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Hepatocyte growth factor and transforming
growth factor p l contribute to regeneration of
small-for-size liver graft immediately after
transplantation

Abstract Although the ability of the
liver to regenerate to a predetermined size after resection made
adult-to-adult living donor liver
transplantation (LDLT) possible,
there is little information regarding
the growth regulatory mechanism
for a small-for-size graft. Forty-one
cases of LDLT were divided into
two groups by graft volume to
standard liver volume ratio (GV/
SLV); small graft group (Group S,
GVjSLV < 40%, n = 16) and nonsmall graft group (Group NS, GV/
SLV > 40%, n = 25). The regeneration rate (GV at 1 weeklharvested
GV) and serum levels of hepatocyte
growth factor (HGF), transforming
growth factor-a (TGF-a) and transforming growth factor-pl (TGF-PI)
were compared between two groups.
The regeneration rates in Group S
were significantly higher than that of
Group NS (2171 12% and

Introduction
Liver transplantation from living donors is being
increasingly performed and accepted as a valuable
treatment for patients with end-stage liver disease [1, 2,
31. One problem with adult-to-adult living donor liver
transplantation (LDLT) is reduced parenchymal mass
for adequate function in the recipient [4, 51. Fortunately,
the liver has the capacity to regulate its growth and size
in response to the demands of the body on hepatic
function. The grafted liver, which is of a small size in
relation to a particular recipient, will grow in the recipient until it reaches its optimal mass, at which point

*

178 lo%, respectively, P < 0.01).
The serum HGF levels of Group S
were significantly higher than those
of Group NS on POD 1. The TGFpl levels of Group S were significantly higher than those of
Group NS on POD 3 and 5. The
TGF-a levels were not different at
any time points studied. These results indicate that a small-for-size
graft retains the capacity to regenerate faster by modulation of
expression pattern of HGF and
TGF-pl immediately after LDLT.
After the acceleration of the
regenerative response by HGF,
subsequent elevation of TGF-pl
synergistically controls graft size,
regulating uncontrolled proliferation
of hepatocytes.
Keywords Liver regeneration
Small grafts . CT volumetry
Regeneration rates

the growth of the organ ceases. In contrast, the grafted
liver of larger than optimal size for a recipient will not
grow, and might even decrease in mass [6].
Many growth regulatory factors for hepatocytes have
been found since hepatocytes in primary culture were
utilized [7, 81. Hepatocyte growth factor (HGF), transforming growth factor-a (TGF-a), Epidermal growth
factor (EGF) and Interleukin-6 (IL-6) can stimulate
hepatocyte proliferation in vivo as well as in vitro [9, 10,
11, 12, 13, 141. In contrast, transforming growth factorpl (TGF-B1) is reported to inhibit hepatocyte proliferation [15]. Although it is thought that these growth
regulatory factors interact and synergistically modulate
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hepatic regeneration to converge to the standard liver
volume, little is known about how these factors promote
small-for-size liver graft to regenerate. Understanding
the mechanism by which the transplanted liver undergoes regeneration is clinically important and may help to
devise ways to accelerate liver regeneration in patients
receiving small grafts.
To obtain some insight into these questions, we
investigated a serial change of serum HGF, TGF-a,
TGF-P1 and regeneration rate of grafted liver using CT
volumetry immediately after LDLT and compared these
parameters between small graft group (Graft Volume/
Standard Liver Volume < 40%) in which liver growth
occurs rapidly and non-small graft group (GV/
SLV > 40%) in which liver growth occurs gradually.

Patients and methods
Patients
From October 1996 to August 2001, 59 LDLTs for 57 patients were
performed at the Kyushu University Hospital with the approval of
the Kyushu University Ethics Committee. Among them, 41 patients, whose blood samples were available, were included in this

Table 1 Demographic variables. a GVjSLV, graft volume/
standard liver volume. GRWR, graft-to-recipient weight
ratio. ‘ RBC, red blood cell

