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Abstract 1 

Background & Aims: The optimal conditions for hepatocyte proliferation should be clarified in 2 

an attempt to improve the impaired liver regeneration observed in patients with acute liver failure 3 

(ALF). In order to evaluate the significance of the serum AFP level and PT-INR as possible 4 

biomarkers of the proliferation of liver stem/progenitor cells (LPCs) and mature hepatocytes 5 

(MHs), respectively, we focused on donors of living donor liver transplantation (LDLT) and 6 

patients with acute liver injury (ALI), including ALF. Methods: Seventy-three patients with 7 

ALI/ALF and 11 donors for LDLT were evaluated. LPC induction was histologically evaluated 8 

using cytokeratin (CK)-7 staining in 45 ALI/ALF patients. Results: The AFP level was not 9 

apparently elevated during the observation period in any of the LDLT donors, whereas the serum 10 

AFP levels were substantially increased in the patients with ALI/ALF and significantly 11 

correlated with the number of CK-7 positive LPCs in the liver, except for very severe damaged 12 

liver. All patients exhibiting an early peak in the AFP level prior to PT-INR elevation died. 13 

Conclusions: The serum AFP level may reflect the induction of LPCs in ALI/ALF patients. The 14 

substantial and persistent induction of LPCs until sufficient regeneration of MHs may be needed 15 

for a recovery from ALF. We herein demonstrate that the serum AFP level may be a serum 16 

marker of LPCs in patients with ALI/ALF. A comparison of the serial changes in the AFP levels 17 

and PT-INR in our study patients showed impaired proliferation of LPCs and delayed recovery 18 

of MHs in the patients who died.19 
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Introduction 1 

  Acute liver failure (ALF) affects approximately 200 patients per year in Japan 1. ALF 2 

patients can be divided into two groups: those with and without encephalopathy. ALF patients 3 

with encephalopathy are further classified based on the duration of precoma into those with acute 4 

type or subacute type disease. Impaired liver regeneration appears to be the main factor 5 

accounting for the poor prognosis of patients with the subacute type of ALF with encephalopathy, 6 

although the underlying mechanism has not been sufficiently investigated 2. The development of 7 

a new modality to promote liver regeneration is therefore needed in order to improve the 8 

prognosis of ALF patients treated without liver transplantation. 9 

  Two cell types, namely mature hepatocytes (MHs) and liver stem/progenitor cells 10 

(LPCs), such as oval cells, are considered to be potential cell sources for regeneration of the liver 11 

parenchyma 3. Katoonizadeh et al. showed that the number of LPCs significantly increases 12 

according to the severity of hepatocyte loss 4. Hence, MH and LPCs are not generally increased 13 

under the same conditions3, 5. This finding indicates that these cell types have different optimal 14 

microenvironments for proliferation. These cells also show different cell-signaling reactions to 15 

the same stimuli. Fujita et al. evaluated serial changes in the microscopic findings of the graft 16 

and native liver in an ALF patient who underwent auxiliary partial orthotopic liver 17 

transplantation (APOLT)6. That was a unique report in that it included sequential observations of 18 

the regeneration of the native liver. Consequently, a ductular reaction was observed on POD7, 19 

followed by proliferation of small round cells approximately two months after APOLT. The 20 

patient’s complete recovery from massive liver injury took 14 months after the APOLT 21 

procedure. These findings indicate that LPCs require a long period for liver tissue repair. In 22 

addition, serial changes due to liver regeneration have been observed in models of partial 23 
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hepatectomy. In a rodent model, two-thirds hepatectomy resulted in the rapid generation of 93% 1 

of the original volume between seven and 14 days after the operation 7. In the clinical setting, it 2 

has been demonstrated that partial hepatectomy repairs 86% of the original liver volume by 12 3 

months 8. A rapid recovery in the liver volume is observed if a sufficient number of hepatocytes 4 

remain in the injured liver, such as that observed after partial hepatectomy.  5 

Intriguingly, patients with ALF usually present with increased serum AFP levels during 6 

hospitalization 9-11. AFP is thought to be secreted from LPCs, as LPCs, but not MHs, express 7 

