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Abstract
AIM: To investigate the protective effect of erythropoi-
etin (Epo) against ischemia-reperfusion injury (IR/I) fol-
lowing the Pringle maneuver (PM), in comparison with 
conventional steroid administration in a prospective ran-
domized trial.

METHODS: Patients were randomized by age, sex, 
diagnosis, and surgical method, and assigned to three 
groups: (1) A steroid group (STRD, n  = 9) who re-
ceived 100 mg of hydrocortisone before PM, and on 
postoperative days 1, 2 and 3, followed by tapering 
until postoperative day 7; (2) An EPO1 group (n  = 10) 
who received 30 000 U of Epo before the PM and at the 
end of surgery; and (3) An EPO2 group (n  = 8) who re-
ceived 60 000 U of Epo before the PM. Hemoglobin (Hb), 
hematocrit (Ht), aspartate aminotransferase (AST), ala-
nine transaminase (ALT), lactate dehydrogenase (LDH), 
lactate, interleukin-6 (IL-6), and tumor necrosis factor 

(TNF)-α were measured before and just after (Day 0) 
surgery, and on postoperative days 1, 3, 7 and 14.

RESULTS: There were no increases in Hb and Ht in the 
EPO1 and EPO2 groups. AST was significantly lower in 
EPO1 than in STRD on Day 0 (P  = 0.041), and lower in 
EPO1 than in STRD and EPO2 on Day 1 (P = 0.018). ALT 
was significantly lower in EPO1 than in STRD and EPO2 
on Day 0 (P  = 0.020) and Day 1 (P  = 0.004). There 
were no significant inter-group differences in the levels 
of LDH and lactate. IL-6 was significantly lower in EPO1 
than in STRD and EPO2 on Day 0 (P  = 0.0036) and Day 
1 (P  = 0.0451). TNF-α was significantly lower in EPO1 
than in STRD and EPO2 on Day 0 (P  = 0.0006) and Day 
1 (P  < 0.0001). Furthermore, hospitalization was signifi-
cantly shorter in EPO1 and EPO2 than in STRD.

CONCLUSION: Epo has greater potential than steroids 
to ameliorate IR/I after the PM. Epo at a dose of 30 000 U,  
administered before PM and just after surgery, yields 
better results. 

© 2010 Baishideng. All rights reserved.
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INTRODUCTION
The Pringle maneuver (PM) is a standard procedure used 
worldwide to reduce blood loss during hepatic resection. 
However, this procedure inevitably results in some de-
gree of  ischemia-reperfusion injury (IR/I). To ameliorate 
IR/I, several procedures have been used, such as steroid 
administration and ischemic preconditioning[1,2]. Although 
intravenous administration of  steroids is widely used, its 
rationality has not been established, and major concerns 
have been raised regarding its possible side effects, such 
as infection, diabetes mellitus, and disturbance of  wound 
healing[3].

Erythropoietin (Epo) is a hematopoietic peptide that 
has been used successfully for treatment of  anemia in 
patients with end-stage renal disease. Recently, attention 
has been focused on the extra-hematopoietic effects of  
Epo, including an organ-protective effect against IR/I[4-6]. 
We have already reported the protective effect of  Epo in a 
porcine liver IR/I model[7].

To elucidate and apply the protective effect of  Epo 
against liver IR/I following the PM in a clinical setting, we 
performed a randomized prospective clinical trial.

MATERIALS AND METHODS
The study was performed in accordance with the prin-
ciples of  the Declaration of  Helsinki, and was approved 
by the ethics committee of  Dokkyo Medical University 
Hospital. Because Epo has been used successfully in a 
clinical setting for more than 15 years, we did not perform 
a phase Ⅰ study. 

Phase Ⅱ study
To determine the optimum dose, timing, and frequency 
of  Epo administration, Epo was injected intravenously 
into groups of  3 patients who received each of  the fol-
lowing doses: 6000 U (× 1), 12 000 U (× 1), 18 000 U (× 
1), 24 000 U (× 1), 30 000 U (× 1), and 60 000 U (× 1) at  
5 min before the PM, or at 30 000 U (× 2) at 5 min before 
the PM, and at the end of  the operation. None of  the 
patients in these groups showed any significant increase in 
red blood cell count or other side effects. We did not use 
doses of  Epo exceeding 60 000 U (× 1) or 30 000 U (× 
2), because experience with patients suffering from end-
stage renal disease had shown that one or two injections 
of  Epo did not increase hematopoiesis. Also, a study by 
Lipsic et al[8] had demonstrated the safety of  a single injec-
tion of  Epo at a dose of  60 000 U, and this dose was the 
maximum for a single injection available at the time of  the 
study. We decided to use Epo at a dose of  30 000 U × 2 
(at 5 min before the PM and at the end of  the operation; 
EPO1 group), and 60 000 U × 1 (at 5 min before the PM, 
EPO2 group). 