Donors
Age (years)
Gender (Male/Female)
Operation time (min)
Blood loss (ml)
Graft
Extended lateral segment
Extended left lobe
Extended left lobe + caudate
Right lobe
Graft Volume (g)
GVjSLV a (%)
GRWR (%)
Cold ischemia time (min)
Rewarming time (min)
Recipient
Age (years)
Gender (Male/Female)
Adult/Child
Operation time (min)
Blood loss (ml)
RBC transfusion (Units)
Indication for LDLT
Fulminant hepatic failure
Metabolic liver diseases
Liver cirrhosis
Primary biliary cirrhosis
Biliary atresia
Primary sclerosing cholangitis
Others
Liver function tests at 7POD
Total Bilirubin level (mg/dl)
ALT level (IUjl)
Prothrombin time (second)

study. The patients were 14 males and 27 females, between 7 and 65
(mean
SEM: 41 f 3 ) years. Data on the donors and recipients,
classified by graft volume as defined later, are shown in Table 1.
The recipient’s standard liver volume (SLV) was calculated
according to the formula by Urata et al. [16]: SLV (ml) =
706.2xbody surface area (m2)+2.4. The weight of the harvested
liver segment, assigned as the GV, was measured on the back table.
According to the GV divided by SLV (GVjSLV), the 41 patients
were divided into two groups: non-small graft group (Group NS),
GVjSLV >40% (n=25) and small graft group (Group S), GV/
SLVn = 16).

*

Measurement of serum HGF, TGF-a and TGF-/31
Blood samples were obtained 2 h after reperfusion and on days
I , 3, 5 , 7 after transplantation. Samples were collected into a
serum separator tube and centrifuged for 10 min at 1000 g. Sera
were stored at -80°C until assay was performed. The serum
TGF-P1 concentrations were measured with a TGF-/31 ELISA
kit according to the manufacturer’s instructions (R&D Systems,
Minneapolis) which detects biologically active TGF-/31 as total
TGF-Pl. Prior to assay, serum samples were acid-activated and
neutralized to activate latent TGF-/31 to the immunoreactive
form [17]. The serum H G F levels were also determined in the
original serum with a HGF ELISA kit (Otsuka Pharmaceutical,
Tokyo, Japan). The serum TGF-a levels were determined with a
TGF-a ELISA kit (Oncogene Research Products, San Diego,
Calif.).

Group S (n = 16)

Group NS (n = 25)

35.213.1 (21-65)
8/8
460 f26
869 + 110

41.212.2 (21-60)
1817
445 f 15
1I23 2C 179

0
6
10

0
344 zk 17 (230-460)
32.2 f 1.2 (23-39)
0.67 f0.04 (0.41-0.95)
67.1 9.4
39.2 f 1.4
42.8 1 4 . 4 (13-65)
8/8
14/2
812h66
7278 f 1327
25.6 f6.2

1
7
11
6
526 f21 (370-760)
51.8h2.5 (41-86)
1.14zk0.09 (0.74-2.54)
74.6h8.3
44.2 f2.6

*

N.S.
N.S.
N.S.
N.S.

P<O.OOl
P<O.OOI
P < 0.001
N.S.
N.S.

40.0 3.4 (7-63)
6/19
2114
819k49
69262C 1247
21.8 f 4 . 3

N.S.
N.S.
N.S.

6.5 11.0
1742~31
14.4 f0.6

N.S.
N.S.
N.S.

N.S.
N.S.

L

7.7f 1.5
175f30
14.9 h0.6
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Determination of regeneration rate
Computed tomography (CT) 1 week after transplantation was used
for graft volumetric analysis [18]. Regeneration rate at 1 week after
transplantation was calculated as graft volume 1 week after LDLT
divided by harvested graft volume at operation. Since the edematous change of liver parenchyma may play a role in analyzing
volume by CT, the regeneration rate was also assessed applying the
graft-to-recipient weight ratio (GRWR, percentage of graft volume
in the recipient body weight). The regeneration rate was calculated
as GRWR at 1 week divided by GRWR at operation.

Statistical analysis

*

Data were expressed as mean
SEM. Statistical analysis was
performed using Student’s t test. Differences at P<0.05 were
considered significant.

