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Abstract: Sepsis induces hepatic injury but whether alpha-2 adrenoceptor (α2-AR) modulates the severity of sepsis-
induced liver damage remains unclear. The present study used lipopolysaccharide (LPS) to induce hepatic injury 
and applied α2-AR agonist dexmedetomidine (DEX) and/or antagonist yohimbine to investigate the contribution of 
α2-AR in LPS-induced liver injury. Our results showed that LPS resulted in histological and functional abnormality of 
liver tissue (ALT and AST transaminases, lactate), higher mortality, an increase in proinflammatory cytokines (IL-1β, 
IL-6 & TNF-α), as well as a change in oxidative stress (MDA, SOD). Activation of α2-AR by dexmedetomidine (DEX) 
attenuated LPS-induced deleterious effects on the liver and block of α2-AR by yohimbine aggravated LPS-induced 
liver damage. Our data suggest that α2-AR plays an important role in sepsis-induced liver damage and activation of 
α2-AR with DEX could be a novel therapeutic avenue to protect the liver against sepsis-induced injury.
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Introduction

Despite recent advances in understanding the 
pathophysiology of sepsis, it still remains an 
enormous clinical challenge with an in-hospital 
mortality rate ranging from 17.9% to 27.8% in 
the US between 1975 and 2000 [1]. Between 
1995 and 2005, the prevalence of severe sep-
sis in newborns more than doubled, from 4.5 to 
9.7 cases per 1,000 births [2]. Sepsis was con-
sidered as a systemic inflammatory response 
to infection, and its severe form ultimately 
results in multiple organ failure. In sepsis, the 
liver is critical for host defense and tissue 
repair since it controls most of the coagulation 
and inflammatory processes. When this control 
is not adequate, a secondary hepatic dysfunc-
tion may occur, thereby resulting in multiple 
organ failure [3]. Cure of septic patients with 
liver damage complication is disappointingly 
with limited success, largely due to incomplete 
understating of the mechanisms underlying 
sepsis-induced liver injury. Standard septic 

shock therapy includes supportive treatment 
such as fluid resuscitation, administration of 
vasopressors, and respiratory and renal sup-
port [4]. Clinical trials of APC treatment reveal a 
relatively modest survival benefit in the select-
ed septic patients [5]. Unfortunately, since it 
may lead to higher APACHE II scores, mortality, 
and major bleeding events [6, 7], APC cannot 
be used in certain patients, such as infants, 
patients at risk for bleeding, and/or immuno-
suppressed patients, especially those with 
thrombocytopenia or neutropenia. Hence, other 
therapies are urgently needed to improve the 
survival rate in septic patients.

At present, sepsis is believed to be a neuro-
immuno-endocrine disorder [8, 9]. Complex 
network of cytokines, such as TNF-α, IL-1β, IL-6, 
inflammation-promoting transcription factor 
nuclear factor-κB (NF-κB) and HMGB1 have 
been implicated in the development of sepsis 
[8, 9]. In a number of animal and human studies 
[10-13], α2-adrenoceptors (α2-AR) stimulation 
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has been found to be beneficial for sepsis. 
Hsing et al found that dexmedetomidine (DEX), 
an α2 adrenoceptor (α2-AR) agonist, reduced 
sepsis-induced AKI by decreasing TNF-α and 
MCP-1 and increasing BMP-7 [13]. Arslan et al’s 
study indicated that DEX protected against lipid 
peroxidation and erythrocyte deformability 
alterations in experimental hepatic ischemia 
reperfusion injury [12]. In clinical studies, DEX 
infusion decreases TNF-α, IL-1, and IL-6 levels 
and IAP more than a propofol infusion [10]. 
Septic patients receiving DEX had more days 
free of brain dysfunction and mechanical venti-
lation and were less likely to die than those 
receiving a lorazepam-based sedation regimen 
[11]. Sezer et al reported that DEX exerted pro-
tective effects on liver histopathology during 
experimental sepsis in rats [14]. However, the 
role of α2-AR in sepsis-induced hepatic injury 
has not yet been explored. In light of the anti-
inflammatory properties of α2-AR activation, 
we thus hypothesized that DEX, an α2-AR ago-
nist, could mitigate sepsis-induced liver injury, 
and that yohimbine, an α2-AR antagonist, could 
aggravate liver damage induced by sepsis.