Phase Ⅲ study
Patients treated with conventional steroids received 100 mg  
of  hydrocortisone at 5 min before the PM, at the end 

of  the operation, and on postoperative days 1, 2, and 3. 
Thus, the patients were allocated to 3 groups: a steroid 
group (STRD, n = 9), and EPO1 (n = 10) and EPO2 (n = 
8) groups.

Study population and inclusion/exclusion criteria
Eligibility criteria for participation were elective primary 
liver surgery with written informed consent. Patients who 
were expected to undergo non-curative hepatectomy were 
excluded. 

Randomization
Preoperative random allocation to the 3 groups was made 
on the basis of  4 parameters: age (< 65 or ≥ 65 years), 
sex, indocyanine green excretion rate at 15 min (< 10% or 
≥ 10%), and disease diagnosis (hepatocellular carcinoma 
or others). The operative procedure was standardized so 
that hepatectomy was performed by a single surgeon (co-
author Kubota K). The patients’ clinical background fac-
tors are shown in Table 1.

Data collection
Blood samples were taken on admission (Pre), just after 
surgery (Day 0), and on postoperative days 1 (Day 1), 3 
(Day 3), 7 (Day 7), and 14 (Day 14). Aspartate amino-
transferase (AST), alanine transaminase (ALT), lactate de-
hydrogenase (LDH), lactate, hemoglobin (Hb), and hema-
tocrit (Ht) were measured from each sample. AST, ALT, 
LDH, lactate, Hb, and Ht were measured at the central 
laboratory of  our institution. Proinflammatory cytokines, 
interleukin (IL)-6 and tumor necrosis factor (TNF)-α, 
were measured on Day 0 and Day 1. IL-6 was determined 
using a Human IL-6 Quantikine ELISA kit (R&D System, 
Minneapolis, MN) and TNF-α was determined using a 
Human TNF-α Quantikine ELISA kit (R&D System). All 
samples were measured in triplicate, in accordance with 
the manufacturer’s recommendations.

Objectives 
The primary objective of  the study was to compare the 
protective effects of  Epo and steroid against IR/I follow-
ing the PM. The secondary objective was to elucidate the 
frequency of  Epo-associated side effects.

Statistical analysis
All statistical analyses were performed with GraphPad 
Prism 5.0 (Graphpad Software, La Jolla, CA). Compari-
sons between the two groups were made using Mann-
Whitney U test. Kruskal-Wallis test with post-hoc test 
(Dunn’s multiple comparison test) was used for compari-
sons between the conventional, EPO1, and EPO2 groups. 
Differences at P < 0.05 were considered to be statistically 
significant. 

RESULTS
Figure 1 shows changes in Hb and Ht. During the periop-
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erative period, there were no significant differences in Hb 
and Ht between the three groups, and no complications 
associated with the Epo treatments.

Figure 2 shows changes in the AST level at Pre, and 
on Days 0, 1, 3, 7 and 14. On Day 0, median values in 
the STRD, EPO1, and EPO2 groups were 409 (124- 
1481), 142 (34-552) and 205 (115-357) IU/L, respec-
tively (P = 0.041, Kruskal-Wallis test). The AST level in 
the EPO1 group was significantly lower than that in the 
STRD group (P = 0.023). On Day 1, the corresponding 
median values were 275 (143.0-1389), 157 (55-552) and 
342 (172-1361) IU/L, respectively (P = 0.018, Kruskal-
Wallis test). The AST level in the EPO1 group was signifi-
cantly lower than that in the STRD and EPO2 groups (P 

= 0.023 and 0.016, respectively). There were no significant 
inter-group differences in the AST level after Day 3.

