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The Significant Improvement of Survival Times and Pathological
Parameters by Bioartificial Liver With Recombinant HepG2
in Porcine Liver Failure Model
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We developed a bioartificial liver (BAL) containing human hepatoblastoma cell line, HepG2, with the addi-
tion of ammonia removal activity by transfecting a glutamine synthetase (GS) gene and estimated the effi-
cacy using pigs with ischemic liver failure. GS-HepG2 cells showed 15% ammonia removal activity of
porcine hepatocytes, while unmodified HepG2 had no such activity. The established GS-HepG2 cells were
grown in a circulatory flow bioreactor to 3.5-4.1 X 10° cells. Survival time of the animals treated with GS-
HepG2 BAL was significantly prolonged compared to the cell-free control (14.52 +35.24 h vs. 8.53 £2.52
h) and the group treated with the BAL consisting of unmodified wild-type HepG2 (9.58 + 4.52 h). Compari-
son showed the cell-containing BAL groups to have significantly fewer incidences of increased brain pres-
sure. Thus, the GS-HepG2 BAL treatment resulted in a significant improvement of survival time and patho-

logical parameters in pigs with ischemic liver failure.

Key words: Bioartificial liver (BAL); HepG2; Ischemic liver failﬁre; Porcine hepatocytes

INTRODUCTION

The bioartificial liver (BAL) was conceived as a sup-
port system providing liver function by using an artifi-
cial module with living hepatic parenchymal cells (2,4,
15). Most researchers use primary hepatocytes from pigs
as the reactor cells, because 1) primary culture hepato-
cytes have a full range of hepatic functions, 2) porcine
hepatocytes are much easier to obtain practically and
ethically than human primary hepatocytes, and 3) por-
cine materials have already been utilized for several
medical purposes, although their clinical use is still ad-
venturous (16,20,24). However, the hepatic functions
such as drug metabolism and ammonia removal are re-
duced under the culture condition, and BAL activity
only lasts for 10-20 days. When hepatocytes have been
cryopreserved, cell viability and functions, especially
cell attachment to the culture matrix, markedly decrease.
In addition, from a public health viewpoint, the potential
risk of infection from porcine endogenous retrovirus ap-
plies not only to patients themselves, but also the public
at large (21). Therefore, the BAL with primary porcine

hepatocytes is not yet suitable as a medical apparatus,
even under conditions of well-defined quality control.
When lined cells are used as bioreactor cells, the ma-
jor problem is their decreased hepatic functions (7). Nev-
ertheless, quality control is easier with these cells than
with primary hepatocytes. In addition, advantages in use
of lined cells are as follows: 1) indefinite growth, 2)
feasibility of frozen storage and elimination of infectious
agents, 3) a low ethical problem for cell preparation.
The human hepatoblastoma cell line, HepG2, is one
promising cell line for the bioreactor of the BAL be-
cause HepG2 maintain differentiated characteristics of
normal parenchymal cells, such as drug-metabolizing
activity and production of albumin and transferrin [(6)
and our unpublished results]. Previously, the HepG2
subline, C3A, was examined for effectiveness as reactor
cells of BAL or ELAD® (extracorporeal liver assist de-
vice) in an acetaminophen-intoxicated canine model and
a clinical study was performed (5,22). Recently, the de-
velopment of ELAD®, including phase I and II clinical
study, was transferred to Vital Therapies, Co. Ltd (San
Diego, CA). However, there was an unresolved problem,
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in that neither HepG2 nor C3A had ammonia removal
activity (6).

We have added ammonia removal activity to HepG2
by transfecting the glutamine synthetase (GS) gene (9).
GS is localized in hepatic parenchymal cells aligned
around the central vein and catalyzes an accessory path-
way of ammonia removal by synthesizing glutamine
from glutamate and ammonia. We have previously shown
that GS-transfected HepG2 (GS-HepG2) removed am-
monia in the culture medium with 1/7 of the activity of
porcine hepatocytes (9,19). In this report, we applied the
BAL with GS-HepG?2 to pigs with ischemic liver failure,
to observe the survival time and other parameters related
to hepatic function. Our standardized simple model of
liver failure using pigs enabled a large number of experi-
ments with highly reproducible results (18). We also
configured a novel criterion in survival time, active sur-
vival time in the previous report (18). Active survival
time is defined as the time until when the systolic pres-
sure becomes less than 50 mmHg, while gross survival
time is until the cessation of heart beat. In this report,
we analyzed all survival data with the concept of active
survival time. These two methodological improvements
enabled the comparison of various experimental condi-
tions, including the present conventional treatment of
plasma pheresis, resulting in the discovery of the signifi-
cant prolongation of survival time with the recombinant
HepG2 BAL treatment and decreased incidence of brain
pressure rise.

MATERIALS AND METHODS
Bioreactor Cells and Culture System

We have previously described the method for estab-
lishing the bioreactor cells, GS-HepG2 (9,19). Briefly,
the hamster GS gene was transfected to HepG2 (RIKEN
Cell Bank, Tsukuba, Ibaraki, Japan). The transfected
cells were cultured in the presence of methionine sulfox-
imine to amplify the transfected GS gene. The GS-
HepG2 (2 x 108 cells) that were subcultured in 20 cul-
ture flasks (150 cm?, 430824, Corning, NY, USA) were
inoculated into the circulatory flow bioreactor (U.S. Pa-
tent 5270207, 1993) and cultured as shown in Figure 1.
When the cells grew to stationary phase (total cell num-
ber; 3.5-4.1 x 10°) as indicated by the glucose consump-
tion rate, in vivo estimation of the BAL was carried out.
As one of the control experiments, a BAL with wild-
type HepG2 cells was prepared, as mentioned above, for
the GS-HepG2 BAL. A BAL with one batch of reactor
culture was used for a series of four in vivo experiments
at 1-week intervals. Immediately after finishing the se-
ries, the cells were harvested from the culture matrix to
determine cell number and viability, using crystal violet
and trypan blue solution (9).
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Animals and Hepatic Failure Model

