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PREFACE

Occupational as well as accidental exposure to methylenedianiline (DAPM)
produces cholangitis and cholestasis in humans and rats.  The mechanism(s) of injury is
unknown.  Prior studies in this and other laboratories found that low doses of
methylenedianiline caused selective biliary epithelial cell (BEC) injury in rats (Kanz et
al., 1992; 1995; 1998; Bailie et al., 1993; 1994; Morgott, 1984).  Results from these
studies suggested a hypothesis: increased hepatobiliary tight junction permeability was
an initial event occurring in methylenedianiline-induced liver toxicity.

The work presented in this dissertation began as a rotation project in the
laboratory of Dr. Kanz where I tested the above hypothesis using conventional in vivo
methods.  Data obtained from the in vivo study suggested that increased hepatobiliary
tight junction permeability may be occurring between BEC rather than hepatocytes.  In
order to further explore this hypothesis, long-term cultures of polarized BEC were
established to assess the mechanism(s) of methylenedianiline injury to BEC.

The studies presented in this dissertation are the first to describe an in vitro
model of polarized BEC monolayers that uses bile collected from DAPM-treated rats to
investigate the mechanism(s) of injury.  This model will be instrumental in studying drug-
and toxicant- induced cholangiopathies (diseases of the bile ducts) and further exploring
the functional role of BEC in metabolism and detoxification processes of the liver.
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Methylenedianiline (4,4�-diaminodiphenylmethane, DAPM), a compound used to
produce polyurethanes and epoxy resins, rapidly injures biliary epithelial cells (BEC) of
rats in vivo.  DAPM also increases biliary inorganic phosphate and glucose, suggesting
that DAPM loosens hepatic tight junctions.  Early ultrastructural alterations in BEC
mitochondria, however, suggested a possible role of mitochondrial dysfunction in the
ability of BEC to maintain glucose transport and tight junction integrity.  The working
hypothesis for this dissertation project was that DAPM alters tight junction integrity
and/or glucose absorption by mechanisms involving mitochondrial injury.  The proposed
aims were to:  1). Assess tight junction integrity in vivo using a �sleeping� rat model and
radioactive, non-electrolyte tracers.  2).  Develop an in vitro model of DAPM injury using
primary cultures of polarized rat BEC.  3).  Determine if BEC tight junction integrity is
altered by DAPM/ metabolite(s) in vitro using both electrophysiological and conventional
tracer methods.  4).  Determine if DAPM/ metabolites(s) induce mitochondrial
dysfunction in BEC by assessing cellular ATP levels and mitochondrial membrane
potentials.  5).  Determine if BEC glucose uptake is altered following exposure to
DAPM/ metabolite(s) by measurement of uptake of a non-metabolizeable glucose
analog, α-methyl-D-glucopyranoside.  Numerous in vivo and in vitro methods were
combined to develop a model of polarized rat BEC monolayers that were assessed for
changes in TJ integrity, glucose uptake and mitochondrial function after exposure to bile
from untreated rats, rats treated with vehicle, or rats treated with DAPM.  This model
confirmed prior studies that demonstrated increased hepatobiliary tight junction
permeability following DAPM treatment in vivo.  Tight junctions between BEC in vitro
showed both increased �leakiness� and decreased ion selectivity following exposure to
bile from DAPM-treated rats (DAPM-Bile).  Furthermore, this model indicated that BEC
ATP levels and mitochondrial membrane potentials were altered prior to any changes in
tight junction integrity and glucose absorption.  These data support the working
hypothesis that mitochondria are the initial site of DAPM injury in BEC and that
mitochondrial dysfunction may indirectly impair BEC glucose uptake and tight junction
integrity.

http://www.utmb.edu
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Chapter 1

Methylenedianiline

1.  Methylenedianiline (DAPM)

4,4�-Methylenedianiline is also known as p,p’-methylenedianiline,
methylenedianiline, 4,4�-diaminodiphenylmethane, bis(4-aminophenyl)-methane,
dianilinomethane, 4,4�-methylenebisaniline, and 4,4�-methylene-bisbenzeneamine.
Typical acronyms are MDA, DADPM, and DAPM; the latter will be used in this
dissertation.  DAPM is a primary aromatic amine whose chemical structures, including
its polymeric form, are shown in Figure 1.1 (Moore, 1978).

1.1.  Physical Properties and Chemical Properties

The physical and chemical properties of DAPM are listed in Table 1.1.  Purified
DAPM is a light brown, crystalline solid with a faint amine-like odor.  DAPM is soluble in
polar organic solvents but relatively insoluble in water (1000 ppb limit).  The
dihydrochloride salt of DAPM is soluble in water, but insoluble in organic solvents.  This
salt compound oxidizes slowly in the presence of oxygen resulting in a darker brown
color and does not hydrolyze under normal conditions (Morgott, 1984; NIOSH, 1986).

