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Abstract
AIM: To investigate the effect of hypothermia on the 
function of the liver remnant (LR) after extended hepa-
tectomy.

METHODS: We performed a 75% partial hepatectomy 
(PH) in male C57BL/6J mice. Body temperature was 
measured with a rectal probe. The study mice were 
prospectively grouped as hypothermic (HT) or normo-
thermic (NT) if their body temperature was < 34 ℃ vs  

≥ 34 ℃, respectively. Blood and liver samples were 
obtained at 24 and 48 h after 75% PH. Various factors 
during and after 75% PH were compared at each time 
point and the most important factor for a good out-
come after 75% PH was determined.

RESULTS: At 24 and 48 h after 75% PH, LR weight 
was decreased in HT mice compared with that in NT 
mice and the assay results in the HT mice were con-
sistent with liver failure. NT mice had normal liver re-
generation. Each intra- and post-operative factor which 
showed statistical significance in univariate analysis 
was evaluated by multivariate analysis. The most im-
portant factor for a good outcome after 75% PH was 
body temperature at both 24 and 48 h after surgery.

CONCLUSION: Hypothermia after an extensive hepa-
tectomy predicts impending liver failure and may be a 
useful clinical marker for early detection of liver failure 
after extended hepatectomy. 
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INTRODUCTION
Liver failure (LF) occurs in various conditions, including 
acute LF, LF of  an insufficient liver remnant (LR) after 
extended hepatectomy (EH) and LF of  transplanted 
whole or split liver grafts[1-6]. Without a suitable liver re-
placement, death imminently ensues. When LF occurs 
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in an insufficient LR, it becomes clinically apparent by 
postoperative days 3-7 or later[2,7,8]. Biochemically, trans-
aminases and bilirubin levels are markedly elevated, with 
prolonged coagulopathy. Liver histology shows destruc-
tion of  sinusoids and hepatocellular parenchyma. Clini-
cally, ascites and possibly encephalopathy can develop in 
patients[6,8]. Hepatic failure can have lethal consequences 
but the mechanisms responsible for LF in an insufficient 
LR are unknown. 

In early studies, terminal LF was associated with hy-
pothermia[9]. Hypothermia is also common in advanced 
stages of  acute LF[10,11]. Similarly, earlier studies that 
conducted EH in rodent models demonstrated that the 
animals that failed to survive after EH had significant hy-
pothermia, whereas those that survived maintained nor-
mothermia[12,13]. In a recent outcome analysis of  living-
donor liver transplantation, hypothermia < 34 ℃ was one 
of  the significant predictors of  hospital death in adult re-
cipients[14]. In our laboratory, preliminary results showed 
that mice which failed to survive after 75% partial 
hepatectomy (PH) had significant hypothermia and the 
surviving animals remained normothermic. Therefore, 
we hypothesized that hypothermia predicts imminent LF 
after EH. In this study, we investigated body temperature 
(BT) after 75% PH and prospectively evaluated the cor-
relation of  hypothermia to biochemical, histological and 
molecular factors of  LF in mice after 75% PH. Our re-
sults suggest that hypothermia predicts LF after EH.

MATERIALS AND METHODS
Animals
Male C57BL/6J mice (10-14 wk old), purchased from 
Jackson Laboratory (Bar Harbor, ME), were housed in 
a conventional mouse room with a 12 h light/dark cycle 
and were given food and water. The study was institu-
tionally approved in accordance with the NIH Guide for 
the Care and Use of  Laboratory Animals.

75% PH
Hepatectomy models in mice have been well document-
ed[15-17] and our surgical procedures have been described 
in detail elsewhere[17]. Left posterior, left and right ante-
rior and right posterior lobes were resected[15-17]. After 
the mice underwent isoflurane general anesthesia, the 
liver lobes were mobilized. A hemostatic clip (Hemoclip, 
Edward Weck and Co., Research Triangle Park, NC) was 
applied across the pedicle at the base of  the liver lobes, 
which were cut distally to the applied clip. For the sham 
operation performed on control subjects, laparotomy 
without liver resection was performed. Before closing 
the abdominal incision, 2 mL of  warm saline was ad-
ministered intraperitoneally. Cefalexin (30 mg/kg) and 
buprenorphine (0.1 mg/kg) were given subcutaneously. 
Postoperatively, the mice were housed under controlled 
temperature, humidity and light, with free access to food 
and water. No dextrose was provided. At the end of  the 
procedure, all LRs were pink. Control mice had a normal 

BT and no postoperative mortality.