In the present study, we developed a rat model 
of sepsis by administrating bacterial endotoxin 
lipopolysaccharide (LPS) and evaluated liver 
damage after rats were co-treated with α2-AR 
agonist and/or antagonist. Our results reveal 
that DEX attenuated but yohimbine, a potent 
α2-adrenergic receptor antagonist, aggravated 
LSP-induced liver injury and suggest that stimu-

lation of α2-AR with DEX could be beneficial to 
the septic patients with a complication of liver 
injury.

Materials and methods

Ethics statement

Animal experiment was performed in accor-
dance with the protocol approved by the institu-
tional animal care and use committees at Sun 
Yat-Sen University.

Animal model, experimental groups and sur-
vival rate determination

Male Sprague-Dawley rats weighing 200 to 
300 g were housed in a temperature-controlled 
animal facility with alternating 12-hour light/
dark cycles and fed standard laboratory chow 
ad libitum with free access to drinking water. 
Forty rats were randomly assigned to 5 groups 
(n = 8 in each group) using a random number 
generator (Excel 2007, Microsoft Office): 1) 
Control group: injected with an equivalent vol-
ume of 0.9% saline (i.v.) as other groups; 2) 
LPS-treated group: endotoxemia was induced 
by a bolus injection of  Escherichia coli LPS 
derived from E. coli 0111:B4 ( E. coli serotype 
0111:B4-Sigma, injected intravenously at 15 
mg/kg over 2 minutes); 3) LPS+DEX-treated 
group: dexmedetomidine was administered 
intravenously (i.v., 5 µg·kg-1·h-1) at 30mins after 
LPS administration (i.v., 15 mg/kg); 4) LPS+Yo- 
himbine-treated group: injected with yohimbine 

Figure 1. DEX attenuated but yohimbine aggravated LPS-induced liver injury (Ctrl = control; LPS = lipopolysaccha-
rides; DEX = dexmedetomidine; Y = yohimbine). n = 8 animals for each group; *denotes P < 0.01. A: Plasma ALT 
levels in groups as indicated. B: Plasma AST levels. C: Lactate as measured in the blood plasma.
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(i.p. 250 μg/kg, Sigma-Aldrich) followed by LPS 
administration (i.v., 15 mg/kg) at 30 mins; 5) 
LPS+DEX+yohimbine-treated group: injected 
with yohimbine (i.p. 250 μg/kg) followed by LPS 
administration (i.v, 15 mg/kg) at 30 mins and 
DEX administration (i.v., 5 µg·kg-1·h-1) at 40 
mins. The doses of LPS, DEX and yohimbine 
were based on previous organ protection stud-
ies [12, 14-16].

Survival rate was determined over the time 
span of 6 hrs after LPS administration. All rats 
were sacrificed at 6 hrs following endotoxin 
infusion, and blood was collected from their 
abdominal aorta for blood plasma analysis. The 
samples were then centrifuged at 1200 g for 
10 mins at 4°C, and the serum samples were 
stored at -80°C prior to assay. Rat livers were 
dissected and snap frozen in liquid nitrogen 
and stored at -80°C for further analysis.

Determination of serum levels of transami-
nases and lactate

Serum aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT) concentrations 
were measured using TBA-200FR NEO from 
Toshiba Medical Systems Corp (Tochigi, Japan), 
according to the manufacturer’s instructions. 
Each sample was run in duplicate. Lactate was 

determined by using assay kits according to the 
manufacturer’s instructions (Pointe Scientific, 
Inc. Canton, MI).