Domestic piglets cross-bred with Large-Yorkshire,
Landrace, and Dulroc (approximately 25 kg, 2—3 months
old) were purchased from Kidokoro farm (Atsugi, Kana-
gawa, Japan) and kept in our animal facility prior to
the operation. The animals were used within 2 days of
transportation. All experimental procedures were per-
formed according to the institutional animal ethics
guidelines, based on the guidelines of the National Insti-
tute of Health, USA (23). Ischemic liver failure surgical
procedure has previously been described in detail (18).
Briefly, after the portal flow was by-passed to the jugu-
lar vein with a centrifugal blood pump (HPM-15, Nikki-
sou, Tokyo, Japan), the portal vein, common hepatic ar-
tery, and common bile duct were ligated. Inorganic salt
solution (Sublood B, Fusou Pharmaceuticals, Osaka, Ja-
pan) containing 5% glucose was continuously supplied
after the operation. The concentration of inhalation anes-
thetic, tidal volume, oxygen concentration, the rate of
infusion, and the addition of glucose, heparin, and so-
dium bicarbonate were adjusted as expedient, in accor-
dance with our previous report (18). No vasopressor was
used in the experiment.

Treatment With BAL and Plasma Pheresis

Three hours after total liver ischemia, the BAL treat-
ment was started, as described in Figure 1. Blood access
was performed using a double lumen catheter (14 gauge,
Medicut UK-TI Catheter Kit®, TYCO Healthcare,
Mansfield, MA, USA) inserted into the right atrium via
the right jugular vein. Outflow of blood was led to a
hemodialysis console (JUN-500, Ube Medical, Tokyo,
Japan) at 15 ml/min, and plasma was separated at a rate
of 3 ml/min by hollow fiber column (PP-03, Ube Medi-
cal, Tokyo, Japan). The plasma was passed through the
BAL with or without reactor cells and returned to extra-
corporeal circulation. Extracorporeal volume (200 ml in
the tube and 550 ml in the bioreactor including hollow
fiber ventilation unit) was primed with Sublood B. Dur-
ing the first 3 h from the beginning of BAL treatment,
the animals were transfused with 500 ml of freeze-stored
pig plasma at a rate of 167 ml/h.

In the group treated with plasma pheresis, we con-
nected two hemodialysis consoles serially: one for plasma
separation and the other for hemodiafiltration (12). The
plasma separation flow rate was the same as described
above. The supplementation with normal pig plasma
was done at an equivalent rate during the first 6 h. Total
amount of exchanged plasma was approximately 1000
ml, almost equal to the total body plasma of a piglet.
Hemodiafiltration was performed with the second con-
sole, using hollow fiber column (FH-66D, Gambro,
Hechingen, Germany). Flow rates were 15 ml/min for
blood, 100 ml/min for dialysis fluid, 150 ml/min for fil-
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Figure 1. Schematic jllustration of connection of BAL and hepatic failure pig. Separated plasma
was flown into the BAL. Separated plasma was flown into the BAL and returned to blood flow
(P.H.: pump head of centrifugal blood pump). When the cells grew to stationary phase (total cell
number 3.5-4.1 x 107, the BAL experiment was carried out. A BAL with one batch of reactor
culture was used for a series of four experiments at 1-week intervals. Domestic piglets (approxi-
mately 25 kg, 2—-3 months old) were used. After the portal flow was by-passed to the jugular vein
with a centrifugal blood pump, the portal vein, common hepatic artery, and common bile duct
were ligated. Three hours after total liver ischemia, the BAL treatment was started. Blood access
was performed using a double lumen catheter inserted into the right atrium via the right jugular
vein. Outflow of blood was led to a hemodialysis console at 15 ml/min, and plasma was separated
at a rate of 3 ml/min by hollow fiber column. The plasma was passed through the BAL and
returned to extracorporeal circulation. Extracorporeal volume (200 ml in the tube and 550 ml in
the bioreactor including hollow fiber ventilation unit) was primed with Sublood B. During the first
3 h from the beginning of BAL treatment, the animals were transfused with 500 ml of freeze-
stored pig plasma at a rate of 167 ml/h.
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trate, and 50 ml/min for infusion. Inorganic solution,
Sublood B, was used for dialysis fluid and infusion. The
sustentation protocol was the same as that for nontreat-
ment, cell-free BAL, and BAL treatment according to
the method described in the previous report (18).

- Monitoring Physiological Conditions and Determining
Survival Time

Physiological indices such as heart rate, blood pres-
sure, and intracranial pressure were continuously re-
corded using a bedside monitor (Model66S, Hewlett
Packard, Palo Alto, CA, USA). Blood samples were
taken just prior to the liver ischemia and at 3-h intervals
throughout the experiment. The endpoint of survival for
the animal was taken as the time either when systolic
pressure fell below 50 mmHg (referred to as “active sur-
vival time”) or when the heart beat stopped (referred as
“gross survival time”) as was defined previously (18).
The survival hours are expressed as mean and standard
deviation. '

Analysis of Blood Ammonia and Coagulation Indices

Activated clotting time (ACT) was determined by
Hemochron 401® (International Technodyne, Edison,
NJ, USA), and activated partial thromboplastin time
(APTT) was determined with the assay protocol for hu-
man coagulation indices as described elsewhere (1).

Statistical Analysis

Dunnet type multiple comparison with Bonferroni ad-
justment in the Peto mortality-prevalence test for differ-
ences in active survival times (Table 1), the chi-square
test for incidence of brain pressure increase (Table 2),
and the Mann-Whitney U test for blood coagulation in-
dices (Fig. 3) were used. All tests were two-tailed and
performed using PC-SAS (PC/SAS, SAS/BASE, SAS/
STAT Software, Version 8.2, SAS Institute Inc., Cary,
NC, USA).