Measurement of BT after 75% PH
No heating pad or lamp was used after surgery. BT was 
measured with a rectal probe (RET-3, Physitemp Instru-
ment Inc, Clifton, NJ) at 24 h after 75% PH. 

In a preliminary study, the mice that failed to survive 
had hypothermia of  < 34 ℃ after 75% PH (0 of  20 mice 
after 75% PH). None of  the mice that had a BT ≤ 30 ℃ 
survived (0 of  6 mice after 75% PH). In contrast, all but 
one mouse that had a BT over 34 ℃ survived beyond 5 d, 
consistent with previous reports[18,19].

In a separate preliminary study, after 75% PH in 
hypothermic mice, we achieved normothermia with a 
heating pad, as previously described[20]. However, a heat-
ing pad did not offer any benefits for survival (P > 0.05), 
consistent with a previous report[12]. Therefore, we did 
not employ a heating pad after surgery in this study.

Survival curves after 75% PH
To simulate clinical conditions[3,4], 75% PH was repro-
duced according to a previous description[15] in 27 mice (n 
= 27) and sham operations were performed in 13 control 
mice (n = 13). 

Group classification
Based on the preliminary studies and other reports[8], we 
conducted the following experiments prospectively to 
test the hypothesis that hypothermia precedes LF after 
75% PH in mice. Since LF occurs between 3 and 7 d 
postoperatively, we sacrificed the study mice at 24 and 48 
h after 75% PH. Rectal temperature was measured at 24 
h after 75% PH and we divided the mice into the follow-
ing groups based on their BT: normothermic (NT) with a 
BT ≥ 34 ℃ or hypothermic (HT) with a BT < 34 ℃.

Blood and liver sampling after 75% PH
When mice were sacrificed at 24 and 48 h after 75% PH, 
liver and blood samples were collected (n = 10 in each 
group). Excised LR was weighed and snap-frozen at 
-80 ℃. The sera were used for biochemical analysis. 

Biochemical analysis and coagulation profiles
Serum levels of  aspartate aminotransferase (AST) and 
alanine aminotransaminase (ALT) were determined by a 
colorimetric kit (BioTron Diagnostics Co., Hemet, CA). 
Total bilirubin (T-Bil) levels were determined by the 
QuantiChrom™ Bilirubin Assay Kit (BioAssay Systems, 
Heyward, CA). The prothrombin time-international nor-
malized ratio (PT-INR) was measured by i-STAT analysis 
(Abbott Laboratories, North Chicago, IL).