Figure 3 shows changes in the ALT level at Pre, and 
on Days 0, 1, 3, 7 and 14. On Day 0, the median levels 
in the STRD, EPO1, and EPO2 groups were 351 (140- 
1390), 76 (20-319) and 141 (85-323) IU/L, respectively (P 
= 0.020, Kruskal-Wallis test). The ALT level in the EPO1 
group was significantly lower than that in the STRD and 
EPO2 groups (P = 0.023 and 0.017, respectively). On Day 
1, the corresponding median levels were 300 (110-1700), 
112 (20-256) and 289 (200-1253) IU/L, respectively (P = 
0.004, Kruskal-Wallis test). The AST level in the EPO1 
group was significantly lower than those in the STRD and 
EPO2 groups (P = 0.008 and 0.001, respectively). There 
were no significant inter-group differences in the ALT 
level after Day 3.

Figure 4 shows the changes in LDH and lactate levels 
at Pre, and on Days 0 and 1. There were no significant dif-
ferences in LDH or lactate levels between the three groups.

On Day 0, the median levels of  the proinflammatory 
cytokine, IL-6, in the STRD, EPO1, and EPO2 groups 
were 300 (93-477), 155 (44-523) and 347 (300-414) pg/mL, 
respectively (P = 0.0036, Kruskal-Wallis test) (Figure 5A). 
The IL-6 level in the EPO1 group was significantly lower 
than that in the EPO2 group (P = 0.0037). On Day 1, the 
corresponding median levels of  IL-6 were 129 (22-317), 
75 (13-146) and 83 (56-240) pg/mL, respectively (P = 
0.0451, Kruskal-Wallis test) (Figure 5B). The IL-6 level in 
the EPO1 group was significantly lower than that in the 
STRD group (P = 0.0185). On the other hand, on Day 
0, the median levels of  TNF-α in the STRD, EPO1, and 
EPO2 groups were 13.5 (10.1-21.0), 9.7 (5.0-11.0) and 
8.0 (3.1-11.3) pg/mL, respectively (P = 0.0006, Kruskal-
Wallis test) (Figure 6A), the levels in the EPO1 and EPO2 
groups being significantly lower than that in the STRD 
group. On Day 1, the corresponding median levels of  
TNF-α were 17.7 (10.0-29.7), 4.6 (2.0-8.0) and 3.5 (1.4- 
6.0) pg/mL, respectively (P < 0.0001, Kruskal-Wallis test) 
(Figure 6B), the levels of  TNF-α in the EPO1 and EPO2 
groups being significantly lower than that in the STRD 
group.

Postoperative complications were observed in two cas-
es in the STRD group, but no such cases occurred in the 
EPO1 and EPO2 groups (Table 2). The median periods 

4840 October 14, 2010|Volume 16|Issue 38|WJG|www.wjgnet.com

Table 1  Patients' backgrounds

STRD (n  = 9) EPO1 (n  = 10) EPO2 (n  = 8) P -value 

Age (yr)   62.7 ± 10.6   62.1 ± 15.8 69.3 ± 7.8 0.395
Male/female 6/3 7/3 6/2 0.976
ICG R15 (%) 14.0 ± 8.8 10.7 ± 4.8 11.3 ± 5.2 0.854
Diagnosis (HCC/others) 6/3 6/4 4/4 0.890
Operation time (min)   322 ± 122 245 ± 83 299 ± 57 0.105
Pringle time (min)   43.9 ± 26.8   39.2 ± 21.2   53.8 ± 15.1 0.153
Operative blood loss (mL) 674 (70-3673) 469 (66-1900) 356 (228-1362) 0.386
Operative method (anatomical/
nonanatomical) 

6/3 4/6 6/2 0.321

HCC: Hepatocellular carcinoma; STRD: Steroid group; EPO: Erythropoietin.

Figure 1  Changes in hemoglobin and hematocrit. Hemoglobin (Hb) (A) and 
hematocrit (Ht) (B) did not differ between the three groups until Day 14 (P > 0.05 
for Hb and Ht, Kruskal-Wallis test). STRD: Steroid group; EPO: Erythropoietin.
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of  hospitalization in the STRD, EPO1, and EPO2 groups 
were 32 (10-74), 13 (8-77) and 16 (10-22) d, respectively (P 
= 0.0463, Kruskal-Wallis test) (Figure 7), this period being 
significantly longer in the STRD group than in the EPO1 
and EPO2 groups.

DISCUSSION
Most patients undergoing hepatic resection have associ-
ated chronic hepatic disease and deterioration of  hepatic 
functional reserve. A dilemma therefore arises in deciding 
a balance between the curativeness of  hepatic resection 
and the likelihood of  postoperative hepatic failure. There 
is a tendency for surgeons to aim at removing as large 
a portion of  liver as possible to ensure that any disease, 
such as carcinoma, is resected completely. On the other 
hand, excessive removal of  liver parenchyma results in a 
higher risk of  postoperative hepatic failure. Amelioration 
of  IR/I is therefore a crucial factor to consider in the pre-
vention of  liver function deterioration. 