AFP, and are the major cells involved in regeneration 5, 12. Furthermore, an increase in the AFP 8 

level from the time of administration to three days after the start of therapy is associated with the 9 

prognosis of patients with ALF 9, while a decrease in the AFP level during hospitalization is a 10 

predictive marker of a poor prognosis in such patients 13. These results suggest that the 11 

recruitment of LPCs is associated with both the severity of liver damage and the regenerative 12 

activity induced by the LPCs. Meanwhile, the histological findings observed during liver 13 

regeneration are well described in patients with acute-onset autoimmune hepatitis and chronic 14 

hepatitis 14, 15. Accordingly, LPCs with an oval nucleus for recruitment in liver regeneration 15 

express cytokeratin (CK)-7 14, 15. Intriguingly, the severity of hepatocyte loss positively 16 

correlates with the number of LPCs in cases of mild to severe hepatocyte loss 4. Moreover, the 17 

severity of liver damage appears to be associated with the serum AFP level and number of LPCs 18 

in the damaged liver. However, the relationships between laboratory parameters and the number 19 

of LPCs in the liver have not yet been clarified.  20 

The number of LDLT procedures has recently increased in Japan 16. LDLT donors have 21 

a “unique status” in that their participation makes it possible to observe the features of typical 22 

liver regeneration after partial hepatectomy in humans 8. Therefore, assessing serial changes in 23 
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various blood markers in patients undergoing LDLT after hepatectomy may provide helpful 1 

information for evaluating the regenerative process in the “pathological liver” in the setting of 2 

ALI/ALF. Furthermore, confirming whether ALI/ALF induces LPC production and/or the AFP 3 

expression may help to clarify the significance of elevation of the serum AFP levels in ALI/ALF 4 

patients. 5 

The aims of this study were to (1) determine serial serum data regarding liver regeneration in 6 

living donors during the early perioperative period, (2) compare various serum markers and the 7 

prognosis of ALF/ALI patients and (3) confirm the relationships between LPC recruitment on 8 

immunohistochemistry and serum parameters, including the AFP level, in patients with 9 

ALI/ALF. 10 

 11 

  12 
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Materials and Methods 1 

Subjects: Eleven healthy donors who underwent liver transplantation with partial 2 

hepatectomy (PH) from 2008 to 2012 at our institute were enrolled in this study, as subjects 3 

treated with PH exhibit a rapid recovery of the liver volume after PH. Serum samples were 4 

collected from the day before the operation until the seventh postoperative day (POD) and stored 5 

at -20°C until the analysis. The residual liver volume of the donors was calculated as the actual 6 

liver graft weight divided by the liver volume estimated on computed tomography prior to 7 

surgery (Table 1).  8 

A total of 192 patients who consulted our department for the treatment of acute liver 9 

injury between 2004 and 2013 were retrospectively evaluated in this study. One hundred and 10 

nineteen of these subjects were excluded from the study for various reasons, including 11 

complications associated with disseminated intravascular coagulopathy or a lack of serum data 12 

or blood samples. The eligible 73 patients were further classified into subjects with ALI and 13 

those with ALF. ALI was defined as liver injury in a patient with no known previous liver 14 

disease, a PT-INR of < 1.5 during hospitalization and a duration of illness of < 26 weeks. ALF 15 

was defined as ALI with a PT-INR of >1.5 during hospitalization. Cases of ALF with coma 16 

were subdivided into acute and subacute types; the acute type was defined as the development 17 

of hepatic encephalopathy within 10 days from date of onset of symptoms, and the subacute 18 

type was defined as the development of hepatic encephalopathy more than 11 days after the 19 

date of onset of symptoms1, 17. In order to evaluate the clinical course of the disease, the 73 20 

patients were divided into two groups based on outcome: namely, death or survival (Table 2). 21 

For the assessment of serial changes in the serum AFP levels and PT-INR values, these 22 

parameters were measured on the date of admission, three to five days after admission and then 23 
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at least every seven days after admission. In order to compare these data between the surviving 1 

and deceased patients, the date for each parameter was determined based on the period: at 2 

admission, three to seven days after admission and 10 days around discharge, defined as 3 

“admission,” “early” and “late,” respectively.  4 

Informed consent for a liver biopsy was obtained from 45 of the 73 patients with 5 

ALI/ALF.  The liver specimens were further evaluated with respect to the presence of CK-7 6 

positive LPCs in the liver using immunohistochemistry.  7 

All protocols reported in this paper were approved by the Institutional Review Board 8 

of Iwate Medical University (approval number: H20-36), and informed consent was obtained 9 

from all participants.  10 

Measurements and calculations: Body mass index (BMI) was calculated using the 11 

following formula: BMI = weight (kg)/ height (m)2. In order to calculate the residual liver 12 

volume, the total liver volume was determined using sets of axial images obtained preoperatively 13 

using computed tomography. The residual liver volume was calculated by subtracting the actual 14 

weight of the liver specimen from the total liver volume divided by the total liver volume. 15 