Western blot
LR samples were homogenized in a buffer containing 
10 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 1% 
Triton-X, 0.1% sodium dodecyl sulfate (SDS), 1 mmol/L 
ethylene diamine tetra-acetic acid, 1 mmol/L ethylene 
glycol tetra-acetic acid, 1 mmol/L phenyl-methyl-sulfonyl 
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fluoride and protease and phosphatase inhibitors. Ho-
mogenates were centrifuged at 105000 g for 1 h at 4 ℃. 
Supernatants were collected. Protein concentration was 
determined by bicinchoninic acid (BCA) assay (Pierce, 
Rockford, IL). Samples were stored at -80 ℃ until use. 
Forty micrograms of  protein was separated via SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred to a polyvinylidene fluoride membrane (Mil-
lipore, Bedford, MA). Membranes were blocked with 5% 
non-fat milk in Tris-buffered saline with Tween 20 (TBS-T) 
[20 mmol/L Tris (pH 7.4), 500 mmol/L NaCl, and 0.05% 
Tween-20] and probed using the following antibodies: 
phospho-STAT3, STAT3, phospho-Akt, Akt, phospho-
p44/42MAPK, p44 42 MAPK, phospho-SAPK/JNK, 
SAPK/JNK, phospho-p38 MAPK, p38 MAPK, cyclin 
D1, Met, caspase 3 (Cell Signaling, Danvers, MA) and 
vascular endothelial growth factor (VEGF) (Abcam, Cam-
bridge, MA). Immunoblots were incubated with peroxi-
dase-conjugated secondary antibodies (Southern Biotech, 
Birmingham, AL) followed by enhanced chemi-lumi-
nescence or ECL-plus reagent (Amersham Biosciences, 
Piscataway, NJ). Blots were reprobed with anti-glyceralde-
hyde-3-phosphate dehydrogenase primary antibody (IM-
GENEX, San Diego, CA) followed by mouse secondary-
HRP antibody for confirmation of  equal loading. Signals 
were quantified using an ImageQuant program (Molecular 
Dynamics, Sunnyvale, CA).

Enzyme-linked immunosorbent assay
Serum samples were analyzed using an anti-rat hepatic 
growth factor (HGF) enzyme-linked immunosorbent as-
say kit (B-Bridge International, Inc. Mountain View, CA) 
according to the manufacturer’s instructions. 

Adenosine triphosphate assay
LR tissues were homogenized in 0.6 mol/L trichloroace-
tic acid and centrifuged at 9000 g for 5 min at 4 ℃. The 
supernatant was neutralized with 5 mol/L KOH mixed 
with 0.4 mol/L imidazole using color pHast (EMD, 
Gibbstown, NJ). Adenosine triphosphate (ATP) was 
measured using an ATP Determination Kit (Invitrogen, 
Carlsbad, CA).  

Proliferation determination with Ki-67 and proliferating 
cell nuclear antigen immunohistochemical staining
Formalin-fixed liver specimens were embedded in the 
paraffin and cut into 5-μm sections and stained with 
hematoxylin and eosin. Immunohistochemical prolif-
eration analyses for Ki-67 and proliferating cell nuclear 
antigen (PCNA) were performed after antigen retrieval 
with citric acid (pH 6.0) and 3% H2O2. Rabbit anti-Ki-67 
and PCNA antibodies (Abcam, Cambridge, MA) were 
incubated at 4 ℃ overnight. An Elite ABC kit (Vector 
Laboratories Inc, Burlingame, CA) was used for im-
munostaining detection according to the manufacturer’s 
instructions. The number of  Ki-67-positive and PCNA-
positive cells was counted in 10 random fields at ×200. 
Immunohistochemical analysis for c-Met was performed 

using mouse anti-c-Met antibody (Cell Signaling). Block-
ing and detection were performed with the Vectastain 
MOM Kit (Vector Laboratories, Burlingame, CA). 

Apoptosis assay
Activation of  caspase-3 was assayed by western blot, as 
described above. TdT-mediated DUTP-biotin nick end 
labeling (TUNEL) staining was performed using the 
ApopTag Apoptosis Detection kit (Chemicon, Billerica, 
MA) on formalin-fixed liver sections. DNA laddering 
detection was performed with extracted DNA samples 
using the TACS DNA Laddering Kit (R and D, Minne-
apolis, MN).

Univariate analyses for factors during and after 75% PH
Surgery time (minutes), anesthesia time (minutes), esti-
mated % hepatectomy (%), LR weight/body weight (%), 
BT (°C), AST (U/L), ALT (U/L), T-Bil (mg/dL), Hb (g/
dL), hematocrit (%), glucose (mg/dL) and PT-INR were 
assessed at 24 and 48 h after 75% PH. A total of  152 
mice at 24 h and 108 mice at 48 h after 75% PH were 
evaluated.