The present study demonstrated that Epo potently 
ameliorated IR/I following the PM. The AST level in 
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Figure 2  Changes in aspartate aminotransferase. The aspartate aminotransferase (AST) level in the erythropoietin (EPO)1 group was significantly lower than that in 
the steroid (STRD) group on Day 0 (P = 0.041, Kruskal-Wallis test), and also significantly lower than that in the STRD and EPO2 groups on Day 1 (P = 0.018, Kruskal-
Wallis test). There were no significant differences in the AST level after Day 3. Note that the scale of the Y-axis differs in each graph. SS: Statistically significant.
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Table 2  Postoperative complications

Complication Frequency (%) 

STRD (n = 10) n = 2 20
   Prolonged ascites 
   Pleural effusion 

EPO1 (n = 10) 0   0
EPO2 (n = 8) 0   0

STRD: Steroid group; EPO: Erythropoietin.



the EPO1 group was significantly lower than that in the 
STRD group on Day 0, and significantly lower than in the 
STRD and EPO2 groups on Day 1. The ALT level in the 
EPO1 group was significantly lower than in the STRD 
and EPO2 groups on both Day 0 and Day 1. There were 
no significant differences in AST and ALT levels between 
the three groups after Day 3. Our results demonstrated 
that the protective effect of  Epo against IR/I was most 
pronounced at a very early stage after surgery, and fur-
thermore, was stronger than that of  steroids. During the 
very early post-surgical phase, there were no differences in 
LDH level, although the lactate level tended to be lower 
in the EPO1 group than in the STRD and EPO2 groups. 
The levels of  proinflammatory cytokines, IL-6 and 
TNF-α, showed similar tendencies. The level of  IL-6 in 
the EPO1 group was significantly lower than in the EPO2 

and STRD groups. The level of  TNF-α in the EPO1 
and EPO2 groups was significantly lower than that in the 
STRD group.

The mechanism responsible for the protective effect 
of  Epo against IR/I has been studied extensively by vari-
ous groups, including our own[9-11]. As shown in this study, 
Epo protects organs and tissues from IR/I by inhibiting 
IR/I-induced cell apoptosis. Furthermore, Epo induces 
neovascularization and inhibits the secretion of  acute 
inflammatory cytokines[4-6]. Epo binds to its specific cell-
surface receptor (EpoR) and transduces signals to the 
nucleus[11]. The most important signaling pathways are 
the Jak2/STAT, Jak2/PI3K/AKT, and Jak2/MAPK/p38 
pathways[12,13]. These signals activate anti-apoptotic genes, 
such as XIAP and BclxL, and suppress proapoptotic 
genes, such as BAD and GSK3β, resulting in inhibition of  
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Figure 3  Changes in alanine transaminase. The alanine transaminase (ALT) level in the erythropoietin (EPO)1 group was significantly lower than that in the steroid 
(STRD) and EPO2 groups on Day 0 (P = 0.020, Kruskal-Wallis test) and Day 1 (P = 0.004, Kruskal-Wallis test). There were no significant differences in the ALT level after 
Day 3. Note that the scale of the Y-axis differs in each graph. SS: Statistically significant.

Kato M et al . Erythropoietin in liver surgery



4843 October 14, 2010|Volume 16|Issue 38|WJG|www.wjgnet.com

B

Figure 4  Lactate dehydrogenase (A) and lactate (B) levels at Pre, and on Day 0 and Day 1. There were no significant differences between the three groups in both 
lactate dehydrogenase (LDH) and lactate levels. Note that the scale of the Y-axis differs in each graph (P > 0.05 for hemoglobin and hematocrit, Kruskal-Wallis test). 
STRD: Steroid group; EPO: Erythropoietin.
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apoptosis[10,14-17]. EpoR usually has a homodimeric struc-
ture, but Epo has been shown to bind to heterodimeric 
EpoR, consisting of  EpoR and the β common receptor 
when exerting its extra-haematopoietic effect. This het-
erodimeric receptor is expressed in various organs, includ-
ing the liver [18]. 