RESULTS
Ammonia Removal Activity of GS-HepG2 BAL

GS-HepG2 cells grew to the stationary phase, as
judged by glucose consumption rate, 40—-60 days after
their inoculation into the circulatory flow bioreactor.
Glucose consumption increased from 0.47 g/day at day
7 to 1.72 + 0.12 g/day in the stationary phase (n = 4, day
40-60). Although the glucose consumption rates of GS-
HepG2 and wild-type HepG?2 were similar, ammonia re-
moval activity was detected only in GS-HepG2. The rate
was 36 pmol/h from culture medium and hepatic failure
plasma, both of which contained 3 mmol/L ammonia.
The rate of ammonia decrease by GS-HepG2 was ap-
proximately 15% of primary porcine hepatocytes (in
preliminary data). In contrast, with wild-type HepG2,
ammonia level progressively increased at a rate of 25
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pmol/h, The final cell numbers of the two batches of
bioreactor culture of GS-HepG2 were 3.5 x 10° and 4.1 x
10°. Those of wild-type HepG2 were 3.6 X 10° and 3.8 X
10°. The cell density was 1 x 107 cells/cm?® in the biore-
actor and 3.8 X 10® cells/cm? on the glass fiber cell ma-
trix. After the BAL treatment began, the blood ammonia
levels in the GS-HepG2 group were kept lower than that
in the cell-free control, although there was no statistical
significance (data not shown).

Survival Times of Pigs

~ Table 1 shows the overall result of active and gross
survival times in this experiment. While there are non-
treated and cell-free BAL-treated groups as controls, the
proper control to compare the BAL efficacy is cell-free
BAL group [8.53 £2.52 h (active survival time) and
11.98 £ 5.28 h (gross survival time)]. Plasma pheresis
treatment that was clinically performed as hepatic sup-
port showed no prolongation of the survival {7.19 + 3.49
h (active survival time) and 9.47 + 4.12 h (gross survival
time)]. Among the five experimental groups, the sur-
vival time was longest in the group treated with BAL

Table 1. Active Survival Time of Pigs With Ischemic
Hepatic Failure

Active Gross

Survival Survival
Group (1) Time (h) Time (h)
Nontreated (8) 7.61 £2.56% 8.18 £2.588
Cell free (9) 8.53 £2.52¢ 11.98 £5.28
PE + CHDF (8) 7.19 £3.49% 947 +4.12#
W-HepG2 (8) 9.78 £4.31 10.54 +4.23
GS-HepG2 (8) 14.52 £5.28 16.38 £6.22

Values are mean * SD. Data of nontreated group are from our previous
report (12). Groups abbreviations: Cell free, treated with cell-free
BAL; PE + CHDF, treated with plasma exchange and continuous hem-
odiafiltration; W-HepG2, treated with BAL of wild-type HepG2; GS-
HepG2, treated with BAL of GS-HepG2. Active survival time is de-
fined as the time from completion of hepatic total ischemia to the
time when systolic blood pressure was decreased under 50 mmHg.
Individual data were: nontreated (4.60, 6.00, 6.00, 6.25, 8.17, 8,20,
8.75, 12.90 h), cell free (4.52, 5.87, 7.10, 7.90, 8.60, 9.32, 10.07,
10.67, 12.75 h), PE + CHDF (4.70, 5.25, 5.53, 5.60, 6.00, 6.20, 9.05,
15.20 h), W-HepG2 (5.53, 6.43, 6.90, 7.42, 8.03, 11.73, 16.03, 16.20
h), GS-HepG2 (4.63, 10.03, 12.83, 15.40, 15.43, 18.23, 19.67, 19.92
h). Gross survival time is defined as the time from completion of he-
patic total ischemia to the time of heart beat arrest. Individual data
were nontreated (4.65, 6.10, 6.32, 8.40, 8.72, 8.95, 9.20, 13.13 h), cell
free (5.00, 9.00, 9.27, 10.08, 10.75, 11.05, 11.28, 20.63, 20.73 h), PE
+CHDF (5.18, 6.57, 6.77, 7.17, 7.90, 11.00, 15.37, 15.80 h), W-
HepG2 (5.53, 6.43, 8.32, 8.38, 10.70, 11.95, 16.20, 16.83 h), GS-
HepG2 (5.83, 12.12, 13.12, 16.23, 16.78, 20.07, 20.63, 26.33 h).
Statistical significance (p < 0.05) was determined by Dunnet type mul-
tiple comparison with Bonferroni adjustment.

*p =0.009, GS-HepG2 versus nontreatment.

Tp =0.032, GS-HepG2 versus cell free.

ip =0.002, GS-HepG2 versus PE + CHDF.

§p =0.009, GS-HepG2 versus nontreated.

#p =0.036, GS-HepG2 versus PE + CHDF.
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containing GS-HepG2 cells [14.52 £5.28 h (active sur-
vival time) and 16.38 + 6.22 h (gross survival time)].
The p values on active survival times between this group
and the groups with nontreatment, cell-free BAL, and
plasma pheresis were 0.009, 0.032, and 0.002. Survival
time with GS-HepG2 BAL was 1.5 times longer than
with wild-type HepG2 BAL [9.78 £ 4.31 h (active sur-
vival time) and 10.54 +4.23 h (gross survival time)],
although there was no significance between these groups
(p = 0.189 and 0.162, respectively).

Whereas the gross survival time of GS-HepG2 BAL
was the longest, the statistical significance was only de-
tectable toward nontreatment and plasma pheresis groups
{p = 0.007 and 0.036, respectively). Because the proper
control of BAL treatment group is cell-free BAL treat-
ment, the effectiveness of BAL was not confirmed as
far as the survival endpoint was taken as the cessation
of heart beat.

The difference between active and gross survival
times ranged from 0.48 to 9.96 h (3.44 £3.25 h, mean £
SD) in the cell-free BAL group, and from 0.29 to 6.41
h in the GS-HepG2 BAL group (1.87 £1.92 h), indicat-
ing that the terminal stage, with low systolic blood pres-
sure, was short in the GS-HepG2 BAL-treated group.

