improve outcome. Pharmacological resuscitation is usually

combined with conventional fluid resuscitation, as no one

specific medication alone seems to be capable of support-

ing the circulation. Pharmacologic resuscitation strategies

include the use of either substances currently used in

clinical practice for the treatment of conditions other than

HS or agents that are being used only experimentally

(Table 3). Statins represent an example of the first cate-

gory. Fluvastatin pre-treatment, administered together with

vitamin K and before volume replacement with normal

saline, has yielded promising results in rats by diminishing

AST and ALT levels and improving the liver injury scores

[71]. Simvastatin pretreatment for 6 days before shock

induction was found to ameliorate hepatic injury by

regulation of the microcirculation via induction of HO-1

and to enhance eNOS expression [72]. Moreover, HO-1

overexpression prevents the interaction of leukocytes with

the endothelium, thus reducing the inflammatory response.

In this study, resuscitation was achieved with shed blood

plus LR [72]. Deferoxamine, a well-studied iron chelator

and oxygen-free radical scavenger, improves liver function

and blood flow in doses of 100 mg/kg, as assessed by

lidocaine metabolism. The protective effect is much more

pronounced when combined with starch 15 ml/kg instead

of LR [73]. Rosiglitazone, an anti-diabetic agent of the

thiazolidinedione class, also displays an anti-inflammatory

effect. When given intravenously during shock establish-

ment (before resuscitation with NS) it reduces AST, ALT,

and serum TNF-a and IL-6 levels compared to fluid

Table 3 Impact of pharmacological resuscitation strategies on the liver

First author

(references)

Species Substance Administration

timing

Outcome

Rana [73] Rats Deferoxamine ? starch

(7.5 mg/kg)

Post-HS Improved hepatic metabolism and blood flow

Kuebler [79] Ovariectomized

rats

Progesterone Post-RS ; AST, ALT, ; serum TNF-a, IL-6, ; MPO

Gundersen [82] Rats Hydrocortisone Post-HS ; Serum IL-6, non-significant : IL-10, ; TNF-a
unaffected leukocyte infiltration, ALT, AST, a-

GST

Dhar [85] Rats Crocetin Post-HS ; Liver mitochondrial damage (: bcl-2, ;
cytochrome-c) ; caspase-3, : ATP, : survival

90 min

Mathes [77] Rats Melatonin Pre-HS : Hepatic perfusion, : redox state, ; hepatocellular

injury

Liu [91] Rats Sirtinol Post-HS ; ALT, ; liver (MPO, IL-6, ICAM-1)

Lee [71] Rats Fluvastatin ? Vit K Pre-HS ; AST, ALT ; serum TNF-a, IL-10, ; liver injury

score

Roesner [84] Swine FX06 Post-RS ; Serum IL-6, no difference (IL-1b, total hepatic

blood flow), ; AST, restored tpO2 ; MPO

van den Berg

[88]

Rats Synthetic beta subunit of HCG Post-HS ; serum and liver TNF-a, IL-6, ; neutrophil

infiltration

Shah [86] Rats Adrenomedullin ? ABP-1 Post-HS ; AST, ALT, ; serum TNF-a, : survival on day 1

Huang [87] Rats Astringinin Post-HS ; AST, ALT, ; MPO, ; IL-6, ICAM-1, ; hepatic

injury

Liu [76] Rats Ondansetron Post-HS ; AST, ALT, ; MPO, ; ICAM-1, ; IL-6, TNF-a

Chai [93] Rats Hydrogen sulfide Post-HS ; AST, ALT, : survival at 24 h, ; serum MDA, :
SOD, ; MPO

Zaets [83] Rats Recombinant factor XIII Post-RS : Liver microvascular blood flow

Kan [94] Mice Flutamide Post-HS ; a-GST, MOP, lipid peroxidation, apoptosis, iNOS

Zuckerbraun

[95]

Mice Carbon monoxide (CO) Post-HS : Serum IL-10, maintenance of ATP levels in

hepatocytes

Schmidt [96] Rats Dihydralazine Post-HS ; AST, ALT, : portal ? hepatic microvascular

blood flow

Yang [97] Rats Glutamine Post-HS ; apoptosis, : survival, restoration of hepatic ATP

RS Resuscitation, AST aspartate aminotransferase, ALT alanine aminotransferase, TNF-a tumor necrosis factor-a, IL interleukin, MPO myelo-

peroxidase, a-GST a-glutathione-S-transferase, bcl-2 B cell lymphoma-2, ICAM-1 inter-cellular adhesion molecule 1, tpO2 tissue oxygen

pressure, SOD superoxide dismutase
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resuscitation alone [74]. Ciglitazone, another thiazolidin-

edione, studied in rats resuscitated with shed blood, reduces

liver apoptosis through a peroxisome proliferator-activated

receptor-gamma activation pathway, a receptor known to

control glucose homeostasis and lipid metabolism [75].

Ondansetron, a well-known 5-HT3 receptor antagonist,

attenuates the elevation of transaminases caused by HS

when administered i.v. during resuscitation with LR and

also reduces hepatic MPO activity and ICAM-1 (thus

regulating neutrophil adhesion on the endothelial cells)

through a p38 mitogen-activated protein kinase (MAPK)

pathway [76]. Melatonin in combination with NS resusci-

tation has also been found to possess similar anti-inflam-

matory effects in the liver, lung, and small intestine.