We employed two different dose regimes for Epo: 
EPO1 (30 000 U × 2) and EPO2 (60 000 U × 1). The re-
sults, in terms of  AST, ALT, and IL-6 levels, indicated that 
EPO1 was more effective. In terms of  the TNF-α level, 
the EPO2 regimen showed a stronger inhibitory effect 
than the EPO1 regimen, but not to a significant degree. 
Although the reason for this finding is unclear, previous 
studies have reported that Epo directly and indirectly 
inhibits the expression of  IL-6 and TNF-α, and reduces 
their systemic levels[19-21]. The extra-hematopoietic effects 
of  Epo have been studied in various animal models and 
clinical settings. These previous studies each employed 
different doses of  Epo. The use of  Epo in animal models 
has been reviewed by Sharples et al[13], Johnson et al[22], and 
Arcasoy[6]. In clinical studies, Ehrenreich et al[23] used Epo 
at a total dose of  100 000 U for the first 3 d after acute 
cerebral stroke, noting that this was safe and well toler-
ated, and also used a dose of  40 000 U for 3 mo to treat 
schizophrenia[9]. Lipsic et al[5] used a single bolus injec-
tion of  Epo at a dose of  60 000 U for patients with acute 

myocardial infarction, and did not observe any significant 
increase in Hb. Mocini et al[24] used a single injection of  
Epo at a dose of  40 000 U before cardiac surgery, but did 
not observe any significant improvement or an increase in 
erythropoiesis. The results suggest that the optimal dose of  
Epo and the mode of  administration may vary according 
to species and target organ. Our present findings indicate 
that 30 000 U of  Epo × 2, rather than 60 000 U of  Epo 
× 1, has a stronger inhibitory effect on IR/I following the 
PM, and that the doses and the mode of  administration we 
employed did not affect haematopoiesis (Figure 1).

The period of  hospitalization was significantly longer 
in the STRD group than in the EPO1 and EPO2 groups. 
This was a prospective study performed during a single pe-
riod. Therefore, the patients who were treated with steroid 
stayed longer in hospital. The occurrence of  complications 
in the STRD, EPO1, and EPO2 groups was 20%, 0% and 
0%, respectively. In this study, we evaluated only grade Ⅱ 
complications by Clavien’s classification[25]. Although the 
number of  patients in each group was small and more 
studies are needed, the data suggest that Epo might reduce 
the rate of  complications after hepatic resection.

We conclude that Epo has greater potential than ste-
roids to ameliorate IR/I following the PM, and that Epo 
at a dose of  30 000 U, given just before the PM and just 
after surgery, yields better results. This protective effect 
of  Epo may be applicable not only in patients undergoing 
hepatic resection, but also for much more severe IR/I, 
such as that occurring in liver transplantation.
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Erythropoietin (Epo) is a hematopoietic cytokine that has been used to treat 
anemia in patients with end-stage renal disease. Recently, extra-hematopoietic 
effects of Epo have been reported, including an organ-protective effect against 
IR/I. However, there have been no reports of the hepatoprotective effect of Epo 
in a clinical setting.
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Figure 6  Tumor necrosis factor-α level on Day 0 (A) and Day 1 (B). Levels 
of tumor necrosis factor (TNF)-α in the erythropoietin (EPO)1 and EPO2 groups 
were significantly lower than that in the steroid (STRD) group on both Day 0 (P 
= 0.0006, Kruskal-Wallis test) and Day 1 (P < 0.0001, Kruskal-Wallis test). Note 
that the scale of the Y-axis differs in each graph. SS: Statistically significant.
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Figure 7  Length of hospitalization. Hospitalization in the steroid (STRD) group 
was significantly longer than that in the erythropoietin (EPO)1 and EPO2 groups (P 
= 0.0463, Kruskal-Wallis test). SS: Statistically significant.
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Innovations and breakthroughs
This study is the first prospective study to have confirmed the protective effect 
of Epo against IR/I after the PM, in comparison with steroid treatment. It was 
found that Epo strongly ameliorated IR/I after the PM, and that the effect was 
better than that of the steroid. Epo would therefore contribute to better preser-
vation of liver function after liver surgery.
Applications
This study demonstrated that Epo shows promise for preventing IR/I after the 
PM. This finding extends its application not only to liver resection, but also liver 
transplantation, where amelioration of IR/I would improve survival.
Terminology
IR/I is a tissue injury occurring after ischemia-reperfusion. Organs are continu-
ously perfused with blood, but once the blood supply is interrupted, organs 
sustain damage due to an anaerobic environment (ischemia). Restoration of 
the blood supply then causes further organ damage (reperfusion injury).
Peer review
This is an original study because it is the first prospective randomized study of 
its kind, although the number of patients in each group is small. 
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