When survival data were compared between the
BAL-treated groups (GS-HepG2 BAL and wild-type
HepG2 BAL) and the others (nontreatment, cell-free
BAL, and plasma exchange), active survival time was
significantly prolonged in the former groups (12.05 £
5.37 h vs. 7.81 £2.91 h, p =0.0187). To detect the un-
known but stable effect of cellular biological activities,
the cell-free and cell-treated data are compared below.

Incidence of Increased Brain Pressure

There were two types of brain pressure profiles dur-
ing the progression of hepatic failure: increased type and
flat type (Fig. 2). In the increased type, systolic blood
pressure dropped markedly just after the peak of brain
pressure, followed by a steady low-level state. Half of
the cases without cell treatment were the increased type
(Table 2). In contrast, only 2 out of 16 cases in the cell
treatment group were the increased type (p = 0.034 by
chi-square test). :

Improvement in Blood Coagulation Indices

When blood coagulation indices of surviving animals
at 12 h after liver ischemia were compared between the
BAIL-treated groups and the others, there was significant
improvement in APTT and ACT (Fig. 3). However, hep-
aplastin and factor VII decreased similarly, both in the
cell-treated and the other groups (data not shown).

DISCUSSION

We have examined the efficacy of recombinant GS-
HepG2 as BAL reactor cells (8,17). While the previous
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works indicated a sign of improvements in physiological
indices, the present report demonstrated statistically sig-
nificant results on survival time, incidence of increased
brain pressure by introduction of the concept of “active
survival time,” and accumulation of experiments.

As we mentioned in the previous report (18), indeed
the survival time of animals is one critical index of BAL
efficacy, yet the cessation of heart beat is not a proper
endpoint. Because the aim of BAL treatment is to rescue
patients, not just prolongation of life, the endpoint
should be set before the point of no return. According
to our careful observation and detailed analysis, the pigs
with systolic pressure over 50 mmHg are able to respond
to the bolus transfusion of glucose to increase the pres-
sure (18). Therefore, we embrace the concept of active
survival time to estimate the BAL efficacy.

Ammonia is a classical endogenous toxin that may
be responsible for the etiology of hepatic coma. Because
ammonia removal activity is intrinsic to hepatocytes,
this activity is also essential in BAL function. Our origi-
nal purpose was to remove ammonia from hepatic fail-
ure plasma using the BAL with HepG2-supplemented
ammonia removal activity. Although hemodialysis can
remove ammonia in blood, other low molecular substances
are also dialyzed, regardless of their physiological im-
portance. Using the porcine model, we performed the
BAL treatment in a closed extracorporeal circuit, obtain-
ing two important results that conventional plasma
pheresis does not achieve (i.e., the support of multiple
liver functions and the preservation of potentially bene-
ficial substances in blood circulation).

By large-scale culture of GS-HepG2, we obtained
ammonia removal activity at 36 pumol/h, which is 1/4 of
the total ammonia increase in the pig (140 umol/h ), as
calculated from the previous report (19). The mean
blood level was kept lower in the GS-HepG2 BAL
group than in the wild-type HepG2 BAL group, al-
though there was no statistical significance (8). Never-
theless, active survival time was prolonged significantly
in the GS-HepG2-treated group. In addition, when the
experimental groups were divided into the cell treatment
group and others, the former exhibited significantly in-
creased survival times. Together with the reduction in the
incidence of increased brain pressure, the cell-containing
BAL improved hepatic failure at the end stage. The rea-
son for this improvement is not clear at present, but may
be partly due to a removal of cytokines by the cells in
the BAL.

Interestingly, an improvement was also seen in the
blood coagulation indices, APTT and ACT (8,17). We
hypothesize that the BAL suppressed endogenous con-
sumption of coagulation factors by an unknown mecha-
nism. Although synthetic activity of proteins, such as
transferrin and albumin, is low in HepG2 (our prelimi-
nary data), certain physiological factors may be respon-
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Figure 2. Typical two patterns of brain pressure change. (A) Increased brain pressure (arrow) was
observed prior to the rapid decline of systolic blood pressure. (B) Brain pressure was almost
unchanged during the experiment. S.B.P.: systolic blood pressure; I.C.P.: intracranial pressure.

T7Time of cardiac arrest.

sible for prolongation of survival time. Actually, we de-
termined that the culture supernatant of GS-HepG2
induced rat hepatocyte proliferation in vitro and in vivo
(11).

The cell numbers required in the BAL to support se-
vere hepatic failure is still unclear in the present experi-
mental model. One enigma in the research of BAL and
cell transplantation is discrepancy of cell ability and the
efficacy. In this report, too, the calculated efficacy of
the BAL is too low to support the whole animal body,
but significant prolongation and decreased incidence of
brain pressure rise was observed. A minimum require-
ment for survival was reported to be 10% of total liver
weight after extensive partial hepatectomy in rats (13),

Table 2. Decrease of Cases With Rise of Intracranial Pressure

Intracranial BAL

Pressure Treated Others
Increase 2 11
No increase* 14 14

BAL treated: groups treated with GS-HepG2 and wild-type HepG2
BAL. Others: Nontreated control and groups treated with cell-free
BAL and plasma exchange.

*p =0.034 by chi square test.

in which model, however, the remnant hepatocytes were .
almost intact. For BAL usage, a greater number of hepa-
tocytes may be necessary, because the cell activity is
decreased by their isolation and the culture process. In
the hepatocyte transplantation model in rats, the effec-
tive number of cells ranged from 4 x 10% to 7 x 107,
which was estimated to be 0.2—3.5% of the total paren-
chymal cells in the normal liver [reviewed in (3)]. More-
over, nonhepatic cells, such as splenic lymphocytes and
bone marrow cells, were reported to be effective in the
treatment of hepatic failure (14). Although the mecha-
nism for this is not completely understood, normaliza-
tion of the cytokine network may be involved. Further
study, including our own, will be necessary to elucidate
these phenomena.