Furthermore, pretreatment seems to improve hepatic per-

fusion and redox state [77, 78]. Gender dimorphism has

been identified with reduced hepatocellular damage and

improved overall survival of female animals after HS. In

this regard, the administration of sex hormones can influ-

ence outcome of male animals [79, 80]. As previously

described, excessive NO production mitigates hemorrhage-

related hepatic damage, so in this regard selective inhibi-

tion of the iNOS pathway by various pharmacological

agents, either widely used, such as sodium nitroprusside, or

not, attenuates liver injury [13, 81]. On the contrary,

hydrocortisone does not seem to display a protective effect

on hepatic tissue. Although it possesses anti-inflammatory

activity, it did not manage to reduce leukocyte infiltration

in the liver or reduce AST, ALT, and plasma a-GST levels

when administered before resuscitation in rats [82].

Finally, recombinant factor XIII administered in high doses

improves hepatic microvascular blood flow in controlled

HS, with the limitation that the monitoring period in the

study was only 3 h; consequently, the long-terms effects of

this factor are still unknown [83].

A significant number of substances used only in exper-

imental animal models have been found to exert a pro-

tective effect on the liver when administered as adjuncts to

resuscitation. As such, the fibrin-derived peptide Bb15–42

(namely FX06) reduces neutrophil accumulation in the

liver, as well as in other tissues, and lowers plasma IL-6

levels at 5 h [84]. Crocetin 2–4 mg/kg restores ATP levels

in hepatic cells after HS and decreases caspase-3 activity

[85]. Adrenomedullin, a peptide found in endocrine tissues,

together with its binding protein, also exerts a beneficial

impact on liver resuscitation [86]. Combined with LR fluid

resuscitation, it protects the liver through downregulation

of proinflammatory cytokines, such as TNF, and concom-

itant upregulation of anti-inflammatory IL-10, even though

the exact mechanisms underlying this regulation have not

yet been elucidated. Astringinin, a resveratrol analogue

with antioxidant properties [87], and synthetic human

chorionic gonadotropin-related peptides also mitigate

HS-induced hepatic damage [88]. Resveratrol acts via an

estrogen receptor-related pathway [89]. Finally, the

potential therapeutic role of histone deacetylase inhibitors,

a class of agents involved in DNA transcription regulation,

such as valproic acid [90], sirtinol [91], or trichostatin A

[90] has also been addressed and yielded promising results.

Treatment options in relation to the phase of shock/

resuscitation

The interventions described herein can be applied at dif-

ferent time points. It would be prudent to divide therapeutic

management strategies into those that can be applied before

or concomitantly with shock induction, those that can be

applied before resuscitation, and those which could be

helpful even if applied after the conventional resuscitation

process. Fluids have only been studied when given after the

induction of HS as they constitute the major means of

resuscitation. The only decision to be made is on the type

and the amount of fluid to be given, as thoroughly dis-

cussed above, taking into consideration the beneficial

impact of hypotensive or delayed resuscitation. The same

post-shock timing applies for DPR and vasoconstricting

agents. Most of the anesthetic agents are also administered

after the shock for discrete periods of time, with the

exception of propofol, which has been studied as infusion for

48 h after shock establishment, and emulsified isoflurane,

the only agent so far to be proved useful as preconditioning.

Regarding pharmacological interventions, the division

in relation to time of administration is more distinct

(Table 3). Substances as fluvastatin and melatonin can be

given before shock, while others, such as rosiglitazone, can

be administered before conventional resuscitation. Sub-

stances such as adrenomedullin can be combined well with

fluid resuscitation. It is important to emphasize that some

agents can help even when given after classic fluid resus-

citation, such as progesterone and recombinant factor VIII.

Unfortunately, there is insufficient clinical data on the

issue of hepatoprotective strategies during resuscitation to

make recommendations on their use in humans at this time.

However, the data currently available from experimental

studies could provide a rough guide and more importantly

serve as useful material for future research.

Future directions: conclusions

In conclusion, the liver is undoubtedly one of the organs

most vulnerable to hemorrhage and subsequent resuscita-

tion. To date, no large-scale clinical trials exist to evaluate

the effects of various resuscitation strategies, particularly

on the hepatic tissue. In view of the existing, mainly
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experimental evidence it would appear that hypertonic

solutions and colloids offer some degree of protection in

terms of apoptosis when compared to LR. The addition of

pyruvate to resuscitating fluids seems to confer greater

antiapoptotic properties than conventional fluids alone. In

addition, permissive hypotension for a discrete period of

time offers further protection.

Apart from fluid resuscitation, various pharmacologic

strategies seem to offer promising results. Future studies

should focus on cytoprotective pathways associated with

heat shock proteins and nitric oxide. Moreover, substances

used in similar settings and readily available in clinical

practice, such as N-acetylcysteine, statins, L-carnitine or

various combinations, could also be studied. Overall, even

though the results of experimental trials on resuscitation

means and strategies provide us with some guidelines with

respect to liver protection, more clinical studies will be

needed so that these results can be extrapolated to humans

and be helpful in clinical practice, especially for patients

with pre-existing compromised liver function. Moreover,

the exact correlation between apoptosis and organ damage/

failure in practice has to be thoroughly addressed.
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