Laboratory data: The plasma PT-INR value and serum levels of AFP, alanine 16 

transaminase (ALT) and hepatocyte growth factor (HGF) were analyzed using an autoanalyzer 17 

(JCA-BM2250, JEOL, Tokyo, Japan).  18 

Immunohistochemistry of CK-7 positive LPCs in the liver: Liver specimens were 19 

obtained from 45 of the 73 patients with ALI/ALF. In order to evaluate the number of hepatic 20 

progenitor cells, CK-7 positive cells were identified using immunohistochemistry and then 21 

distinguished based on morphological findings, such as a small cell size and oval nucleus4, 15. 22 

The small CK-7 positive cells with oval nucleus was counted as LPCs in three high-power fields 23 
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and is presented as the total number. Immunohistochemical staining was performed using a 1 

Ventana HX System Discovery device with a DAB Map kit (Ventana, Tucson, AZ, USA) and an 2 

anti-CK7 antibody (Dako, Glostrup, Denmark). 3 

Evaluation of the severity of liver tissue damage: The liver specimens used in the 4 

above analyses were assessed using H&E-stained sections according to a classification 5 

previously reported by others 4. Briefly, the severity of liver tissue damage was expressed as a 6 

percentage of the overall parenchymal area: mild= less than 30% hepatocyte loss, moderate= 7 

30% to 50% hepatocyte loss, severe= 50% to 75% hepatocyte loss and very severe= more than 8 

75% hepatocyte loss. 9 

Statistical analysis: The results are expressed as the mean and standard deviation. All 10 

statistical analyses were performed using the SPSS 17.0 software program (SPSS Inc., Chicago, 11 

IL, United States). Non-parametric tests (Kruskal-Wallis followed by Dunn's multiple 12 

comparisons) were used to evaluate the statistical significance of the results. A two-sided p value 13 

of <0.05 was considered to be statistically significant. Spearman’s correlation was used to assess 14 

the correlations.  15 

  16 
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Results 1 

Clinical characteristics of the liver donors: The characteristics and resected liver 2 

volume of the 11 donors are summarized in Table 1. None of the patients exhibited any 3 

complications prior to surgery. All donors underwent laparoscopic and hand-associated 4 

hepatectomy, began to consume an oral diet on the second day after the operation and were 5 

discharged within 10 days without major complications. The residual liver volume for all donors 6 

was over 41.5% of the total liver volume. The gallbladder was resected in all cases. 7 

 8 

The prothrombin time immediately recovered after partial hepatectomy without 9 

drastic elevation of the alpha fetoprotein level: The ALT and PT-INR values in the living 10 

donors were significantly higher on POD2 than on the day before the procedure (p<0.01, Figures 11 

1A and B). However, both the PT-INR and ALT values quickly recovered by POD7. The 12 

PT-INR on POD2 was not associated with age, SLV, ALT or maximum AFP (data not shown). 13 

The AFP levels were not apparently elevated during the observation period in the LDLT donors 14 

(Figure 1C), whereas the HGF levels were significantly higher on POD1 than the baseline values 15 

(p<0.05, Figure 1d). 16 

 17 

The number of CK-7 positive LPCs in the liver tissue was increased among mild to 18 

severe grade, but not very severe grade, of liver damage in the ALI/ALF patients: In order to 19 

assess the recruitment of LPCs in the liver tissue, the degree of CK7 positivity in the liver tissue 20 

was determined using immunohistochemistry in hepatocytes. Pathological examinations of the 21 

liver tissue were performed in 45 of the 73 patients with ALI/ALF, including both survivors and 22 

non-survivors (Supplemental Table 1). In one patient with ALF caused by drug-induced liver 23 
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injury, single CK7-positive small cells with oval nuclei appeared in the liver (Figures 2A). CK-7 1 

positive LPCs were also detected in a patient with ALI of unknown origin (Figures 2B). The 2 

subjects were classified into four groups based on the severity of liver tissue damage: mild 3 