Methylenedianiline (DAPM, 4,4’-diaminodiphenylmethane)

CH2

NH2

CH2

NH2NH2

n

H2N CH2 NH2

Polymeric DAPM

Figure 1.1.  Chemical Structures of DAPM and Polymeric DAPM.
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1.2.  Manufacture

Between 200-400 million pounds per year of DAPM were manufactured in the
United States in 1982 (EPA, 1983).  Over 9000 individuals in the United States alone
are estimated to be exposed to DAPM in the work place (NIOSH, 1986).  DAPM is
produced by the acid catalyzed reaction of formaldehyde with aniline (Figure 1.2)
(Moore, 1978).  The reaction is quite complex, but production can be carried out in one
reactor (Figure 1.3).  This compound is useful as an intermediate in the preparation of
epoxy resins, polymers, rubber chemicals, and polyurethanes.

Table 1.1.  Physical and Chemical Properties of DAPM

PROPERTY VALUE

CAS Registry No. [101-77-9]
molecular weight 198.3
boiling range at 4.66 kPa (35 mm Hg) 5-95%, oC 262-268
freezing point, oC 89
density at 100 oC 1.056
viscosity at 100 oC, mPa·seconds 8.04
flash point, oC 221.1
fire point, oC 248.9
heat of vaporization, kJ/mol (kcal/mol) 95.4 (22.8)
specific heat at 29 oC (solid), J/(g·oC) [cal/(g·oC)] 1.46 [0.35]
heat of fusion, kJ/mol (kcal/mol) 19.6 (4.7)
ionization constants (weakly basic) pKa1=6.56, pKa2=5.48
approximate solubility, g/100 g solvent at 25 oC

acetone 273
benzene 9

carbon tetrachloride 0.7
ethyl ether 9.5
methanol 143

water 0.1
Taken from Moore, 1978.

The major application of DAPM is as an epoxy curative.  The epoxy polymers
(polyhydric phenol and polyepoxide) are cross-linked by reaction with the diamine.
Cured epoxies derived from DAPM exhibit the highest heat distortion temperature and
best chemical resistance (Dow Chemical U.S.A.).  DAPM is also used in the
manufacture of high performance wire coatings since it provides excellent resistance to
high heat and improved mechanical properties.  Other miscellaneous uses for DAPM
include an antioxidant or rubber processing chemical that increases rubber strength, a
corrosion preventative for iron under high acidic conditions, an antioxidant for lubricating
oils, and an intermediate for dyes.  Interestingly, an important derivative of DAPM, 4,4�-
methylenebis(cyclohexaneamine), has been used in the manufacture of yarn
trademarked Qiana® by E.I. du Pont de Nemours & Co., Inc., as a silk substitute
(Moore, 1978).
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NH2        NHCH2OH

- H2O
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O

+

H H

Aniline Formaldehyde N-Methylolaniline

N CH2
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  (short-lived)

NH2        

NH CH2 NH
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   (unwanted)

NH       CH2+
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Figure 1.2.  Reaction Scheme for Manufacture of DAPM.  This reaction proceeds
under acidic conditions and a high ratio of aniline to formaldehyde (2.5-10 fold excess of
aniline to retard formation of resinous triamine and tetramine impurities) through several
intermediates to form predominantly the 4,4�-isomer, methylenedianiline (Wagner,
1954).
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HCl
(acid)

Aniline HCHO
(formaldehyde)

Reactor

Neutralizer

Aniline Still

Purification

Packaging or 
production of other 

goods

Salt
disposal

Figure 1.3.  Processing of DAPM.  Production of DAPM can be carried out in one
reactor.  Acid is added to aniline followed by formaldehyde.  The product is piped to a
neutralizer tank where aqueous sodium hydroxide is added and large amounts of salt
are formed and removed.  The organic layer is then sent to a distillation facility to
separate unreacted aniline from product.  The product is purified for packaging or
processed without isolation in the production of isocyanates (Moore, 1978).

The largest use for DAPM is as an intermediate for isocyanates such as 4,4�-
methylenediphenylisocyanate (MDI) that can be used for making spandex fibers,
elastomers, and polyurethanes.  Diisocyanates are very reactive compounds that can
undergo nonenzymatic hydrolysis to form DAPM (Skarping et al., 1996).  Polyurethanes
are formed as a result of a condensation or adduction reaction between isocyanates
and polyols (polyesters or polyethers with terminal OH groups, castor oil).  The
hardening process can be modified by heat or catalysts such as DAPM (Malten, 1987).
Other isocyanates derived from DAPM are used to make flexible urethane foam,
adhesives, coatings, and rigid urethanes foams which are subsequently made into
insulation.  Medical equipment such as artificial dialysis devices and intra-aortic
balloons are presently produced from DAPM-derived polyurethane (Shintani, 1995).

Approximately 90% of commercially prepared DAPM is reacted with phosgene
gas to make polymeric isocyanates such as MDI.   Another 10% is purified for the
production of specialized synthetic fibers for the clothing industry, while only 1% is
marketed for direct use in commercial products (Morgott, 1984; NIOSH, 1986).
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1.3.  Regulation of DAPM

The National Institute for Occupational Safety and Health (NIOSH) has listed
DAPM as a suspect carcinogen based on independent studies using rats (NIOSH,
1986).  The Occupational Safety and Health Administration (OSHA) restricted exposure
to an airborne concentration of DAPM to 10 parts per billion (ppb) for an 8 hour workday
and a short-term exposure limit (STEL) of 100 ppb in 1974 (OSHA, 1992).  In 1983, the
National Toxicology Program (NTP) released the results of a two-year carcinogenicity
bioassay on DAPM-dihydrochloride (NTP, 1983; Lamb et al., 1986) and indicated an
increased risk of specific types of cancers in mice and rats.  In 1986, the International
Agency for Research on Cancer (IARC) considered that there was sufficient evidence
for the carcinogenicity of DAPM in experimental animals, and classified it as a 2B
carcinogen (IARC, 1986).