Results

Fig. 1 The regeneration rate of the graft was determined using two
parameters. Graft Volume (G V) ratio, defined as post-transplant
1 week G V / harvested GV. Graft-to-recipient weight ratio
(GRWR)ratio, defined as GRWR at 1 week / GRWR at operation.
Group S had significantly greater values of regeneration rate than
that of Group NS. Values are expressed as mean SEM. *P< 0.05.
**P<0.01. Statistical significance was determined by Student’s t
test

*

Operative data

The operative time and blood loss (Table 1) during the
donor and recipient surgery did not differ between the
groups. The harvested graft weights were 344 k 17 g in group NS, and the values were significantly different
Group S and 526 *21 g in Group NS ( P < 0.001). The ( P < 0.01).
GVjSLV ratio were 32.2* 1.2% in Group S and
51.8&2.5% in Group NS (P<O.OOl). Cold ischemic
time in all the transplant procedures was within 2.5 h. Post-transplant serum HGF, TGF-a and TGF-fiI
There were no significant differences in postoperative levels
complications of recipients between the groups.
Figure 2 shows the serial changes in H G F concentrations of both groups. It is known that serum levels of
Post-transplant graft function
H G F in patients with fulminant hepatic failure (FHF)
were increased in relation to hepatocellular dysfunction
There were no significant differences in postoperative and necrosis [19, 201. In this study, as shown in Table 1,
serum ALT or bilirubin level between the groups, nor 5 cases of F H F were included in each group. In accorwere there any significant differences in postoperative dance with previous reports, preoperative serum HGF
prothrombin time (Table 1).
levels in F H F cases ( n = 10) were extremely high
(32.7 5.0 ngiml), and preoperative levels in all cases
(Group S, 10.1 1t4.0 ng/ml; Group NS, 7.6h3.2 ng/ml,
Graft liver regeneration
respectively; P = 0.63) were abnormally elevated as
compared with post-operative data. Therefore, preopThe regenerated graft volumes determined by CT volu- erative values were omitted in Fig. 2A. It is thought that
metric analysis at 1 week after transplantion were preoperative serum HGF values have little influence on
751 h 27 ml in Group S and 830 17 ml in Group NS. post-operative values because, as previously reported,
There were no statistically significant differences H G F is cleared by liver, adrenal, spleen and kidney, and
between two groups in terms of regenerated graft vol- its half-life is estimated to be less than 10 min [21, 221.
ume at 1 week. The regeneration rates of the graft are As shown in Fig. 2A, serum H G F levels of Group S
shown in Fig. 1. The regeneration rates, defined as post- were significantly higher than those of Group NS on
transplant 1 week GV/harvested GV, in Group S were POD 1 (1.6 h 0.3 ng/ml and 0.9 & 0.2 ng/ml, respectively,
significantly higher than those of Group NS (21 7 h 12% P < 0.05). To confirm that the differences in H G F levels
and 178 h lo%, respectively, PCO.05). To confirm that observed on POD I were not modified by pre-existed
these results were not affected by the liver parenchymal high HGF levels due to F H F cases, the data of patients
edema, the regeneration rates were also evaluated using without FHF cases were shown in Fig. 2B. The statisGRWR. The regeneration rates defined by the change of tical significance was also observed on POD 1 (Group S,
GRWR were 233 h 15% in Group S and 178 10% in 1.7 f0.3 ng/ml; Group NS, 0.8 h 0.2 ng/ml, P < 0.05).