Important factors for a good outcome after 75% PH
Some differences in the behavior between survivors and 
mice that eventually died were observed from the early 
postoperative period after 75% PH. We divided postop-
erative mice into two groups, based on the postoperative 
behavior (i.e., asymptomatic and sick mice at 24 and 48 
h after 75% PH). Postoperative behavior was consistent 
with outcomes. A total of  152 mice at 24 h and 108 mice 
at 48 h after 75% PH were evaluated. Each factor, which 
showed statistical significance in univariate analysis, was 
evaluated by multivariate analysis and the most important 
factor for a good outcome after 75% PH was determined.

Statistical analysis
Data are presented as the mean ± SD. Statistical compari-
sons were performed using analysis of  variance followed 
by t tests with a Bonferroni adjustment for continuous 
unpaired variables, the Kaplan-Meier method (the log-
rank) for survival rates and logistic regression analysis for 
important factors for survival. Statistical calculations were 
performed using SPSS Software Version 16.0 (SPSS Inc., 
Chicago, IL). A P value less than 0.05 was considered sta-
tistically significant.

RESULTS
Hypothermia is associated with mortality in mice after 
75% PH 
No deaths were observed at 24 h among the mice that 
had 75% PH. However, after 48 h, the survival rate was 
decreased (Figure 1A). The overall 5 d mortality rate was 
60%, consistent with previous reports[18,19]. The survival 
rate of  HT mice (BT < 34 ℃) was significantly lower 
than that of  NT mice after 75% PH (Fisher’s exact test, 
P = 0.003) (Figure 1B). This finding suggested that BT 
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that of  NT mice (24.7 ± 0.8 ℃ vs 36.4 ± 0.2 ℃, P < 
0.0001) at 24 h and at 48 h (24.9 ± 1.1 ℃ vs 36.2 ± 0.4 ℃, 
P < 0.0001). 

Perioperatively, there was no difference in the amount 
of  liver resected (Table 1), but at the time of  sacrifice, the 
LR weight was significantly less in HT mice compared 
with that in NT mice (24 h, 0.36 ± 0.00 mg vs 0.44 ± 0.07 
mg, P = 0.0100; and 48 h, 0.45 ± 0.04 mg vs 0.51 ± 0.09 
mg, P = 0.0270). Similarly, the liver remnant weight/body 
weight ratio was significantly lower in HT mice than that 
in NT mice (24 h, 1.50 ± 0.03 vs 1.73 ± 0.05, P = 0.0002; 
and 48 h, 1.74 ± 0.05 vs 2.02 ± 0.05, P < 0.0001). These 
results indicate that liver growth was decreased in HT 
mice. 

Paradoxically, after 75% PH, some differences in be-
havior between survivors and mice that finally died were 
observed from the early postoperative period. To deter-
mine the most important factor, multivariate analyses at 
each time point were performed for the significant fac-
tors in univariate analysis (Table 1). BT had a significant 
effect at each time point on murine symptoms after 75% 
PH and the LR weight/body weight also had a significant 
effect at 48 h after 75% PH (Table 2). In this preliminary 
study, we speculated that BT is a critical factor for the 
postoperative course and/or survival and may be a reli-
able predictor from the early postoperative period.

Hypothermic mice have altered liver function and he-
patic histology 
On gross inspection at 24 h, the LR of  HT mice ap-
peared relatively normal (Figure 2A) but it was pale and 
severely abnormal at 48 h (Figure 2E). There was no 
intraperitoneal bleeding. Histologically, there was a sig-
nificant number of  hemorrhagic nodules throughout 
the liver parenchyma at 24 h. Significant microvesicular 
steatosis was observed at 24 h (Figure 2B) and it was 
worse at 48 h (Figure 2F). These findings are consistent 
with previous reports of  LF in insufficient LRs[12,19,21]. In 

might be a useful marker for impending hepatic failure 
after EH. 

HT mice have a decreased liver mass at 24 and 48 h 
after 75% PH 
After 75% PH, the animals were monitored prospec-
tively. HT and NT mice were sacrificed at 24 and 48 h. 
Although HT mice had decreased physical activity, they 
were still active and not moribund. There were no dif-
ferences in surgery time, anesthesia time or the ratio of  
resected liver weight to body weight between HT and NT 
mice (Table 1). 