(<30%), moderate (30–50%), severe (50-75%) and very severe (>75%). The number of CK-7 4 

positive LPCs in the liver increased in the moderate and severe cases, but not in the very severe 5 

cases (Figure 3), and significantly correlated with the serum AFP level (Figure 4; ρ=0.403, 6 

p<0.01).    7 

 8 

Clinical characteristics of the patients with acute liver injury or failure: The prognosis, 9 

type of disease, etiology of ALI/ALF and AFP levels in the 73 patients evaluated in this study 10 

are summarized in Table 2. Because we focused on the optimal microenvironment for liver 11 

regeneration, the patients with ALI/ALF were divided into groups based on their prognosis. The 12 

patients with a poor prognosis were further stratified based on whether they had ALF without 13 

coma or ALF with a coma subacute type. The AFP levels in the non-surviving patients were not 14 

significantly different from those observed in the surviving patients (Table 2 and Figure 5A). 15 

The HGF levels were also not significantly different between the non-surviving patients and the 16 

surviving patients at the time of admission (Table 2). 17 

 18 

The ALI/ALF patients whose AFP level peaked before the PT-INR exhibited a poorer 19 

prognosis: Eight of the 11 non-surviving patients exhibited a peak in the AFP level prior to the 20 

peak in the PT-INR (Figure 5B). In contrast, three of the 11 non-surviving patients and all of the 21 

surviving patients displayed an earlier peak in the PT-INR than the AFP level (Figure 5B). The 22 

serial changes in the serum AFP levels and PT-INR values in all patients with ALI/ALF are 23 
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summarized in Figure 5C. Seven of the eight patients presented with a PT-INR of > 1.5 in the 1 

late phase during hospitalization; the AFP levels also consistently decreased over the disease 2 

course in all eight patients. The serial changes in these parameters in a representative patient are 3 

presented in Figure 5D. The 76-year-old Japanese female, who had been diagnosed with ALF of 4 

unknown origin, was treated with steroid pulse therapy for three days. Although the PT-INR 5 

decreased around the 14th hospital day, an increase in the PT-INR and decrease in the AFP level 6 

were noted around the 28th hospital day (Figure 5D). The patient ultimately died due to liver 7 

failure.   8 
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Discussion 1 

The present study demonstrated the following findings: (1) the serial changes in 2 

principal liver parameters after large volume hepatectomy for living donor liver transplantation 3 

showed that the liver function of the living donors quickly recovered after hepatectomy; (2) the 4 

number of LPCs in the liver was associated with the severity of liver tissue damage and 5 

positively correlated with the serum AFP levels in the patients with ALI/ALF; (3) the serum AFP 6 

levels were elevated in the patients with ALI/ALF, and the non-surviving patients exhibited a 7 

delayed recovery in the synthetic function of the liver and a decrease in the serum AFP level. 8 

Based on the present results, a sustained functional decline in the liver associated with ALI/ALF 9 

may lead to the suppression of LPC proliferation and/or inhibition of MH replication, thus 10 

resulting in a delayed recovery of the synthetic function. Although the detailed conditions 11 

required to promote LPC proliferation remain unclear, providing an optimal environment for 12 

LPC proliferation may yield a better prognosis for patients with ALF. 13 

The poor prognosis of ALI/ALF is characterized by a collapse of the liver function, 14 

progressively induced by liver atrophy due to impaired liver regeneration 18-20. Therefore, liver 15 

regeneration is considered to play an important role in the recovery of the liver function and 16 

increasing the liver volume. For the purpose of promoting liver regeneration, the development of 17 

a method to identify LPC recruitment to liver tissue is needed. Based on data showing a 18 

correlation between the serum AFP level and histological positivity of CK-7 positive LPCs in 19 

cases of ALI/ALF, we consider the serum AFP level to be a marker of the induction and 20 

proliferation of LPCs14, 15. 21 

In the present study, we evaluated living liver donors, as the participation of living 22 

donors allows the normal recovery process after partial hepatectomy to be monitored in healthy 23 
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humans. Precise monitoring of the results of liver tests in this study revealed several new insights 1 

regarding the recovery of a “healthy liver.” Of the investigated liver function parameters, the 2 

serum ALT level is considered to reflect the degree of hepatocyte damage, while the PT-INR 3 

represents the functional mature hepatocyte mass. The early peak and subsequent rapid recovery 4 

of the ALT level after the operation suggest that hepatocyte damage subsides in the very early 5 

stage after PH (Figure 1A). In contrast, the uniformly fixed peak of PT-INR observed on POD 3 6 

and ensuing gradual decrease in this parameter indicate that hepatocytes do not begin to function 7 

sufficiently until three days after surgery, at which time they rapidly recover their abilities 8 