In 1986, NIOSH issued a revised Current Intelligence Bulletin recommending that
the probability of developing cancer would be decreased if exposure limits and proper
regulation were imposed in the workplace (NIOSH, 1986).  Thus, several personal
protective measures such as gloves, goggles, and protective clothing are required in its
manufacture and in the production of DAPM-containing products.  Where there is a
potential for exposure to over 0.1 parts per million (ppm), a NIOSH-approved air
respirator is required with a full face-piece operated in the positive pressure mode or a
full face piece, hood, or helmet in continuous flow mode (NIOSH, 1986).

1.4.  Exposure in Humans

A single large exposure or repeated smaller exposures to DAPM can cause liver
disease with symptoms of fever, upper abdominal pain, malaise, jaundice, dark urine,
fatigue, and loss of appetite (Kopelmann et al., 1966a; NIOSH, 1986).  Factors that may
be involved in the clinical outcomes of DAPM toxicity will be discussed in the following
sections.  Table 1.2 provides further details regarding known human exposures to
DAPM.

1.4.1.  Accidental Exposures

          1.4.1.1.  The Epping Jaundice
The hepatotoxic effects of DAPM were first documented in 1965 during the

�Epping Jaundice� outbreak in England affecting at least 84 people (Kopelmann et al.,
1966a).  This outbreak occurred due to ingestion of bread made of flour that was
contaminated with a 54% DAPM in γ-butyrolactone solution that spilled during transit to
a bakery.  Analysis of a piece of contaminated bread from the home of one of the
victims revealed a DAPM content of 0.26% (2600 ppm; 400 mg) DAPM.  Many of the
patients were thought to have received a daily oral dose of approximately 3 mg /kg.
Eight liver biopsies were taken from 7 patients.  The predominant changes found in the
biopsies included portal inflammation, cholestasis with cholangitis, and liver cell
damage.  Patients presenting with pain exhibited biopsies with portal zones that were
expanded, edematous, and contained cellular infiltrates consisting of neutrophils,
mononuclear cells, and sometimes intense eosinophilic infiltration.  Slight evidence of



Table 1.2.  Effects of DAPM in Humans

Study Sex
(n) Age Dose/ Route

of Exposure
Duration

of
Exposure

Increased
Serum

Parameters
Pathological
Observations

Kopelman et
al., (1966b)

M,F
(84) 24-70 y ~ 400 mg/ loaf of

bread, oral 2-14 d ALT, ALP,
Bilirubin

portal eosinophilia with cholestasis
and cholangitis, focal hepatocellular
necrosis

Williams et al.,
(1974)

M
(6)

Adult
(Construction

workers)

oral, inhalation,
dermal 2-14 d ALT, Bilirubin eosinophilia, cholestasis

McGill and
Motto (1974)

M
(13) 20-36 y 0.013-0.037 ppm

inhalation, dermal 1-18 d Bilirubin ALT,
ALP

hepatitis
eosinophilia
leukopenia

Dunn and
Guirguis (1979) M ~26-36 y

0.04 to 3.11
mg/m3

dermal,
inhalation

7 d to 2.5 mo jaundiced no biopsies collected

Bastian (1984) M
(4) 29-42 y inhalation, dermal 3 d

(For 2 patients)
Bilirubin, ALP,

AST
hepatitis

Roy et al.,
(1985)

M
(1) 28 y oral hours - hepatitis, myocardial dysfunciton,

retinal dysfunction

Hall et al.,
(1992)

M(11)
F(18)

~69 y during
interview oral 2-14 d -

24 y follow-up study of Kopelman
cases, one case of bile duct
carcinoma

Liss & Guirguis
(1994)

M
(10)

~26-36 y
during

exposure

0.04 to 3.11
mg/m3

dermal,
inhalation

7 d to 2.5 mo -
15-24 y follow-up study of Dunn and
Guirguis cases, one case of bladder
cancer

Tillmann et al.,
(1997)

M (5)
F (1) 17-25 y oral h-d ALP, ALT, GGT,

Bilirubin, LDH Febrile (6 d after onset)

6
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fibrosis was observed with increased numbers of small bile ducts.  Serum liver
parameters demonstrated varied elevations in serum bilirubin, serum alkaline
phosphatase (ALP), and serum aspartate transaminase (AST).   Elevated blood
eosinophils were also found in a few cases.  The majority of the patients subsequently
made a good clinical recovery between 8-12 weeks after the initial exposure but at least
two patients had prolonged courses of recovery of ~6 months (Kopelmann et al.,
1966b).