At the time of  surgery there was no difference in BT 
between the two groups. However, at 24 and 48 h, we 
found that some mice were HT compared with others 
that were clearly NT. The mice that were HT at 24 h were 
sacrificed, as well as some of  the NT mice. Similarly, at 
48 h, the mice were divided into groups according to BT. 
The mean BT of  HT mice was significantly lower than 
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24 h after PH 48 h after PH

HT NT P value HT NT P value

  Surgery time (min)     12.5 ± 0.6    11.9 ± 0.4 NS     12.0 ± 0.4    12.0 ± 0.4 NS
  Anesthesia time (min)     16.0 ± 0.6    15.2 ± 0.6 NS     15.3 ± 0.5    15.4 ± 0.3 NS
  Estimated % of hepatectomy (%)     79.5 ± 1.8    77.1 ± 2.4 NS     76.1 ± 1.2    78.0 ± 0.1 NS
  Remnant liver weight/body weight (%)     1.50 ± 0.03    1.73 ± 0.05 0.0002     1.74 ± 0.05    2.02 ± 0.05 < 0.0001
  Last measured body temperature (℃)     24.4 ± 0.6    36.3 ± 0.2    < 0.0001     25.7 ± 0.7    36.1 ±  0.6 < 0.0001
  AST (U/L)    1627 ± 722     342 ± 241 0.0124    1354 ± 514       51 ± 34 < 0.0001
  ALT (U/L)    1389 ± 681     182 ± 34 0.0567    1465 ± 497       22 ± 7    0.0252
  T-Bil (mg/dL)     12.9 ± 3.0      3.0 ± 0.5 0.0041     23.9 ± 3.1      3.1 ± 0.2 < 0.0001
  Hb (g/dL)       9.5 ± 0.7    12.4 ± 0.5 0.0031     13.5 ± 0.8    12.5 ± 0.4 NS
  Hematocrit (%)     28.0 ± 2.1    36.5 ± 1.4 0.0028     39.7 ± 2.3    36.7 ± 1.4 NS
  Glucose (mg/dL)   133.9 ± 18.9  136.4 ± 5.1 NS     92.9 ± 11.7  128.9 ± 5.6    0.0117
  PT- INR       0.9 ± 0.0      0.9 ± 0.0 NS     1.37 ± 0.24    1.84 ± 0.17 NS

Table 1  Univariate analysis of the factors before and after 75% partial hepatectomy

The study mice were divided prospectively into two study groups according to their body temperature, i.e., hypothermic (HT) 
or normothermic (NT), at 24 and 48 h after surgery. NS: Not significant; AST: Aspartate aminotransferase; ALT: Alanine ami-
notransaminase; T-Bil: Total bilirubin; Hb: Hemoglobin; PT-INR: Prothrombin time-international normalized ratio; PH: Partial 
hepatectomy.

  24 h after 75% PH (n = 152) P value
     Remnant liver weight/body weight 0.0829
     Body temperature (℃) 0.0372
     AST (U/L) 0.1263
     ALT (U/L) 0.3826
     T-Bil (mg/dL) 0.8753
     Hb (g/dL) 0.6974
     Hematocrit (%) 0.7365
  48 h after 75% PH (n = 108) P value
     Remnant liver weight/body weight 0.0012
     Body temperature (℃) 0.0161
     AST (U/L) 0.9182
     ALT (U/L) 0.8827
     T-Bil (mg/dL) 0.7322
     Glucose (mg/dL) 0.9913

Table 2  Multivariate analysis of the factors before and after 
75% partial hepatectomy

PH: Partial hepatectomy; AST: Aspartate aminotransferase; ALT: Alanine 
aminotransaminase; T-Bil: Total bilirubin; Hb: Hemoglobin.