(Figure 1B). Although PH resulted in the loss of functional hepatocytes in this study, liver 9 

damage from PH did not induce AFP elevation, which suggests the induction of LPCs in the 10 

liver. Although the serum AFP levels in the living donors were significantly elevated during 11 

hospitalization, the degree of elevation was not drastic (Figure 1C). A previous report also 12 

indicated that the AFP level is not dramatically increased following partial hepatectomy in 13 

humans 21. Intriguingly, in the current study, the serum HGF levels were elevated on POD1 and 14 

then returned to the normal range within a few days (Figure 1D). Elevation of the HGF level 15 

around the early stage has also been reported in an animal model of partial hepatectomy 22. These 16 

data suggest that mature hepatocytes, not progenitor hepatocytes, respond to the regeneration of 17 

PH and that HGF possibly contributes to this response during the early stage after PH in healthy 18 

humans as well as rodent models 7, 22, 23. 19 

In the present analysis, the patients with ALF presented with hepatocyte necrosis in the 20 

liver. Considering the deteriorated liver function of these patients, including coagulopathy, they 21 

lacked a sufficient functional hepatocyte mass the liver. Against this background, the liver 22 

induced the AFP expression via LPCs through several signaling pathways 24-28. Hence, the serum 23 
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AFP levels were substantially higher in the patients with ALI/ALF than in the donors who 1 

underwent PH (Figure 5A) and positively correlated with the number of LPCs in the liver in the 2 

patients with ALI/ALF (Figure 4). Importantly, there were no significant differences in the 3 

serum AFP levels between the surviving and non-surviving patients (Figure 5A). Therefore, LPC 4 

induction occurred in almost all of the ALI/ALF patients. In addition, both the donors and 5 

patients with ALI/ALF showed severe elevation of PT-INR due to the loss of the functional 6 

hepatocyte mass. However, the PT-INR values in the donors and surviving patients with 7 

ALI/ALF displayed a rapid recovery to the normal range, whereas the PT-INR recovery was 8 

delayed or absent in the non-surviving patients with ALI/ALF (Figures 5B and 5C). Taken 9 

together, these findings indicate that the liver damage associated with ALI/ALF promotes the 10 

induction of LPCs and that the number of LPCs decreases in association with the recovery of the 11 

liver function. It's important to note that histological severity does not always accord with 12 

survival although the association among histological severity, AFP and CK7 expression is 13 

presented. Thus, future studies would be needed for clarification about microenvironments of the 14 

liver with ALI/ALF. 15 

According to the present results, we speculate that the decreased number of LPCs 16 

observed in the surviving patients was preceded by LPC differentiation to MHs and/or MH 17 

proliferation from recovered MHs. On the other hand, as the recovery of the liver function was 18 

delayed in the non-surviving patients, these individuals lacked sufficient MHs originating from 19 

LPC proliferation and/or MH replication of residual MHs. Therefore, the induction of sufficient 20 

MHs is a critical step in the recovery from massive hepatocyte necrosis resulting from ALI/ALF. 21 

Indeed, the progression of LPC proliferation in an in vivo model of liver injury has been shown 22 

to inhibit hepatocyte demise and improve patient outcomes 26, 29. Therefore, agents promoting the 23 
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differentiation of LPCs to MHs may be good candidates as therapeutic targets in ALI/ALF 1 

patients with a poor prognosis.  2 

In conclusion, the current data suggest that the residual liver in donors rapidly regains 3 

its function without deploying progenitor cells for tissue repair, thus suggesting that the serum of 4 

the donor after surgery possesses features associated with optimal conditions for mature 5 

hepatocyte proliferation. Liver damage, such as that observed in cases of ALI/ALF, promotes 6 

LPC induction, and a sustained functional decline in the liver may lead to the suppression of 7 

LPC proliferation or inhibition of MH replication, thereby resulting in a delayed recovery of the 8 

synthetic function and a consequent poor prognosis in patients with ALI/ALF. In order to 9 

appropriately treat such patients, the optimal conditions for a functional recovery of the liver 10 

based on LPC proliferation must be understood. The present study provides preliminary evidence 11 

regarding these conditions, and further studies should thus be performed to validate our findings.  12 

  13 



 

Kakisaka Page 18 

 

Acknowledgments 1 

The study was supported in part by Grants-in-Aid from the Ministry of Health, Labour 2 

and Welfare of Japan to the Intractable Hepatobiliary Diseases Study Group (#25461008). There 3 

are no conflicts of interest with regard to this work.4 



 