Hematoxylin-eosin (HE) staining, TUNEL assay 
and detection of activated caspase-3

Liver tissue specimens were fixed in 10% neu-
tral-buffered formalin and subsequently dehy-
drated through a graded ethanol series as 
described before [14]. After impregnation in 
paraffin wax, tissue samples were sectioned at 
5 μm. Liver sections (4-5 μm) were stained with 
hematoxylin-eosin and examined by light 
microscopy using a Carl Zeiss microscope [17]. 
Liver cell apoptosis was assessed by using the 
terminal deoxynucleotidyltransferase-mediat-
ed nick end labeling-assay (TUNEL) staining 
using the TUNEL Apoptosis Assay Kit (Roche 
Diagnostics, Mannheim, Germany) according to 
the manufacturer’s instructions [17]. Each 
stained section was examined at high power 
fields (200×), and TUNNEL-positive cells in sinu-
soids were evaluated.

Determination of TNF-α, IL-6, IL-1β levels

The liver samples were excised, rinsed of blood, 
homogenized with polytron in an ice-cold lysis 
buffer (1% Triton X-100 in TBS with protease 

Figure 2. DEX attenuated but yo-
himbine aggravated histological 
change of liver tissue. A: HE stain-
ing of liver tissue in the groups 
as indicated. B: TUNEL staining 
of liver tissue. C: Animal survival 
rate in the indicated groups.
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inhibitors, pH, 7.5) and sonicat-
ed for 30 seconds on ice. The 
tissue lysates were centrifuged 
at 12,000 rpm for 10 mins and 
protein concentration was me- 
asured by using Bio-Rad DC 
Protein Assay Kit (Bio-Rad, 
Hercules, CA). TNF-α, IL-1β and 
IL-6 in the liver and serum were 
quantified with the use of spe-
cific enzyme-linked immuno-
sorbent assay (ELISA) kits 
according to the instructions 
provided by the manufacturer 
(BD Biosciences Pharmingen, 
San Diego, CA). Liver levels of 
TNF-α, IL-1β and IL-6 were nor-
malized to the protein concen-
tration in the sample.

Statistical analysis

All data are expressed as me- 
ans ± SD (standard deviation) 
and compared by one-way an- 
alysis of variance (ANOVA) and 
Student-Newman-Keuls meth-
od. Unless otherwise stated, 
each group encompassed 8 
animals (n = 8). Kaplan-Meier 
curves and log-rank test were 
used for survival analysis. P 
values of < 0.05 were consid-
ered as statistically significant.

Results

DEX ameliorated but yohim-
bine enhanced LPS-induced 
liver injury 

It has been well-documented 
that LPS treatment induces 
hepatic dysfunction, as evi-
denced by an increase in liver-
specific enzymes and lactate in 
the plasma. We set out to 
investigate whether DEX (a 
α2-AR agonist) could attenuate 
and yohimbine (a α2-AR antag-
onist) could aggravate LPS-
induced increase in serum lac-
tate and liver transanimases, 

Figure 3. DEX lowered but yohimbine elevated LPS-induced rise in pro-in-
flammatory cytokines. n = 8 animals for each group; *denotes P < 0.01. (A, 
B) IL-1β levels in the blood plasma (A) and homogenated liver tissue (B). (C, 
D) IL-6 concentration in blood plasma (C) and liver tissue (D). (E, F) TNF-α 
level in blood (E) or liver tissue (F).
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such as alanine transaminase (ALT), aspartate 
transaminase (AST). As shown in Figure 1, 
serum levels of ALT, AST increased over 2-fold 
after LPS treatment (P < 0.01), suggesting a 
marked injury of liver tissue. DEX treatment 
decreased serum ALT and AST levels signifi-
cantly by over 30%, while yohimbine consider-
ably increased hepatic transaminases (P < 
0.01). In addition, LPS elevated plasma lactate, 
an effect that could be attenuated by DEX treat-
ment and aggravated by yohimbine. Histological 
examination of liver revealed hepatocyte necro-
sis, cytoplasmic vacuolization of hepatocytes, 
sinusoidal dilation and ballooning of hepato-
cytes, indicative of severe liver damage (Figure 
2A). Consistent with the transaminases resul- 
ts, DEX attenuated but yohimbine aggravated 
LPS-induced histological change of liver tissue. 