A 24 year follow-up study was conducted to assess any long-term effects of this
outbreak (Hall et al., 1992).  This study looked at the health status of 68 of the 84
people (80%) poisoned by DAPM.  Of the 68 cases studied, 18 had died and only 29
completed a health questionnaire.  The causes of death were, for the most part,
unremarkable except for one case of carcinoma of the biliary tract.  Results from this
limited study suggested that acute exposure to DAPM does not cause long-term health
effects.

1.4.1.2.  Presumed Ecstasy Consumption
In 1997, another incident of oral exposure to DAPM was reported (Tillmann et al.,

1997).  This incident involved several young adults that fell victim to a costly error in
chemical abbreviation.  DAPM or MDA (methylenedianiline) was confused with
methylenedioxyamphetamine (N,α-dimethyl-1,3-benzodioxole-5-ethanamine), a
psychometric drug known as ecstasy that is popular in the �techno/rave scene� and is
sometimes also abbreviated as MDA.   Six individuals (5 males and 1 female) were
reported to have ingested an alcoholic beverage that had been spiked with a powdery
substance presumed to be ecstasy.  All six patients demonstrated typical symptoms of
DAPM exposure that included jaundice, dark urine, abdominal pain, nausea, fever, and
malaise.  Serum liver enzymes reached peak values over a 7 day period; this pattern of
change strongly suggests cholestasis.  Urine analysis revealed a concentration of 130
mg DAPM / L in one of two urine samples examined.  Patients recovered around 6
weeks after intoxication (Tillman et al., 1997).

1.4.2.  Potential for Exposure

Another possible route of exposure in humans is from the increasing use of
polyurethane-based medical devices.  Studies have shown that DAPM is released in
ppb to ppm amounts during γ-ray sterilization of medical tubing (Mazzu and Smith,
1984; Shintani, 1995; Shintani and Nakamura, 1991).  Thus, patients who require
chronic use of devices such as plasma separators or dialysis machines could be
exposed to DAPM on a regular basis and, thus, be at risk to its adverse effects.  A
patient undergoing hemodialysis therapy is exposed to dialysis tubing for 4-6 hours,
three times a week; the patient may have over 2000 treatments during his or her lifetime
(Do Luu and Hutter, 2000; Daka et al., 1994).  According to a recent survey by the
Centers for Disease Control and Prevention, a significant increase occurred in the
number of centers reporting reuse of disposable dialyzers since 1976.  Approximately
73% of patients in these centers were in the reuse program (Tokars et al., 1993).
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The high elasticity and tensile strength of polyurethanes also make them
valuable as orthopaedic and odontological implants.  A recent study examined the
effects of subcutaneous implantation of nine commercially available biomaterials
including polyurethanes in rats for 2 years.  Tumor formation was observed as early as
36 weeks after implantation as evidenced by fibrous histiocytomas and pleomorphic
sarcomas (Kirkpatrick et al., 2000).  In addition, an elevated incidence of fibrosarcomas,
leiomyosarcomas, and angiosarcomas were observed in the animals with the
angiosarcomas frequently seen around the polyurethane implants.

Recently, Do Luu and Hutter (2000) developed a pharmacokinetic model of
DAPM released from reused polyurethane potting materials.  This model included liver,
kidney, gastrointestinal tract, slowly perfused tissues, and richly perfused tissues.  The
model used physiological and chemical parameters from healthy individuals and kinetic
parameters of iv route exposure to [14C]-DAPM in rats.  Validation of the model was by
independent data published for DAPM-exposed workers.  Projections from this model
indicate that dialysis patients who are exposed to DAPM released from new or used
dialyzers could accumulate approximately 0.039 µg total DAPM in the liver by the end of
one week of treatment.  Because DAPM is eliminated through hepatic metabolism and
urinary excretion, patients with compromised liver and kidney functions, such as dialysis
patients, may accumulate higher levels of DAPM than predicted by this model (Do Luu
and Hutter, 2000).

1.4.3.  Occupational Exposure

Between 1966 and 1972, an industrial outbreak of toxic hepatitis linked to DAPM
exposure was reported in 13 workers from a total of approximately 100 employees that
worked with DAPM during this time period (McGill and Motto, 1974).  DAPM was used
as a curing agent and comprised 10% by weight of the end product, i.e., insulation
material.  Workers were believed to be exposed via inhalation and percutaneous routes
where DAPM was absorbed through the lungs or the skin of improperly covered hands.
Symptoms of exposure resembled those of patients from the Epping jaundice incident.
The duration of these symptoms varied from one to seven weeks with the majority of
the patients recovering between 2-4 weeks later.  Exposure differences could not be
discerned; therefore, frequency of exposure to severity of disease could not be
correlated.  The authors of this case report indicated that the dose of the toxicant and
individual susceptibility could have been key factors in DAPM-induced injury that
affected only a small number of employees (McGill and Motto, 1974).

Another occupation-related outbreak occurred in 1973 (Williams et al., 1974).
Six of 300 men (2%) who mixed powdered DAPM on-site to make an epoxy resin-
surface coat for concrete walls developed clinical signs of hepatitis.  One percutaneous
liver biopsy revealed bile stasis.  Evidence suggested that DAPM was responsible for
the clinical outcomes exhibited.  In 1981, four of six men that were employed to lay
synthetic flooring (DAPM was used as a hardener for the epoxy resin base) were
admitted to the hospital with typical symptoms of DAPM exposure (Bastian, 1984).
Patients from both incidents were reported to recover fully and demonstrated no
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evidence of long-term liver damage.  Patients were believed to be exposed to DAPM via
oral, inhalation, and dermal routes.