Kakisaka Page 19 

 

References 1 

1 Sugawara K, Nakayama N, Mochida S. Acute liver failure in Japan: definition, 2 
classification, and prediction of the outcome. Journal of gastroenterology. 2012 Aug;47: 3 
849-61. 4 
2 Oketani M, Ido A, Nakayama N, et al. Etiology and prognosis of fulminant 5 
hepatitis and late-onset hepatic failure in Japan: Summary of the annual nationwide survey 6 
between 2004 and 2009. Hepatology research : the official journal of the Japan Society of 7 
Hepatology. 2013 Feb;43: 97-105. 8 
3 Fausto N, Campbell JS. The role of hepatocytes and oval cells in liver regeneration 9 
and repopulation. Mechanisms of development. 2003 Jan;120: 117-30. 10 
4 Katoonizadeh A, Nevens F, Verslype C, Pirenne J, Roskams T. Liver regeneration 11 
in acute severe liver impairment: a clinicopathological correlation study. Liver 12 
international : official journal of the International Association for the Study of the Liver. 13 
2006 Dec;26: 1225-33. 14 
5 Fausto N, Campbell JS, Riehle KJ. Liver regeneration. Hepatology. 2006 Feb;43: 15 
S45-53. 16 
6 Fujita M, Furukawa H, Hattori M, Todo S, Ishida Y, Nagashima K. Sequential 17 
observation of liver cell regeneration after massive hepatic necrosis in auxiliary partial 18 
orthotopic liver transplantation. Modern pathology : an official journal of the United States 19 
and Canadian Academy of Pathology, Inc. 2000 Feb;13: 152-7. 20 
7 Martins PN, Theruvath TP, Neuhaus P. Rodent models of partial hepatectomies. 21 
Liver international : official journal of the International Association for the Study of the 22 
Liver. 2008 Jan;28: 3-11. 23 
8 Pomfret EA, Pomposelli JJ, Gordon FD, et al. Liver regeneration and surgical 24 
outcome in donors of right-lobe liver grafts. Transplantation. 2003 Jul 15;76: 5-10. 25 
9 Schiodt FV, Ostapowicz G, Murray N, et al. Alpha-fetoprotein and prognosis in 26 
acute liver failure. Liver transplantation : official publication of the American Association 27 
for the Study of Liver Diseases and the International Liver Transplantation Society. 2006 28 
Dec;12: 1776-81. 29 
10 Schmidt LE, Dalhoff K. Alpha-fetoprotein is a predictor of outcome in 30 
acetaminophen-induced liver injury. Hepatology. 2005 Jan;41: 26-31. 31 
11 Takikawa Y, Suzuki K. Is AFP a new reliable marker of liver regeneration in acute 32 
hepatic failure? Journal of gastroenterology. 2002;37: 681-2. 33 



 

Kakisaka Page 20 

 