The lined cells established from either tumor tissue
or immortalized normal cells possess an intrinsic risk of
virulence by oncogenes. In this experiment, we returned
the plasma directly to host circulation after incubating
in the BAL. For clinical application, a filtration system
or other device to eliminate the risk must be considered.
The ideal source of bioreactor cells for BAL would be
hepatic stem cells, which have the ability to grow and
differentiate. Because most BAL modules are designed
to integrate nondividing hepatic parenchymal cells,
long-term survival of the reactor cells is not expected.
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Figure 3. Comparison of blood coagulation indices between
BAL treatment and the other groups. (A) Activated clotting
time (ACT), *1: p =0.040. (B) Activated partial thromboplas-

tin

time (APTT), *2: p = 0.017. Closed circles indicate indi-

vidual data of surviving animals 12 h after hepatic ischemia.
Open circle and bar indicate mean *SD. Statistical signifi-
cance was determined by Mann-Whitney U test.

From this point of view, our circulatory flow bioreactor
is suitable for long-term culture of growing cells, includ-
ing hepatic stem cells.
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Functional demands on a bioartificial liver support (BAL) device are not limited to biosynthetic activities,
but must also encompass metabolic removal of potentially toxic substances. For most BALs, however, the
concept and design are exclusively directed to biosynthetic support. To add the ability to metabolize and
remove toxic substances, we designed a double-compartment cell culture apparatus (DCCA). Two compart-
ments are separated from each other by a compact epithelial cell sheet spread over a synthetic microporous
membrane. When a renal proximal convoluted tubular cell line that had been transduced with the human
multidrug-resistant (MDR) gene, PCTL-MDR, was introduced into one of the compartments (hereafter re-
ferred to as the “inner” compartiment) of the DCCA, a compact cellular monolayer was formed on the
membrane. Ammonium ions passed across the membrane, but glucose and its metabolite lactate could not,
indicating that the DCCA allowed selective transportation of cellular metabolites. In addition to PCTL-
MDR, HepG?2, a cell line of hepatic-origin, transduced with CYP3A4 (designated GS-3A4-HepG2), was
seeded on the opposite side of the membrane, and the metabolism and transportation of lidocaine were
studied. The lidocaine metabolite, monoethylglycinexylidide, was detected in the inner compartment across
the PCTL-MDR cell layered membrane, indicating that metabolism and the selective transportation of metab-
olites between the two compartments occurred by cooperation of renal and hepatic cells. These results
suggest that this type of DCCA represents a novel BAL that possesses biotransporting activities, as well as

biosynthetic and metabolic activities.

Key words: Bioartificial liver support; Double-compartment cell culture apparatus;

Toxic substance removal; Biotransport activity

INTRODUCTION

Progress in modern biotechnology and medicine en-
ables artificial devices to support patients at the end
stage of organ failure (12,17). One major application of
these devices is the support of liver function. There are
two concepts in extracorporeal artificial liver support:
the nonbiological approach or the cell-based hybrid ap-
proach. The former has been developed as plasmaphere-
sis (9) and the latter as bioartificial liver support (BAL)
(2,16). Over the past few years, some cell-based BALs
succeeded in providing life support for patients with ful-
minant hepatic failure waiting for liver transplantation
(2,4,13,16). Moreover, temporary support with a BAL
may allow time for the patient’s own liver to regenerate
without need for transplantation.

A typical type of BAL is composed of a hollow fiber
module in which hepatocytes are packed either outside
or inside the hollow fiber tubules, and the patient’s
plasma or blood interacts with the cells through the hol-
low fiber membrane (4,16). In another model, hepato-
cytes are cultured on support matrices such as small
beads or membranes, and patient plasma is applied di-
rectly (2,11,15). Previously, we developed a BAL of fixed
bed perfusion reactor type, which essentially belongs to
the latter model, and succeeded in extending the survival
time of pigs with ischemic liver failure (7).

The above two BAL models carry out hepatic biosyn-
thesis and metabolism, but cannot actively transport toxic
substances. During the development of our BAL, we no-
ticed that hepatocytes alone are not sufficient for achiev-
ing biological transportation. Therefore, in addition to

Received March 7, 2006; final acceptance Aungust 3, 2006.

Address correspondence to Shin Enosawa, Department of Innovative Surgery, National Research Institute for Child Health and Development, 2-
10-1 Ookura, Setagaya-ku, Tokyo 157-8535, Japan. Tel: +81-3-5494, Ext. 4420; Fax: +81-3-3417-2864; E-mail: senosawa@nch.go.jp



946

hepatocytes, we chose a cell line of kidney proximal
convoluted tubule origin, PCTL-MDR, to perform me-
tabolism and active transportation tests. The cell line,
PTCL, was first established from rabbit kidney proximal
cells by transduction of SV40T antigen, and further
transduced with multidrug-resistant (MDR) gene to in-
crease anion transport activity, and therefore termed
PCTL-MDR (19). In a small-scale experiment, the mono-
layer membrane of PTCL cells successfully transported
a model toxic substrate, digoxin, and hydroxytestoster-
one, which was produced by recombinant HepG2 (5,6).
To develop a preclinical scale module that is applicable
for experimental animals such as rabbits and pigs, we
designed and constructed a double-compartment cell cul-
ture apparatus (DCCA) with a membrane separating the
two compartments on which actively transporting cells
are layered. This communication describes the construc-
tion and functional characteristics of such a DCCA and
discusses prospects for use of this novel module design.

MATERIALS AND METHODS

Brief Description of the Double-Compartment Cell
Culture Apparatus (DCCA) and Circulation System

The body of the DCCA consists of a pair of 5-mm-
thick glass plates (150 X 250 mm) and a pair of size-
matched 3-mm-thick silicon molds with a square win-
dow (110 x 210 mum) as shown in Figure 1. Expanded
polytetrafluoro-ethylene (¢PTFE) microporous mem-
brane (Fluoropore, FP100, Sumitomo Electric Industry,
Osaka, Japan) was set between the two silicon molds so
that it divided the inner space into two compartments in
the middle. The average pore size of the ePTFE mem-
brane was 1 pm and thickness of 75 um. There was a
conformable zigzag flow pass (32.5 mm width) in each
compartment. The volume and area of flow pass were
64.5 cm® and 215 cm?, respectively. These components
(i.e., glass plates, silicon molds, and an ePTFE mem-
brane) were held tightly together in aluminum frames
with clamps to form the DCCA. For autoclaving, they
were put together loosely, and tightened after cooling.