Ohashi N et al . Hypothermia after hepatectomy



contrast, in NT mice, the LR appeared normal at both 24 
and 48 h (Figure 2C and G). Although there was signifi-
cant microvesicular steatosis in livers of  NT mice at 24 h 
(Figure 2D), it had largely resolved by 48 h (Figure 2H). 
The parenchymal architecture was essentially preserved in 
NT mice, as reported elsewhere[12,19,21].

HT mice had markedly elevated T-Bil levels at 24 h 
(12.9 ± 3.0 mg/dL vs 3.0 ± 0.5 mg/dL, P = 0.0008) and 
at 48 h (23.9 ± 3.1 mg/dL vs 3.1 ± 0.2 mg/dL, P < 0.0001) 
compared with those in NT mice. Serum AST levels were 
significantly higher in HT mice at 24 h (1627 ± 722 U/L 
vs 342 ± 241 U/L, P = 0.0124) and 48 h (1354 ± 514 
U/L vs 51 ± 34 U/L, P < 0.0001) compared with those 
in NT mice. ALT levels were similar in both groups at 24 
h but became significantly elevated at 48 h in HT mice 
compared with those in NT mice (1465 ± 497 U/L vs 22 
± 7 U/L, P = 0.0016). Hemoglobin (Hb) and hematocrit 
were significantly lower at 24 h in HT mice compared 
with those in NT mice (P < 0.0001). The anemia in HT 
mice was probably related to intrahepatic hemorrhage, 
consistent with a previous report[22]. At 48 h, Hb was the 
same in both groups (Table 1). 

Serum glucose levels were similar in HT and NT mice 
at 24 h. However, serum glucose levels in HT mice were 
significantly lower than those in NT mice at 48 h (92.9 ± 
11.7 mg/dL vs 128.9 ± 5.6 mg/dL, P = 0.0117), which 
is consistent with early hepatic insufficiency[18]. The PT-
INR was measured in a separate study. There was no sig-
nificant difference in the PT-INR between HT and NT 
mice at either 24 or 48 h. However, HT mice had a trend 
for an increased PT-INR at 48 h (1.84 ± 0.17 vs 1.37 ± 
0.24, P = 0.06) (Table 1).

These results collectively showed that at 24 and 48 
h, HT mice had gross, histological and biochemical evi-
dence consistent with early stages of  LF after 75% PH. 
In contrast, NT mice showed preserved liver function.  

Hypothermic mice have a diminished proliferative index 
after 75% PH 
In mice, DNA synthesis starts at approximately 24 h 
and peaks at approximately 36 to 48 h after standard 

2/3 PH[23]. The proliferative capability was assessed us-
ing Ki-67 and PCNA[18,24,25] (Figure 3A). Ki-67 staining 
showed minimal Ki-67 activity in HT and NT mice at 
24 h. HT mice continued to have a minimal Ki-67 index 
at 48 h. In contrast, NT mice showed significantly more 
Ki-67 immunostaining at 48 h compared with HT mice 
(P < 0.0001) (Figure 3B). Using PCNA, HT mice showed 
no proliferative activity at 24 h but proliferative activity 
was observed at 48 h. There were significant differences 
between HT and NT mice at 24 h (P < 0.0001) (Figure 
3C). In contrast, NT mice had elevated proliferative ac-
tivity at 24 and 48 h compared with HT mice, indicating 
normal progression and proliferation of  hepatocytes. 
The initial lack of  proliferative activity in HT mice is con-
sistent with LF[18,19,26].

Hypothermic mice lack cyclin D1 expression
Hepatocytes progress through the cell cycle to prolifer-
ate. Cyclin D1 is a marker for when hepatocytes enter the 
G1 phase and continue to proliferate[27,28]. In NT mice, 
we observed a significant increase in cyclin D1 expres-
sion at 24 h (P < 0.0001) and an even more pronounced 
increase in cyclin D1 at 48 h (P = 0.0002) compared with 
HT mice (Figure 3E). These results suggested that pro-
liferation was normal in NT mice. In contrast, HT mice 
had no detectable cyclin D1 at 24 h and minimal activity 
at 48 h (Figure 3D). These results are consistent with LF 
in HT mice[26,29].