Dunn and Guirguis (1979) reported several cases of DAPM-associated
hepatotoxicity in an Ontario epoxy concrete (corrosion resistant cement) manufacturing
plant that used DAPM as a hardener.  Between 1967 and 1976, 11 male workers were
reported to suffer from acute episodes of jaundice, abdominal pain, and nausea or
vomiting.  The length of exposure to DAPM varied from 7 days to 2.5 months with
exposure to DAPM in concentrations ranging from 0.04 to 3.11 mg/m3.  Exposure to
DAPM occurred predominantly via dermal and inhalation routes.  Most of the patients
were hospitalized, but no liver biopsies were collected.  A follow-up study from the date
of intoxication through 1991 was performed by Liss and Guirguis (1994).  These authors
reported an increased incidence of urinary bladder tumors in workers exposed to DAPM
in the workplace (number of tumors expected = 0.05, number of tumors found = 1) (Liss
and Guirguis, 1994).  Although there is not sufficient data from this study to document a
convincing cancer risk for humans, other studies have also reported an increased
incidence of bladder tumors in workers occupationally exposed to solvents, epoxy
resins, and hardeners including DAPM (Cragle et al., 1992).  DAPM is structurally
related to the known bladder carcinogen benzidine ( McQueen and Wiliams, 1990)
(Figure 1.4).  Interpretation of these findings should be appropriately cautious, given the
small number of events and the potential for confounding factors that can have an
impact on cancer incidence.

H2N CH2 NH2

DAPM

BENZIDINE

NH2H2N

Figure 1.4.  Comparison of DAPM and Benzidine Structures.  Benzidine is a known
bladder carcinogen (McQueen & Williams, 1990).

Unusual consequences of DAPM toxicity have also been reported in the
literature.  Brooks and coworkers reported the first acute myocardial incident associated
with DAPM exposure via ingestion in a young chemical plant worker (Brooks et al.,
1979).  This patients showed symptoms and a clinical course of hepatic injury that
resembled other instances of human DAPM toxicity.  The resolution of the patient�s
abnormal cardiac patterns paralleled those of his hepatic disease, thus providing further
evidence that DAPM was responsible for the patient�s illness. This case study suggests
that a severe myocardiopathy may be masked by prominent hepatic injury and that
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cardiovascular status may need further assessment in suspected cases of DAPM
toxicity.

Another unusual incident occurred in 1985.  A 28 year-old man accidently
ingested DAPM in potassium carbonate and γ-butyrolactone and developed severe
visual dysfunction attributed to toxic optic neuritis (Roy et al., 1985).  This patient
demonstrated prolonged toxic hepatitis and abnormal liver function tests through 18
months post exposure.  Evidence of myocardial dysfunction such as transient
electrocardiogram (ECG) abnormalities, bradycardia, and hypotention were also
present.  The exposure levels of γ-butyrolactone were described as being well under
toxicity levels, thereby providing further evidence of DAPM as the primary toxicant (Roy
et al., 1985).

To date, no other cases of DAPM-induced myocardial abnormalities have been
reported.  This could be due to much stricter regulations imposed
by OSHA and NIOSH in the workplace.

1.5.  Exposure in Animals

1.5.1.  Acute Exposure

Acute DAPM toxicity data have been published, but LD50 (lethal dose for 50% of
population being tested) determinations have varied even among the same species
(Hofmann et al., 1966; Schmidt et al., 1974).  Several factors such as nutritional state,
age, sex, purity of compound, and length of observation period were inadequately
characterized in these studies and may play a role in such discrepancies.
Nevertheless, these studies demonstrated that DAPM is a hepatotoxicant.  Table 1.3
lists LD50 doses reported in selected studies.

Although toxicity studies have been conducted in a variety of animals, the
majority have been performed using adult male rats.  Histologically, DAPM-induced
hepatobiliary injury in the rat resembles that in humans.  Liver damage is characterized
by injury to biliary epithelial cells (BEC), periportal hepatocytes, portal vascular
endothelial cells, and a marked inflammatory response (Kanz et al., 1998; Seabra and
Timbrell, 1997; Bailie et al., 1993; Kanz et al., 1992).  Rats treated with doses of 70 mg
DAPM/kg or higher demonstrate BEC and periportal hepatocellular necrosis (Bailie et
al., 1993; Kanz et al., 1992).  Studies using a dose of less than 70 mg DAPM/kg show
that initial injury occurs in medium to large bile duct cells (Kanz et al., 1998; Kanz and
Kaphalia, 1995; Bailie et al., 1994; Bailie et al., 1993; Morgott, 1984).  Figure 1.5 shows
the typical histopathology seen in rat liver.