The DCCA possesses a pair of outlets and inlets for
each compartment (Fig. 2). Medium is circulated inde-
pendently through each compartment by way of separate
reservoir bottles (500 ml each), using a peristaltic pump
(Master Flex L/S 7520-10) with a 7012-20 type pump
head (Cole-Parmer Ins., IL, USA). Reservoir bottles
were supplied with 5% CO,/95% O, gas continuously to
adjust medium pH to 7.2. Each circulation line has a cell
inoculation port and two air-trap chambers. The entire
system, including reservoir bottles, can be placed in an
incubator at 37°C. DCCA were placed vertically to
avoid accumulation of air bubbles, except at the time of
cell inoculation.

TAKAHASHI ET AL.

Flow Control and Membrane Permeability Test

After DCCA assembly, a solution of 0.15 mol/L
NaCl was constantly circulated at the rate of 10 ml/min.
To visualize medium flow, 1 ml of blue dextran (10 mg/
ml, Sigma) was added directly to the circulation medium
through the inlet tube.

To determine the diffusion rate of small molecules
across the cell-free ePTFE membrane in the DCCA, a
test solution (0.15 mol/L NaCl containing either 0.2
mol/L. calcium lactate, 1.0 mmol/L. ammonium sulfate,
or 17.5 mmol/L. glucose) was circulated in one of the
two circuits at the rate of 10 ml/min. NaCl solution flow
in the other compartment was at the same rate and sam-
ples were collected from each reservoir at 4-h intervals.
Time-dependent change of lactate concentration was de-
termined using Lactate Pro Test Strip (ARKRAY Inc,
Kyoto, Japan), that of ammonium ion concentration by
using an AMICHECK Meter (ARKRAY Inc), and of
glucose concentration using the anthrone-sulfuric acid
method (3). Diffusion rates for lactate, ammonium, and
glucose were calculated from these values.

Cell Cﬂlture Experiments

Before inoculation into the apparatus, cells were
grown in 175-cm? culture flasks with a mixture (1:1) of
Dulbecco’s modified Eagle’s medium and Ham’s nutri-
ent mixture F-12 (DMEM/F12 medium, Invitrogen,
Carlsbad, CA, USA), supplemented with 5% fetal bo-
vine setum (Invitrogen). GS-3A4-HepG2 and PCTL-
MDR cells were cultured in the presence of 200 pig/ml
Zeocin™ (R250-01, Invitrogen), or 40 g/ml neomycin
(Sigma, St. Louis, MO, USA), respectively. Cells at the
subconfluent stage were harvested with 0.25% trypsin
(15090-046, Invitrogen) for inoculation.

The sterilized DCCA was first filled with 95% etha-
nol to remove micro air bubbles in the ePTFE mem-
brane. It was washed with phosphate-buffered saline and
then filled with DMEM/F12 culture medium containing
5% fetal bovine serum.

Two different cell lines were inoculated successively
on the opposite sides of the ePTFE membrane in a
DCCA placed horizontally. First, 1.0 x 10* kidney-
derived PCTL-MDR cells in 100 ml were introduced
into one side of the compartment through the circulation
system using a peristaltic pump. After the inoculation,
the apparatus was gently shaken for 5 min to allow the
cells to spread evenly over the membrane. The apparatus
was kept static for 1 h and medium circulation started at
a flow rate of 1 ml/min for 3 h. The circulation rate was
raised to 5 ml/min for an additional 21 h. Next, the
DCCA was turned upside down, and 1.0 x 10® GS-3A4-
HepG2 cells were inoculated into the other compartment
using the same procedure as for PCTL-MDR. Circula-
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Figure 1. Schematic illustration of double-compartment cell culture apparatus (DCCA) and circu-
lation system. A pair of symmetric culiure chambers with zigzag flow path is formed on each side
by piling up a pair of silicon molds and glass plates as shown in cross section (inset). The chambers
were dividéd by an éxpandéd polytefrafluoro-ethylene (ePTFE) membrane in the middle. Each
chamber is supplied with medium through an independent line, Line A and B. The volume and
area of flow pass were 64.5 cm’® and 215 cm?, respectively.

tion of medium on the PCTL-MDR side was stopped tively. According to preliminary experiments, 1.0 x 108
during the second inoculation. Twenty-four hours there- cells of PTCL-MDR reached confluence after 3 days of
after, the apparatus was placed vertically and medium incubation.

flow started on both sides (5 ml/min). Hereafter, the During the culture period, unless otherwise stated, a
ePTFE membrane side on which PCTL-MDR cells were medium reservoir bottle was changed every other day
attached is referred to as the outer side, and the other and a new bottle with 500 ml fresh medium substituted.
side on which GS-3A4-HepG2 cells were attached as Samples (5 ml) were taken from the two reservoir bot-
the inner side. Concomitantly, the compartment and the tles at the times indicated, and stored frozen at -20°C
circulation of the outer side is referred to as the outer until HPLC analysis. In some experiments, lidocaine (fi-
compartment and outer circuit, and those of the inmer nal concentraton, 100 pmol/L) (Alexis Biochemicals,
side as the inner compartment and inner circuit, respec- Montreal, Canada) was added as a test substance to in-
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Figure 2. Cross section of DCCA. The inside of the vessel is divided by the ePTFE membrane

and PCTL-MDR and GS-HepG?2 cells are cultured on opposite sides. The PCTL-MDR side and
GS-HepG?2 side are termed outer and inner side, respectively.
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vestigate its metabolism and transportation across the
membrane.