*

*

*
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Fig. 3 Change in serum TGF-cl levels by graft size are shown.
Statistical significance was not observed between the groups at any
time points studied. Values are expressed as mean
SEM.
*P<O.O5 vs. Group NS at the same time point. Statistical
significance was determined by Student's t test
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Fig. 2 Change in serum H G F levels of all cases A and without
fulminant hepatic failure (FHF) cases B are shown. A Group S had
significantly higher values of serum HGF than those of Group N S
on POD 1. B Almost the same results were observed, even when
FHF cases were excluded. Values are expressed as meankSEM.
*P<O.O5 vs. Group NS at the same time point. Statistical
significance was determined by Student's t test
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As shown in Fig. 3, serum TGF-a rose after operation,
and it reached a maximum level at POD 1. However,
statistical significance was not observed between the
groups at any time points studied.
Figure 4 shows the serial changes in TGF-PI con- possible. The adult hepatocyte is normally a quiescent,
centrations of both groups. Serum levels of TGF-PI highly differentiated cells. However, almost immediwere slightly decreased 2 h after reperfusion, and ele- ately, it can begin the process of replication in response
vated thereafter. Comparing the two groups, the values to conditions that induce cell loss due to physical or
of Group S seemed to be higher than those of Group NS toxic injury. Furthermore, the events involved in the
after POD 1, and statistical significance was observed on regenerative response are precise, carefully orchestrated,
POD 3 (19.7i2.5 ng/ml and 11.53~1.3 ng/ml, respec- and highly regulated in order to respond to functional
tively, P<O.Ol) and POD 5 (19.7i2.9 ng/ml and deficiencies as efficiently as it does to excess capacities.
12.0 % 1.4 ng/ml, respectively, P < 0.05).
For example, transplanted livers grow in size until
optimal mass is achieved; in contrast, those that are too
large for the recipient decrease in size, probably by
Discussion
undergoing apoptosis. Many growth factors, most
notably HGF and TGF-a are reported to stimulate
The unique ability of the liver to regenerate to a pre- hepatocyte proliferation. However, little has been redetermined size after resection or transplantation makes ported on a growth regulatory mechanism of small-foradult-to-adult living donor liver transplantation size liver graft in LDLT.
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In our study, the liver grafts of the small graft group This seemingly paradoxical sequence of events may be
(GV/SLV < 40%) recovered their volumes as well as the an important mechanism that prevents uncontrolled
non-small graft group at 1 week, and the regeneration growth during liver regeneration. There may be a balrates were higher in the small graft group. From these ance between stimulators and inhibitors such that the
observations, it could be inferred that differential mod- balance favors DNA synthesis induction during the
ulation of growth regulatory mechanism existed between immediate early phase after reperfusion but gradually
the two groups. As expected, serum H G F levels of the shifts toward inhibition in subsequent days.
small graft group were significantly higher than those of
It was also reported that TGF-P1 synergistically enthe non-small graft group at POD 1. After 70% hepa- hances growth factor stimulated hepatocyte motility
tectomy in rodent model, plasma concentrations of responses during tissue remodeling [25]. This function
HGF rise more than 17-fold within 2 h and remain may be one of the most important factors in the process
elevated for the first 72 h [23]. Subsequent peak of DNA of liver regeneration. In the early stage of regeneration,
synthesis in remnant livers occurred at 24 h after hepa- hepatocyte clusters without intervening sinusoids are
tectomy.
formed as a consequence of hepatocyte division. SubSurprisingly, the small graft group maintained sig- sequent reestablishment of normal vascular architecture
nificantly higher values of serum TGF-P1, which is well by remodeling is thought to begin at 96 h after regenknown to be one of the most potent growth inhibitor of erative response had initiated, corresponding to the time
hepatocytes, than the non-small graft group at POD 3 that elevated TGF-P1 levels were observed in this study
and 5, and tended to be higher throughout the obser- [S]. Typical hepatic lobular architecture is gradually
vation period. It may seem to be paradoxical that there restored through remodeling steps.
were higher levels of growth inhibitory signals in the
In conclusion, our present study revealed that the
small graft group in which faster regenerative response small-for-size graft retains the capacity to regenerate
has occurred. Braun et al. showed that TGF-P1 mRNA faster by modulation of expression pattern of HGF and
markedly increased in the rat liver after 70% hepatec- TGF-Bl immediately after LDLT. Namely, H G F
tomy and reached a maximum after the major promi- accelerates hepatic regeneration immediately after
nent peak of DNA synthesis of hepatocytes [24]. Our operatioqand subsequent elevation of TGF-P1 might
findings are compatible with theirs in terms of the reg- have played a role to synergistically control the graft size
ulation of uncontrolled hepatocyte proliferation by to converge to the standard liver volume.
TGF-Pl . This phenomenon is reasonable considering
This study was supported, in part, by a grantthat, after one-third hepatectomy, restoration of the Acknowledgements
in-aid for general research from the Ministry of Education, Culoriginal number of hepatocytes theoretically requires ture, Sports, Science and Technology, Japan. (13671243 and
only 1.66 proliferative cycles per residual hepatocyte. 13357011)

References
1. Fan ST, Lo CM, Liu CL. Technical
refinement in adult-to-adult living donor liver transplantation using right
lobe graft. Ann Surg 2000; 231:126.
2. Nishizaki T, Ikegami T, Hiroshige S,
et al. Small graft for living donor liver
transplantation. Ann Surg 2001;
233575.
3. Kawasaki S, Makuuchi M, Matsunami
H, et al. Living related liver transplantation in adults. Ann Surg 1998;
227:269.
4. Kiuchi T, Kasahara M, Uryuhara K,
et al. Impact of graft size mismatching
on graft prognosis in liver transplantation from living donors. Transplantation 1999; 67:321.
5. Kiuchi T, Inomata Y, Uemoto S, et al.
Living-donor liver transplantation in
Kyoto, 1997. Clin Transpl 1997:191.