yohimbine markedly increased cytokine con-
centrations. These data are in agreement with 
the histological analysis and the change in liver 
transanimases.

DEX treatment dampened but yohimbine insti-
gated LPS-induced oxidative stress

In addition to proinflammatory cytokines, oxida-
tive stress plays an important role in inflamma-
tion. Malondialdehyde (MDA) and superoxide 
dismutase (SOD) are often measured to repre-
sent the status of local or systemic oxidative 
stress. Measurement of MDA and SOD in the 
liver and plasma revealed that there was a 
marked rise in MDA and a significant decrease 
in SOD levels following LPS treatment; DEX-
mediated α2-AR activation almost normalized 

Figure 4. α2-AR activation or inhibition affected LPS-induced oxidative 
stress in liver. n = 8 animals for each group; *denotes P < 0.01. (A, B) 
MDA levels measured in the plasma (A) and the liver tissue (B). (C, D) SOD 
levels determined in the plasma (C) and the liver (D).

TUNEL staining showed that 
there was significant hepatocyte 
apoptosis following LPS treat-
ment and that DEX and yohim-
bine exerted opposite effects on 
hepatocyte apoptosis (Figure 
2B). We further examined the 
effects of DEX treatment on the 
survival rate of the septic rats. 
As revealed, LPS+DEX group sur-
vived significantly longer than 
LPS group or LPS+yohimbine 
group (Figure 2C). Collectively, 
these results indicate that α2-AR 
is involved in LPS-induced hepat-
ic injury. 

DEX lowered but yohimbine 
elevated LPS-induced increase 
in serum and liver proinflamma-
tory cytokines

Given the histological and func-
tional abnormality induced by 
LPS, it is plausible to hypothe-
size that inflammatory media-
tors contribute to liver injury. We 
therefore assayed 3 cytokines 
that have well-established roles 
in inflammation, i.e. IL-1β, IL-6 
and TNF-α. As shown in Figure 3, 
LPS treatment elevated the lev-
els of all 3 proinflammatory cyto-
kines both in the plasma and in 
the liver tissue. Interestingly, 
activation of α2 AR by DEX sig-
nificantly reduced the cytokine 
levels while block of α2 AR by 
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MDA and SOD levels while yohimbine-mediated 
α2-AR blockade further enhanced LPS-induced 
alterations of MDA and SOD levels (Figure 4). 
These results suggest that α2-AR contributed 
to LPS-induced liver damage possibly by modu-
lating oxidative stress.

Discussion

Sepsis is one of the main causes of death in 
ICU patients [18, 19]. Inflammation is the best 
studied mechanism responsible for the initia-
tion of sepsis. A large number of cytokines, 
such as IL-6, IL-1β, TNF-α, are important inflam-
matory mediators in sepsis [4]. An imbalance in 
the production of anti- and pro-inflammatory 
cytokines provokes overwhelming inflamma-
tion and eventually leads to multiple organ fail-
ure [20, 21]. In addition, marked oxidative 
stress as a result of sepsis-associated inflam-
matory responses initiates changes in mito-
chondrial function, thereby giving rise to hepa-
tocyte apoptosis and organ damage [22].