Necrosis occurs in the LR of HT mice after 75% PH
Apoptosis is prevalent in LF after extensive PH[30,31]. 
However, necrosis is a major mechanism of  liver failure 
in certain models of  PH[12,19,21,32]. To determine the contri-
bution of  apoptosis, we performed TUNEL, DNA lad-
dering and caspase-3 assays. The TUNEL assay showed 
no differences between HT and NT mice at 24 and 48 h 
(Figure 4A). No DNA laddering patterns were detected 
at each time point (Figure 4B). No cleaved caspase-3 ex-
pression was found (Figure 4C). 

There was a large amount of  hemorrhagic/necrotic 
nodules and their total area was large throughout the liver 
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in HT mice at 24 and 48 h. In contrast, minimal or no 
hemorrhage and necrosis were found in NT mice (Figure 
5). These results suggested that necrosis but not apopto-
sis was the main pathway for cell death in LR, consistent 
with previous reports[12,19,21,32].

Signal transduction and energy production in the LR 
after 75% PH
By Western blot, c-Met expression was the same in both 

study groups at 24 h but was significantly lower in HT 
mice compared with that in NT mice at 48 h (P = 0.0008) 
(Figure 6). By immunohistochemistry, there was no sig-
nificant difference in c-Met expression per cell between 
the groups, suggesting that the decrease in c-Met expres-
sion in HT mice was due to a loss of  hepatocytes in the 
hemorrhagic and necrotic nodules. 

We found no significant differences in phosphory-
lated levels of  STAT3, Akt and MAP kinases, including 
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ERK1/2, SAPK/JNK and p38 MAPK, between HT and 
NT mice at 24 and 48 h, although the levels were higher 
than baseline levels found in the sham animals (Figure 
7). These results are consistent with a previous report 
demonstrating that Akt and STAT3 are elevated in LR[19]. 
However, an increase in signal transduction in an insuffi-

cient LR might not be adequate for liver regeneration, as 
previously reported[33]. 

We also found that ATP concentrations were signifi-
cantly lower at 48 h in HT mice compared with those in 
NT mice (P = 0.0100)[19,29] but we did not observe any 
difference in ATP levels at 24 h (P = 0.0758) (Figure 8). 
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We did not find a difference in cytochrome c among the 
groups. We also did not observe a difference in VEGF 
levels between the groups at 24 h but HT mice had sig-
nificantly higher VEGF levels than those in NT mice at 
48 h (P < 0.0001) (Figure 9). We also found no differ-
ences in HGF in the sera of  the study mice.

DISCUSSION
The clinical indicators for early detection of  LF in an 
insufficient LR after EH are unknown. Most current 
studies on the mechanisms of  LF have focused only on 
surviving animals because there have been no reliable in-
dicators of  the onset of  LF in an insufficient LR[19].

In this study, we prospectively demonstrated that hypo-
thermia is directly correlated with biochemical, histological 
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and molecular factors of  LR after 75% PH in mice. Con-
sistent with previous studies[12-14], HT mice in this study 
had ongoing LF. Their LRs appeared abnormal, showed 
hemorrhage and necrosis, had a severely disrupted liver 

function profile, and demonstrated markedly suppressed 
proliferative indices and cyclin D1. The lack of  cyclin D1 
in HT mice is consistent with the absence of  liver regen-
eration and inadequate liver regeneration results in high 
mortality rates[29]. In addition, in our model, LF was due to 
hepatocellular necrosis rather than apoptosis[19,21]. 