6. Kawasaki S, Makuuchi M, Ishizone S,
Matsunami H, Terada M, Kawarazaki
H. Liver regeneration in recipients and
donors after transplantation.. Lancet
1992: 339580.
7. Fausto N, Laird AD, Webber EM.
Liver regeneration. 2. Role of growth
factors and cytokines in hepatic regeneration. Faseb J 1995; 9:1527.
8. Michalopoulos GK, DeFrances MC.
Liver regeneration. Science 1997;
276:60.
9. Boros P, Miller CM. Hepatocyte
growth factor: a multifunctional
cytokine. Lancet 1995; 345:293.
10. Cressman DE, Greenbaum LE,
DeAngelis RA, et al. Liver failure and
defective hepatocyte regeneration in
interleukin-6- deficient mice. Science
1996; 274:1379.
1 1. Derynck R. Transforming growth
factor alpha. Cell 1988; 54593.

12. Michalopoulos GK, Zarnegav R.
Hepatocyte growth factor. Hepatology
1992; 15:149.
13. Uchiyama H, Yanaga K, Nishizaki T,
Soejima Y, Yoshizumi T, Sugimachi K.
Effects of deletion variant of hepatocyte
growth factor on reduced-size liver
transplantation in rats. Transplantation
1999; 68:39.
14. Ishiki Y, Ohnishi H, Muto Y,
Matsumoto K, Nakamura T. Direct
evidence that hepatocyte growth factor
is a hepatotrophic factor for liver
regeneration and has a potent antihepatitis effect in vivo. Hepatology 1992;
16:1227.
15. Carr BI, Hayashi I, Branum EL, Moses
HL. Inhibition of DNA synthesis in rat
hepatocytes by platelet-derived type
beta transforming growth factor.
Cancer Res 1986; 46:2330.

819

16. Urata K, Kawasaki S, Matsunami H,
et al. Calculation of child and adult
standard liver volume for liver transplantation. Hepatology 1995; 21:1317.
17. Grainger DJ, Mosedale DE, Metcalfe
JC, Weissberg PL, Kemp PR. Active
and acid-activatable TGF-beta in
human sera, platelets and plasma.
Clin Chim Acta 1995; 23511.
18. Van Thiel DH, Hagler NG, Schade RR,
et al. In vivo hepatic volume determination using sonography and computed
tomography. Validation and a comparison of the two techniques. Gastroenterology 1985; 88:1812.
19. Tomiya T, Nagoshi S, Fujiwara K.
Significance of serum human hepatocyte
growth factor levels in patients with
hepatic failure. Hepatology 1992; 15:l.

20. Tsubouchi H, Hirono S, Gohda E, et al.
Clinical significance of human hepatocyte growth factor in blood from
patients with fulminant hepatic failure.
Hepatology 1989; 95375.
21. Appasamy R, Tanabe M, Murase N,
et al. Hepatocyte growth factor, blood
clearance, organ uptake, and biliary
excretion in normal and partially hepatectomized rats. Lab Invest 1993;
68:270.
22. Liu KX, Kato Y, Narukawa M, et al.
Importance of the liver in plasma
clearance of hepatocyte growth factors
in rats. Am J Physiol 1992; 263: G642.
23. Lindroos PM, Zarnegar R, Michalopoulos GK. Hepatocyte growth factor
(hepatopoietin A) rapidly increases in
plasma before DNA synthesis and liver
regeneration stimulated by partial hepatectomy and carbon tetrachloride
administration. Hepatology 1991;
13:743.

24. Braun L, Mead JE, Panzica M,
Mikumo R, Bell GI, Fausto N.
Transforming growth factor beta
mRNA increases during liver regeneration: a possible paracrine mechanism of
growth regulation. Proc Natl Acad Sci
U S A 1988; 85:1539.
25. Stolz DB, Michalopoulos GK. Synergistic enhancement of EGF, but not
HGF, stimulated hepatocyte motility by
TGF-beta 1 in vitro. J Cell Physiol
1997: 170:57.