The data we obtained showed that α2-AR stim-
ulation with DEX significantly improved the his-
tological structure and cellular function of the 
liver in LPS-induced sepsis, as evidenced by a 
decrease in liver transaminases and lactate; 
LPS-induced increase in pro-inflammatory cyto-
kines, including IL-6, IL-1β, TNF-α, was lowered 
by α2-AR activation with DEX; DEX also normal-
ized an LPS-induced imbalance in oxidative 
stress, as indicated by a decrease in MDA and 
an increase in SOD. All these beneficial effects 
of DEX were prevented by co-administration of 
an α2-AR antagonist yohimbine.

Sepsis causes microcirculation disturbance 
and tissue hypoxia, increasing lactate produc-
tion. In the situation of hepatic dysfunction, an 
elevated serum lactate level may be due to 
either impaired lactate clearance or excessive 
production [23]. An elevated serum lactate 
level is associated with increased morbidity 
and mortality in patients with severe sepsis 
and septic shock [24]. In managing severe sep-
sis and septic shock, improved lactate clear-
ance or suppressed lactate generation is an 
indicator of treatment success [25]. While the 
present study demonstrated that DEX treat-
ment reduced plasma lactate levels and there-
by improved microcirculation, future investiga-
tions might reveal whether this is due to 
enhanced lactate clearance or decreased 
production.

In sepsis, liver injury may be due to cytokines, 
oxidative stress and tissue hypoperfusion. In 
the present study, we assayed the cytokines 
and oxidative stress in both the plasma and the 
liver tissue and found that the results were 
nicely consistent. Considering the beneficial 
effects of DEX on the cytokine profile in the 
blood, it is conceivable that administration of 
DEX could protect the body from sepsis-induced 
injury of multiple organs. Indeed, it has been 
demonstrated that DEX is able to alleviate kid-
ney, lung and brain injury in the context of sep-
sis or ischemia [13, 15, 26, 27]. There are stud-
ies demonstrating that clonidine (centrally 
acting α2-AR agonists) treatment led to a 
reduction in leukocyte infiltration as well as 
their capacity to produce pro-inflammatory 
cytokines [28, 29]. Although our results have 
established that DEX protects the liver in sep-
sis, it remains to be determined whether liver 
protection plays a causal role in the systemic 
attenuation of sepsis.

In vitro and some in vivo studies showed that 
local α2-AR stimulation provokes a pro-inflam-
matory response [16, 30, 31]. However, most 
animal studies and all human studies found the 
stimulation of local α2-AR to be anti-inflamma-
tory. This dichotomous response may arise 
from different peripheral and central nervous 
system (CNS) actions of α2-AR agonists. 
Peripherally, α2-AR agonists may stimulate 
innate immunity. Centrally, the sympatholytic 
actions may enhance the relative parasympa-
thetic tone to repress inflammation. Hence, 
peripheral α2-AR activation may evoke proin-
flammatory actions and central effects may 
shift towards an anti-inflammatory phenotype. 
There is evidence suggesting that the centrally 
acting α2-AR agonists such as clonidine, can 
reduce the central sympathetic tone by stimu-
lating central α2-AR in the medulla oblongata 
[8, 9]. Therefore, stimulation of central α2-AR 
reduces the tone of sympathetic nervous sys-
tem and leads to a functional advantage in 
parasympathetic nervous system. Given that 
activation of parasympathetic nervous system 
is systemically anti-inflammatory, clonidine may 
reduce cytokines levels to avert septic shock 
without compromising the immune function to 
combat bacterial infection. Action of DEX on 
central α2-AR may partially account for its pro-
tection effects on sepsis and its associated 
complications, as DEX is more specific for cen-
tral α2-AR compared with clonidine.
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In summary, our data indicate that administra-
tion of DEX lessens the injury of liver caused by 
sepsis. Mechanistically, the beneficial effects 
of DEX in the treatment of sepsis-induced liver 
injury could be attributed to its several proper-
ties. DEX may dampen cytokine- and/or oxida-
tive stress-mediated inflammation as well as 
mitigate cellular apoptosis, thus ameliorating 
sepsis.
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