After initial insult to BEC and/or hepatocytes, an immune-mediated secondary
reaction is observed as large multifocal areas of neutrophils and mononuclear cell
infiltration (Bailie et al., 1994; Kanz et al., 1992; Schoental, 1968).  However, Bailie and
coworkers determined that the large numbers of leukocytes, which infiltrate the liver
after DAPM treatment, do not contribute to hepatobiliary injury (Bailie et al., 1994).  In



Table 1.3.  LD50 Values from Selected Studies Using Different Animal Species

Source Male Rat
(oral)

Female
Rat (oral)

Male Rat
(ip)

Female
Rat
(ip)

Rabbit
(oral)

Dogs
(oral)

Cats
(oral)

Male Mice
(oral)

Hofmann et al.
(1966) 547 mg/kg 250 mg/kg 500 mg/kg 100 mg/kg 100 mg/kg

Schmidt et al.
(1974) 355 mg/kg 475 mg/kg 193 mg/kg 620 mg/kg 745 mg/kg

Pludro et al.
(1969)

830 mg/kg
(Wistar)

Parodi et al.
(1981)

75 mg/kg
(SD)

Morgott (1984)
~180
mg/kg
(SD)

~180
mg/kg
(SD)

11
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addition to liver toxicity, acute treatment with 250 mg DAPM/kg causes extensive
cytolysis of cortical thymocytes (Kanz et al., 1992).   Bailie et al. (1993) also described

Figure 1.5.  BEC Injury in Male Rats at 6 Hours after 50 mg/kg, H&E.  A).  Liver of a
control rat shows homogenous, cuboidal BEC (arrow).  mag.= 275X.  B).  Liver from a
treated animal shows extensive injury to BEC.  Note sloughing of BEC from the
basement membrane into the BD lumen (arrows).  mag.= 555X.  BD = Bile Duct, PV =
Portal Vein, HA = Hepatic Artery. (Kanz et al., 1998).
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segmental necrotizing vasculitis in livers of rats treated with 100 mg DAPM/kg.  Table
1.4 provides details of acute DAPM toxicity studies in a variety of laboratory animals.

1.5.2.  Subchronic Exposure

Effects of subchronic exposure to DAPM are listed in Table 1.5.  These studies
used both male and female animals and reported injury to the liver characterized by bile
duct (BD) proliferation, periportal fibrosis and cirrhosis, and hyperplastic nodules.  A
study by Griswold et al. found mammary lesions in female rats treated with 300 mg 10
times over 45 days (Griswold et al., 1968).  Leong and coworkers performed inhalation
studies in a male guinea pig model to address retinal dysfunction as reported in an
acute human case study by Roy et al. (1985) (See Section 1.4.3. on Occupational
Exposure).  Guinea pigs exposed via inhalation at a dose of 24 mg DAPM/kg (4h/day, 5
days/ wk, for 2 wks) demonstrated retinopathy and small pulmonary granulomas (Leong
et al., 1987).  Interestingly, a recent study found evidence of pulmonary leukocytic
infiltration in female Sprague Dawley (SD) rats treated orally once per week with 25 mg
DAPM/ kg for 12 weeks (Williams et al., 1999).  Male rats treated using the same
regimen (Liu and Kanz, 1997) did not exhibit pulmonary lesions as observed in female
rats.   Both genders of rats, however, demonstrated periportal fibrosis as well as medial
hypertrophy of the hepatic arteries (Williams et al., 1999; Liu and Kanz, 1997).  In 1983,
the NTP released the results of subchronic studies using DAPM-dihydrochloride (NTP,
1983).  Groups of male and female B6C3F1/N mice and F344/N rats were treated with
200-3200 ppm or 25-800 ppm DAPM-dihydrochloride in their drinking water for 2 or 13
weeks, respectively.  Rats receiving 400-800 ppm for 13 weeks displayed evidence of
bile duct hyperplasia, thyroid follicular-cell hyperplasia, and adenomatous goiters.
Mortality in mice was increased after 2 weeks at the 1600 and 3200 ppm dose levels.
Many of the mice treated with 400 ppm displayed bile duct hyperplasia and
adenomatous goiters.  Both mice and rats showed mineralization of the kidneys (NTP,
1983).

1.5.3.  Chronic Exposure

The chronic effects of DAPM exposure have only been extensively studied in a
few species, notably rats, dogs, and mice.  Liver, kidney, and bladder tumors were
frequently observed in conjunction with cirrhosis of the liver (Deichmann et al., 1978;
NTP, 1983).

The carcinogenic effects of chronic ingestion of DAPM in drinking water were
examined by the NTP (NTP, 1983).  Drinking water containing either 150 or 300 ppm
DAPM (dihydrochloride salt) was administered ad libitum to groups of Fischer 344/ N
rats and B6C3F1 mice for 103 weeks.  Neoplastic lesions occurring in statistically
significant numbers included:  thyroid follicular- cell carcinomas and adenomas, and C-
cell adenomas; hepatocellular carcinomas, adenomas, and neoplastic nodules;
malignant lymphomas; and alveolar bronchiolar adenomas (NTP, 1983).