12 Kuhlmann WD, Wurster K. Correlation of histology and alpha 1-fetoprotein 1 
resurgence in rat liver regeneration after experimental injury by galactosamine. Virchows 2 
Archiv A, Pathological anatomy and histology. 1980;387: 47-57. 3 
13 Yang SS, Cheng KS, Lai YC, et al. Decreasing serum alpha-fetoprotein levels in 4 
predicting poor prognosis of acute hepatic failure in patients with chronic hepatitis B. 5 
Journal of gastroenterology. 2002;37: 626-32. 6 
14 Eleazar JA, Memeo L, Jhang JS, et al. Progenitor cell expansion: an important 7 
source of hepatocyte regeneration in chronic hepatitis. J Hepatol. 2004 Dec;41: 983-91. 8 
15 Fujiwara K, Nakano M, Yasui S, Okitsu K, Yonemitsu Y, Yokosuka O. Advanced 9 
histology and impaired liver regeneration are associated with disease severity in acute-onset 10 
autoimmune hepatitis. Histopathology. 2011 Apr;58: 693-704. 11 
16 Yamashiki N, Sugawara Y, Tamura S, et al. Outcomes after living donor liver 12 
transplantation for acute liver failure in Japan: results of a nationwide survey. Liver 13 
transplantation : official publication of the American Association for the Study of Liver 14 
Diseases and the International Liver Transplantation Society. 2012 Sep;18: 1069-77. 15 
17 Nakayama N, Oketani M, Kawamura Y, et al. Novel classification of acute liver 16 
failure through clustering using a self-organizing map: usefulness for prediction of the 17 
outcome. Journal of gastroenterology. 2011;46: 1127-35. 18 
18 Perkins JD. Another formula to determine the prognosis of patients with acute 19 
liver failure. Liver transplantation : official publication of the American Association for the 20 
Study of Liver Diseases and the International Liver Transplantation Society. 2009 Aug;15: 21 
986-91. 22 
19 Yamagishi Y, Saito H, Ebinuma H, et al. A new prognostic formula for adult acute 23 
liver failure using computer tomography-derived hepatic volumetric analysis. Journal of 24 
gastroenterology. 2009;44: 615-23. 25 
20 Takikawa Y, Endo R, Suzuki K, Tsubouchi H, Fulminant Hepatitis Study Group of 26 
J. Early prediction of short-term development of hepatic encephalopathy in patients with 27 
acute liver disease unrelated to paracetamol. A prospective study in Japan. J Hepatol. 2009 28 
Dec;51: 1021-9. 29 
21 Nagasue N, Inokuchi K, Kobayashi M, Kanashima R. Serum alpha-fetoprotein in 30 
patients following partial hepatectomy. Digestive diseases and sciences. 1980 Apr;25: 243-7. 31 
22 Nejak-Bowen K, Orr A, Bowen WC, Jr., Michalopoulos GK. Conditional genetic 32 
elimination of hepatocyte growth factor in mice compromises liver regeneration after partial 33 
hepatectomy. PloS one. 2013;8: e59836. 34 
23 Michalopoulos GK. Liver regeneration after partial hepatectomy: critical analysis 35 
of mechanistic dilemmas. The American journal of pathology. 2010 Jan;176: 2-13. 36 



 

Kakisaka Page 21 

 

24 Wang L, Wang X, Xie G, Wang L, Hill CK, DeLeve LD. Liver sinusoidal endothelial 1 
cell progenitor cells promote liver regeneration in rats. J Clin Invest. 2012 Apr 2;122: 2 
1567-73. 3 
25 Tirnitz-Parker JE, Olynyk JK, Ramm GA. Role of TWEAK in co-regulating liver 4 
progenitor cell and fibrogenic responses. Hepatology. 2013 Aug 26. 5 
26 Wuestefeld T, Pesic M, Rudalska R, et al. A Direct in vivo RNAi screen identifies 6 
MKK4 as a key regulator of liver regeneration. Cell. 2013 Apr 11;153: 389-401. 7 
27 Kamiya A, Inagaki Y. Stem and progenitor cell systems in liver development and 8 
regeneration. Hepatology Research. 2014: n/a-n/a. 9 
28 Chistiakov DA, Chistiakov PA. Strategies to produce hepatocytes and 10 
hepatocyte-like cells from pluripotent stem cells. Hepatology Research. 2012;42: 111-9. 11 
29 Christ B, Bruckner S. Rodent animal models for surrogate analysis of cell therapy 12 
in acute liver failure. Frontiers in physiology. 2012;3: 78. 13 
 14 
  15 



 

Kakisaka Page 22 

 

Figure Legends 1 

Figure 1. Serial changes in the laboratory data of the living donors for 2 

liver transplantation during the perioperative period 3 

  A, B, C and D: The serial changes in the alanine aminotransferase (ALT), 4 

prothrombin (PT-INR), alpha-fetoprotein (AFP) and hepatocyte growth factor (HGF) 5 

levels are presented in the indicated line graphs. The data were collected preoperatively 6 

until postoperative day 7. The open circles indicate outliers. All data are expressed as 7 

the mean ± SD; *P < 0.05, vs Pre; **P < 0.05, vs POD6; †P<0.05, vs POD3; ‡8 

P<0.05, vs POD1. 9 

 10 

Figure 2. Evaluation of cytokeratin 7-positive cells in the patients with 11 

acute liver injury or failure  12 

A and B: Liver specimens were obtained from the patients with drug-induced 13 

acute liver failure (A) and patients with acute liver injury of unknown origin (B). A and 14 

B: Cytokeratin 7 (CK7) staining, used as a marker of liver stem/progenitor cells, was 15 

evaluated using immunohistochemistry.  16 

 17 
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Figure 3. Comparison of the number of cytokeratin 7-positive cells based 1 

on the severity of hepatocyte necrosis  2 

The patients evaluated in the immunohistochemical study (n=45) were 3 

classified into subgroups according to the degree of hepatocyte necrosis. The number of 4 

cytokeratin 7 (CK7)-positive cells per high-power field was significantly higher in the 5 

livers of the patients with moderate and severe hepatocyte necrosis than in the livers of 6 

those with mild or moderate hepatocyte necrosis. All data are expressed as the mean ± 7 