Two-thirds PH (2/3 PH) in rodents is the standard 
model for investigating LF and hepatic regeneration[34,35]. 
With 2/3 PH, all animals survive. A > 70% PH is rou-
tinely performed as a model of  LF. Longo et al[18] showed 
an increased mortality after 24 h with ≥ 75% PH in 
mice. Emond et al[12] used ≥ 90% PH in rats, resulting 
in 90% mortality. The rats that died after 90% PH failed 
to achieve a BT above 34 ℃. Moreover, maintaining 
normothermia by external warming does not improve 
survival[12]. Similarly, Eguchi et al[13] found suppressed LR 
growth and an altered biochemical liver profile in 92% 
PH rats and those rats had hypothermia of  29 ℃ at 30 h. 
Moreover, in those animals, maintaining normothermia 
by external warming led to increased mortality[13]. These 
data are consistent with our results, which collectively 
support the hypothesis that hypothermia is predictive of  
LF after EH. 

In a retrospective analysis, a prothrombin time < 50% 
and T-Bil level > 50 μmol/L at day 5 after hepatectomy 
predicted a mortality rate of  over 50%[36]. Similarly, a low 
platelet count (< 100000/μL), PT-INR >2.0 and T-Bil 
level > 6.6 mg/dL at 48 h were correlated with LF and 
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death unless a liver transplant was performed[37]. There-
fore, LF is lethal and usually has reached an advanced 
stage when it becomes clinically and biochemically evi-
dent. Moreover, these retrospectively derived prognostic 
factors may not be applicable universally and remain to be 
validated[7].

Our findings of  hemorrhagic and necrotic nodules 
in the liver of  HT mice suggest mechanisms of  injury 
and potential therapy similar to those previously report-
ed[12,18,19,21,32]. For example, specific blockade of  tumor 
necrosis factor prevents LF after EH[32]. Interleukin-6 
(IL-6) might protect against oxidative injury and necrosis 
by promoting STAT3 and Akt pathways[19]. Mitochon-
drial injury and dysfunction with increased free radical 
production could be a focus of  therapy[21,29]. In addition, 
portal hyperperfusion is implicated in an insufficient LR 
and small-for-size graft (SFSG)[38,39]. Attenuating portal 
hyperperfusion has been shown to ameliorate liver dys-
function in residual extreme small LRs[40], as well as in 
liver transplantation with SFSGs[41-44]. However, the exact 
mechanisms for LR in an insufficient LR remain incom-
pletely understood. The role of  free radical scavengers, 
tumor necrosis factor blockage, IL-6 and portal diversion 
in clinical practice require further evaluation.

After 75% PH, MAPK cascades were activated above 
baseline levels in the sham-operated mice in this study 
but we did not observe any difference in the MAPK 
cascades, including MAPK p38, ERK1/2, JNK, Akt and 
STAT3, in HT and NT mice. The lack of  liver regenera-
tion in HT mice in the presence of  activated MAPK cas-
cades indicates severe hepatic dysfunction, as previously 
suggested[33]. These results suggest that understanding the 
mechanisms responsible for hemorrhage and necrosis, 
which might be independent of  MAPKs, is essential for 
preventing and treating LF. 

Our study is limited by a potentially confounding factor, 
namely, whether hypothermia was the cause rather than the 
result of  the observed LF. It has been suggested that hy-
pothermia impedes liver regeneration[45,46]. However, hypo-
thermia is a well-known sequel of  acute LF[10]. Mild hypo-
thermia can ameliorate brain edema as well as liver injury in 
acute LF[46-48]. In our study, we monitored BT prospectively 
and separated the study animals by BT before the animals 
became moribund[19]. Although we could not completely 
rule out the potential contribution of  hypothermia as a 
cause of  LF after EH, the prospective characterizations of  
the mice in this study indicate that hypothermia has an im-
portant role as an early indicator of  LF. 

In conclusion, hypothermia after EH portends im-
pending LF. Hypothermia might be a clinically useful 
marker for investigators to focus on the molecular path-
ways that are important during the early development of  
LF in an insufficient LR. Further study to validate the 
role of  hypothermia as a predictor of  LF in an insuffi-
cient LR is warranted.
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remnant are unknown. 
Research frontiers
In early studies, terminal liver failure was associated with hypothermia. Hy-
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Hypothermia might be a clinically useful predictor for the early development of 
liver failure in an insufficient liver remnant after extended hepatectomy.
Terminology
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Peer review
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