Table 1.4.  Acute Effects of DAPM in Laboratory Animals

Study Sex Age
(wt)

Dose/
Route

Time
Points

Altered Serum
Parameters

Assessment of
Biliary

Function
Pathological
Observations

Rats
Hofmann
et al.
(1966)

? Adult

547 mg/kg,
oral

250 mg/kg,
ip

- - no

Liver and kidney
damage, severe
proteinuria, decrease in
temperature

Morgott
(1984) M, F Adult

10-100
mg/kg, ip
LOAEL 20

mg/kg

24 h
↑ALP, ↑ALT,
↑GGT,
↑bilirubin

no
Periportal inflammation,
diffuse hepatocellular
necrosis

Kanz et al.
(1992) M Adult

(350-375 g)
250 mg/kg,

oral 4, 8, 24 h

(with cannulation)
↑ALP (8-24h),
↑ALT (4-24h),
↑glucose (4-8h),
↑bilirubin  (4-8h)

↓bile Flow (4h),
↑glutathione (1h),
↑protein (30 min),
↓bilirubin (1h), ↓bile

salt (30 min),
↑glucose (1h)

Focal periportal
hepatocellular necrosis
(24h), cortical
thymocyte cytolysis
(24h), medium to large
bile duct cell necrosis
(4h)

Bailie et
al. (1993) M

Adult
(175-300 g) 25-225

mg/kg, oral 24 h ALT↑, GGT↑,
bilirubin↑ bile flow↓

Multifocal necrosis with
hepatitis, neutrophilic
infiltration, BEC
necrosis, portal edema,
neutrophil infiltration,
mild fibrin exudation,
segmental necrotizing
vasculitis, elevated liver
weight

14



Table 1.4. (continued)  Acute Effects of DAPM in Laboratory Animals

Study Sex Age
(wt)

Dose/
Route

Time
Points

Altered Serum
Parameters

Assessment of
Biliary

Function
Pathological
Observations

Bailie et
al. (1994) M Adult

(175-300 g)
50 mg/kg,

oral 24 h ↑ALT, ↑GGT,
↑bilirubin

↓bile flow
Cholestasis, BEC
injury, hepatic
parenchymal damage

Kanz et al.
(1995) M Adult

(337-368 g)
250 mg/kg,

oral 0-4 h

(with cannulation)
↑ALT, ↑ALP,
↑bilirubin,
↑bile salts

↓bile flow (3h),
↑glucose (3h),
↓bilirubin (3h),
↓bile salt (3h)

Bile donor rats-BEC
necrosis, edema in
portal triads with
inflammatory cells;  Bile
recipient rats- BEC
necrosis in common
bile duct

Brown et
al. (1997) M   Adult

(200-300 g)

25, 75,
100, 150
mg/kg,

oral

24 h ↑ALT, ↑GGT,
↑bilirubin

no

Midzonal hepatocellular
necrosis, portal edema,
BD necrosis, injury to
portal vein endothelium

Seabra &
Timbrell
(1997)

M   Adult
(130-270 g)

50-400
mg/kg,

oral
24 h

↑ALT, ↑AST,
↑GGT, ↑bilirubin,
↑bile acids

no

BEC necrosis, edema
in portal triads, focal
hepatocyte necrosis
with neutrophilic
infiltration, elevated
liver total non-protein
sulphydryls and taurine

15



Table 1.4. (continued)  Acute Effects of DAPM in Laboratory Animals

Study Sex Age
(wt)

Dose/
Route

Time
Points

Altered Serum
Parameters

Assessment of
Biliary

Function
Pathological
Observations

Kanz et al.
(1998) M

Adult
(12 wk)

350-375 g

50 mg/kg,
oral 0-6h

(with cannulation)
↑ALT (6h),
↑bile salt (6h)

↓bile salt (4h),
↑glucose (2h),
↑Pi (2h),
↓ GSH( 4h),
↑protein  (3h)

Intrahepatic BEC
necrosis (6h),
mitochondrial injury in
BEC (3h)

Santa
Cruz et al.
(1998) M

F

Adult
(12 wk)

350-375 g
250-275 g)

25 & 50
mg/kg,

oral

12,24,48,
72,168 h

↑ALT, ↑ALP,
↑bilirubin,
↑bile salts

no

Earlier and more
pronounced BEC injury in
females,
BEC necrosis,
portal inflammation
predominantly
lymphocytic,  eosinophilic
infiltration in female rats

Dugas et
al. (2001) M

F

Adult
(12 wk)

350-275 g
250-275 g

25 & 50
mg/kg,

oral
0-6 h

↑ALT, ↑ALP,
↑bilirubin,
↑bile salts

↑GGT, ↑ALP,
↑glucose, ↑Pi

Massive BEC “loss” due
to necrosis in female rats
by 3h, degenerating/
necrotic BEC in male rats
by 3h

116



Table 1.4. (continued)  Acute Effects of DAPM in Laboratory Animals

Study Sex Age
(wt)

Dose/
Route

Time
Points

Altered Serum
Parameters

Assessment of
Biliary

Function
Pathological
Observations

Rabbits
Hofmann et
al. (1966) ? Adult 500 mg/kg,

oral -
↑glucose,
↑blood urea

nitrogen
no ↑urine protein

Dogs
Hofmann et
al. (1966) ? Adult 100 mg/kg,

oral -
↑blood urea

nitrogen,
↑glucose, ↑protein

no Icterus, liver and kidney
damage

Cats
Hofmann et
al. (1966) ? Adult 100 mg/kg,

oral - - no

Decreased hemoglobin
and hematocrit values,
methemoglobinemia,
irreversible blindness