HPLC Analysis

Lidocaine and its metabolites in the culture medium
were analyzed by a C18 reverse-phase column (particle
size 5 Wm, internal diameter 4.6 x 150 mm) (Inertsil
ODS-3V, GL Sciences, Tokyo, Japan), using an HPLC
system (Model 805, Waters, MA, USA). Prior to HPLC
analysis, 2 ml of the medium was partially purified with
a Sep-Pak Plus (Waters Corp., Milford, MA, USA), and
25 ul of the sample thus obtained applied to the column.
Samples were eluted with 15% acetonitrile in 20 mmol/
L NaClO; solution (pH 2.5) at a flow rate of 2.0 ml/min
at 40°C, and lidocaine and its metabolites detected at a
wavelength of 205 nm (Type L-4000 UV detector, Hi-
tachi, Tokyo, Japan). The authentic standard of lidocaine
major metabolite, monoethylglycinexylidide (MEGX),
was a generous gift from Astra Pharmaceuticals (Wayne,
PA, USA).

RESULTS
Examination of Medium Flow

After the initial DCCA conception and design, sev-
eral prototypes were constructed and tested. Improve-
ments were mainly carried out on the shape of flow pass
to remove air bubbles and to smooth medium flow. To
remove air bubbles, inlet and outlet ports were changed
from single tube form to branched tube form. To obtain
a smoother flow, the shape of the corner of the compart-
ment was changed from rectangular to trapezoidal (Fig.
3A). Although medium still flowed slightly faster in the
middle of the stream, no dead space was now seen at
any place in the compartment (Fig. 3B).

Passive Diffusion Across Cell-Free Membranes

As shown in Figure 4, the concentration of lactate
achieved equilibrium between the two compartments by
28 h and ammonium and glucose by 20 h. Thus, the
passive diffusion rate, P, was calculated from the time
needed for the difference in metabolite concentration be-
tween the two compartments to be reduced by half, #;
the surface area of the membrane, §; and the volume of
reservoir, V; using the following equation: P = In(1/2) x
VIS X tip. It was calculated to be 5.1 x 1074, 5.0 x 1079,
and 8.5 % 10~ cm/s, respectively, for lactate, ammonia,
and glucose. ’

Cell-Mediated Metabolism and Transport

When 1.0 x 108 PCTL-MDR cells were seeded on the
outer side of the ePTFE membrane, a tight monolayer
was formed in 3 days. Fresh growth medium was replen-
ished in the circulation units, and the concentrations of
lactate ions, glucose, and ammonium ions were deter-
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Figure 3. Examination of medium flow by blue dextran solu~
tion. One milliliter of blue dextran (10 mg/ml, Sigma) was
added directly to a constant flow of 0.15 mol/L NaCl at a rate
of 10 ml/min through an inlet tube. The time interval between
(A) and (B) was 1 min.

mined every 12 h for the subsequent 7 days of constant
circulation. The initial concentrations of lactate ions in
both compartments were 0.8 mmol/L. (Fig. 5A). After
medium circulation began, the concentration level in the
inner circuit (HepG2 site) was maintained around 0.8
mmol/L throughout the circulation period. On the other
hand, the concentration in the outer circuit (PCTL site)
increased steadily and reached 11.0 mmol/L at the end
of the 7 days.

The ammonium concentration in the outer circulation
was virtually unchanged and the level was maintained
at between 4 and 5 mg/dl (mean + SD, 4.35 £ 0.22 mg/
dl) (Fig. 5B). In contrast, the level in the inner circula-
tion medium decreased steadily from 4.6 mgN/dl to 2.7
mgN/dl during the 7 days.

The concentration of glucose in the outer circuit de-
creased steadily during the 7 days of circulation from
3.0 mg/L. to 2.0 mg/L, while it was maintained in the
inner circuit at approximately 3.2 mg/L (Fig. 5C).
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Figure 4. Time course profiles for passive cross-membrane
transport of calcium ions (A), ammonium ions (B), and glu-
cose (C). To one of the compartments of the DCCA (open
circles), 0.15 mol/L NaCl solution supplemented with 0.2 mol/
L lactate calcium (A), growth medium supplemented with 1
mmol/L. (NH),S0; (B), or PBS supplemented with 17.5
mmol/L. glucose (C) was circulated, while to the other com-
partment (filled circles), only 0.15 mol/L NaCl (A), growth
medium (B), or PBS (C) were circulated, respectively. A sam-
ple (5 ml) was removed from a reservoir bottle containing 500
mi solution every 4 h for chemical determination. In all experi-
ments, perfusion rate was 10 ml/min. In this experiment, no
cells were inoculated.
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Figure 5. Time course profiles of accumulation and/or con-
sumption of lactate ions (A), ammonium ions (B), and glucose
(C) in the outer compartment (open circles) and in the inner
compartment (filled circles) of a DCCA seeded with a mono-
layer and incubated with PCTL-MDR cells on the outer com-
partment side of its separation membrane.
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Lidocaine Detoxification and Transportation

Before studying metabolism and transmembrane trans-
port of lidocaine in the DCCA, a dish-scale experiment
was performed. Nine 10-cm dishes, each containing 20
ml growth medium, seeded with GS-3A4-HepG2 cells,
and with lidocaine added at a final concentration of 100
pmol/L, were incubated and harvested at 12-h intervals
over a total period of 96 h. As shown in an HPLC profile
of a sample obtained during the incubation (Fig. 6), lido-
caine and its major metabolite MEGX were clearly sepa-
rated from each other.

The identity of the latter peak with MEGX was con-
firmed using an authentic sample of MEGX. Approxi-
mately one third of the lidocaine added was metabolized
during the 96-h period, and approximately 70% of the
metabolites recovered was MEGX.