SD; *P<0.05 vs Mild. 8 

 9 

Figure 4. Correlation between the serum alpha fetoprotein level and the 10 

number of cytokeratin 7-positive LPCs in the patients with acute liver injury or 11 

failure 12 

 The horizontal axis shows the number of cytokeratin 7 (CK7)-positive LPCs 13 

per high-power field. The vertical axis shows the serum AFP levels on or around the 14 

day of the liver biopsy. The relationship between the serum AFP level and the number 15 

of CK-7 positive LPCs in the liver was investigated using Spearman’s correlation 16 

coefficient test.   17 

 18 
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Figure 5. Comparison of the peaks in the alpha fetoprotein level and 1 

prothrombin time in the patients with acute liver injury or failure 2 

A: The peak serum alpha-fetoprotein (AFP) levels were compared between the 3 

living donors and all patients with acute liver injury or failure (ALI/ALF) and the 4 

surviving and non-surviving patients with ALI/ALF. The open circles indicate outliers. 5 

B: The deceased and surviving patients with ALI/ALF were classified into two groups: 6 

“peak AFP after peak PT-INR” and “peak AFP before peak PT-INR.” C: Serial changes 7 

in the AFP levels (upper panel) and PT-INR values (lower panel) in the deceased and 8 

surviving patients. The open circles indicate outliers. D: Serial changes of the serum 9 

AFP level and plasma PT-INR in the 76-year-old Japanese female with ALF of 10 

unknown origin were presented. Right vertical axis indicated the level of AFP. Left 11 

vertical axis indicated the PT-INR value. 12 

 13 
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AFP as a marker for progenitor cell recruitment in ALI/ALF 

Supplemental table 1. The Characteristics of the Patients for Evaluated in 

the Immunohistochemical Study of the Liver 

    Deceased (n=4) Survived (n=41) 

M:F 2:2 15:26 
Types of Disease 

    Acute liver injury (ALI) 0 14 
  Acute liver failure (ALF) 4 27 
    ALF without coma (1) (26) 
    ALF with coma, acute (0) (1) 
    ALF with coma, subacute (3) (0) 
Cause of Disease 

    HBV  0 5 
  Drug 2 8 
  Autoimmune 1 9 
  Other virus 0 2 
  Unknown 1 17 

 

Forty five of the patients with acute liver failure or acute liver injury were 

divided into groups based on their prognosis; died or survived. The definition of each 

type of disease was described in the “Subjects” subsection of the “Materials & Methods” 

section.  
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AFP as a marker for progenitor cell recruitment in ALI/ALF 

Tables 1 

Table 1. The Characteristics of the Donors for Liver Transplantation 2 

Sex (M: F) Age Body mass index Graft (right: left) Residual liver volume (%) 
4: 7 36.4 ± 3.4 22.4 ± 1.0 9: 2 41.5 ± 3.1 

 3 

The residual liver volume was calculated as the actual liver graft weight 4 

divided by the liver volume estimated by computed tomography before surgery. All data 5 

are expressed as the means ± SD. 6 

  7 
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AFP as a marker for progenitor cell recruitment in ALI/ALF 

Table 2. The Characteristics of the Patients with Acute Liver Injury or 1 

Acute Liver Failure 2 

    Deceased (n=11) Survived (n=62) 

M:F 8:3 33:29 

Types of Disease 
    Acute liver injury (ALI) 0 41 

  Acute liver failure (ALF) 11 21 

    ALF without coma (4) (19) 

    ALF with coma, acute (0) (2) 

    ALF with coma, subacute (7) (0) 

Cause of Disease 

    HBV  3 11 

  Drug 3 11 

  Autoimmune 1 11 

  Other virus 0 5 

  Unknown 4 24 

    alpha-fetoprotein (ng/mL) 171.4 ± 65.0 215.4 ± 56.9 

HGF (ng/mL) 3.7  ± 0.6 2.5 ± 0.8 

The 73 patients with acute liver failure or acute liver injury were divided into 3 

two groups based on their prognosis; died or survived. The definition of each type of 4 

disease was described in the “Subjects” subsection of “Materials & methods” section. 5 

All data are expressed as the means ± SD. 6 
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