To study the metabolism and transmembrane trans-
port of lidocaine in the DCCA, a suspension containing
1.0 % 108 PCTL-MDR cells was inoculated into the outer

compartment of the apparatus, which was then incubated
" for 24 h to allow formation of a cell sheet on the ePTFE
membrane. Next, the same number of GS-3A4-HepG2
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Figure 6. Chromatographic separation of lidocaine and
MEGX in culture medium incubated with GS-3A4-HepG2
cells in a culture dish. A 10-cm dish seeded with 7 x 10¢ of
GS-3A4-HepG2 cells was incubated in 20 ml growth medium
in the presence of 100 pmol/L (27 pg/ml) lidocaine for 36 h.
Peak A is lidocaine, B is phenol red, and C is MEGX.
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cells was inoculated into the inner compartment as de-

scribed in Materials and Methods. After further incuba-
tion for 6 days, lidocaine was added into the inner reser-
voir bottle, at a final concentration of 100 pmol/L. The
whole cell culture system was further incubated for 24
h. Thereafter, the deethylated metabolite of lidocaine,
MEGX, as well as lidocaine itself, was detected in both
compartments, although only approximately 1% of lido-
caine was metabolized to MEGX in this experiment, as
shown in Table 1.

DISCUSSION

The DCCA described here has several advantageous
features as an experimental culture model; for instance,
simple assembly, ease of changing the membrane and
other materials, and feasibility of inoculating two differ-
ent types of cells on the opposite sides of the membrane.
Previously, using a small-scale static culture, we re-
ported that the coculture of hepatic and renal cells on an
ePTFE membrane facilitated the metabolism and one-
way transport of testosterone. In the small-scale system,
4 % 10 cells were inoculated on either side of the 3.14-
cm? membrane (5,6). Here the DCCA was able to main-
tain approximately 25 times more cells constantly circu-
lating in the culture medium than in the previous static
culture unit. We believe that this device may be suitable
for preclinical animal experimentation.

The ePTFE membrane has been used for industrial
purification of water and for artificial blood vessels in
the medical field. In spite of its hydrophobicity, the
membrane was suitable as a cell culture substrate (18).
The merits of ePTFE membrane as a culture substrate
include heat stability, chemical inertness, and mechani-
cal strength. Thus, we believe that ePTFE is one of the
best choices as a culture substrate for the DCCA, among
all candidate materials, such as polysulfone, polyamide,

Table 1. Formation of MEGX From Lidocaine
and its Distribution Among the Two Compartments
in the DCCA

Inner Outer
Compartment Compartment

Oh 24 h Oh 24 h

Lidocaine 99 51 0 36
MEGX (nmol/ml) 0 0.49 0 0.32

There were 1x 10° 3A4-GS-HepG2 cells seeded to the inner compart-
ment and 1 x 10* PCTL-MDR cells to the outer side compartment to
form a compact cell layer on the separation membrane. After 48 h of
preliminary incubation without the addition of lidocaine, lidocaine was
added to the circulation medium of the inner compartment (final con-
centration 100 tmol/L), and then the system was incubated for 24 h
before sampling for HPLC.
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polyacrylonitrile (PAN), or polymethyl methacrylate
(PMMA) membranes.

Renal proximal cells are known to form a tight mono-
layer barrier on a synthetic membrane (5,6,8,10,19). Our
previous work showed that the monolayer of PCTL-
MDR selectively passed digoxin, a typical substrate of
anion transporter, MDR1, but did not pass inulin (5). In
the present study, we confirmed selective transport by
determining the concentration of glucose, lactate ions,
and ammonium ions in the DCCA. Evidently in the
outer compartment where PCTL-MDR cells were cul-
tured, glucose concentrations were decreased, but lactate
increased while in the inner compartment; the levels of
these two substances were unchanged. This suggests that
the cell layer efficiently prevented cross-membrane pas-
sive transportation of these small molecules (Fig. 5A,
C). The concentration of ammonium ions decreased in
the inner compartment, while the level was unchanged
in the outer compartment (Fig. 5B). Physiologically, am-
monium ion excretion is known to vary with changes in
acid base balance, and to represent the major regulatable
component of net acid excretion (20). Thus, we assumed
that the concentration gradient of lactate induced the
counterflow of ammonium ion, so that ionic balance was
maintained.

To add metabolizing capdcity to the DCCA, we inoc-
ulated GS-3A4-HepG2 cells of hepatic origin, which
had been transduced with the CYP3A4 gene (14). Lido-
caine is one of the most common indicators of detoxify-
ing activity of liver and is metabolized to MEGX by
CYP3A4 (1). As shown in Figure 6, MEGX was de-
tected not only on the GS-3A4-HepG?2 side but also on
the PCTL-MDR side. At present we do not know
whether PCTL-MDR can actively transport MEGX.
Nevertheless, the lidocaine addition test unequivocally
demonstrated metabolic activity in the DCCA.

In static cultures, 8 x 10° cells/ml GS-3A4-HepG2
cells metabolized 100 pmol/L lidocaine at a rate of 5.83
fmol/h/cell, so by extrapolation, the total activity was
4.66 nmol/h/ml (Omasa, unpublished data). On the other
hand, in the present results (Table 1), MEGX concentra-
tion increased to 0.49 nmol/m! and 0.32 nmol/ml] in the
inner and outer compartments, respectively, after 24-h
culture. Although 1 x 108 GS-3A4-HepG2 cells were
cultured in the DCCA, because of the volume of me-
dium (550 ml), the cell density in the system overall was
only 1.8 x 10%ml. In addition to this low cell density,
the difference in the medium flow rate and oxygen con-
centration might affect the metabolic activity of the
cells. Thus, we regard the low detoxification rate in
comparison with that of the previous small-scale experi-
ment as explainable.

In a preliminary experiment, bilirubin was added to
DCCA because it is a putative target substance of BAL.
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However, unbound bilirabin was highly toxic to the cells
in our model, even at a concentration within its physio-
logical range. To render cells resistant to bilirubin, trans-
duction of UDP-glucuronosy! transferase should be ef-
fective. We have started to develop HepG2 transduced
with this transferase, and to construct a DCCA that will
possess bilirubin removal activity.
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