Schilling v.
Canstatt et
al. (1966)

? Adult 15 mg/kg,
oral - - no Visual disturbance at 15

mg/kg

17



Table 1.5.  Subchronic  Effects of DAPM in Laboratory Animals

Study Sex Age Dose/
Route Regimen

Altered
Serum

Parameters
Pathological
Observations

Rat
Zyberszac (1951) M - 25 mg, sc 7 implants over

5 mo no change Liver cirrhosis

Griswold et al.
(1968) F 40 d 300 mg,

oral

10 doses over
45 d with

9 mo recovery
no change 1 rat with mammary lesion

Pludro et al.
(1969) M,F - 83 mg/kg,

oral daily for 12 wks ↑ Beta
globulins

Spleen parenchymal atrophy, liver portal
hyperplasia of bile ducts, degenerative
lesions

Gohlke & Schmidt
(1974) M - 8, 20, 50

mg/kg, oral

8 doses over
10 d with 24 h

to 11 d
recovery

-
Liver fatty degeneration, cellular infiltration,
bile duct necrosis, increased mitoses at 20
& 50 mg/kg doses

Schmidt et al.
(1974) M, F -

3.2, 8, 20,
50 mg/kg,

oral

5 doses/wk for
10-115 d,
24 h –30 d
recovery

↑ALT, ↑LAP,
↑cholesterol,
↑triglyceride

Cholangiofibrosis, mitotic figures,
hyperplastic hepatocytes, single cell
necrosis

Miyamoto et al.
(1977) M - 1000 ppm,

oral

4-12 wk with
0-4 wk

recovery

↑AST, ↑ALT,
↑ALP, ↑total
↑protein,
↑bilirubin,
↑cholesterol

Liver fibrosis, bile duct proliferation, oval cell
infiltration, leukocytic infiltration

Gohlke (1978) M - 3.2, 8, 20
mg/kg, oral daily for 16 wks - Liver hyperplastic nodules, BD proliferation,

cirrhotic changes with high dose

Fukushima et al.
(1979) M 6

wks
1000 ppm,

oral

2-10 mo with
0-10 mo
recovery

↑AST, ↑ALT,
↑ALP, ↑GGT

Liver fibrosis, oval cell infiltration, bile duct
proliferation, fatty changes

18



Table 1.5. (continued)  Subchronic  Effects of DAPM in Laboratory Animals

Study Sex Age Dose/
Route Regimen

Altered
Serum

Parameters
Pathological
Observations

NTP (1983) M, F - 25-800 ppm drinking water
for 13 wks -

Bile duct hyperplasia, thyroid follicular-cell
hyperplasia, adenomatous goiters, pituitary
basophil hypertrophy, mineralization of
kidneys, ↓incidence of leukemia

Liu and Kanz
(1997) M 3 mo 25 mg/kg,

oral

once weekly for
8,12, or 17 wks

with
7 day recovery

no change Periportal fibrosis, medial hypertrophy of
hepatic arteries

Williams et al.
(1999) F 3 mo 25 mg/kg,

oral

once weekly for
8, 12, or 17

wks with
7 day recovery

no change
Pulmonary leukocytic infiltration, periportal
fibrosis, medial hypertrophy of hepatic
arteries

Santa Cruz et al.
(2000) M 3, 13,

23 mo
25 mg/kg,

oral

once weekly for
8 or 12 wks

with
7 day recovery

no change
 ↑ biliary GGT, ↑ bile flow, ↑ liver weights,
extensive bile ductule proliferation, fibrosis
around BD and hepatic arteries, medial
hypertrophy of hepatic arteries

Guinea Pig
Leong et al.
(1987) M 350-

539 g

~0.44 mg/ L,
inhalation
(24 mg/kg)

4 h/ d
 5 d/ wk

for 2 wks
- Retinopathy, small pulmonary granulomas

or mild granulomatous pneumonitis

Mice

NTP (1983) M,F - 400 ppm drinking water
for 2 wks -

Bile duct hyperplasia (M,F), adenomatous
goiters (M), pheochromocytoma (F), lung
alveolar or bronchiolar adenoma (F),
malignant lymphoma (F)

19
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A study by Deichmann et al. administered 70 mg DAPM capsules (4-6.26 g/ kg)
orally 3 times per week to nine female beagle dogs over a period of 4-7 years.  Lesions
were found in the livers, lung, kidney, spleen, bladder, and reproductive tract
(Deichmann et al., 1978).  A summary of the chronic effects of DAPM exposure is
presented in Table 1.6.

1.6.  In Vitro and In Vivo Studies of Mutagenicity and Genotoxicity

In vitro studies have shown that DAPM is mutagenic (McQueen and Williams,
1990) and genotoxic (Mori et al., 1988).  DAPM has also been reported to induce DNA
fragmentation in vivo in rat liver and cause an increase in sister chromatid exchanges in
mouse bone marrow (Parodi et al., 1983; Parodi et al., 1981).  When Brown Norway
rats were exposed to MDI aerosol (the isocyanate produced from 4,4�-
diaminodiphenylmethane), increased micronuclei formation were observed (Zhong and
Siegel, 2000).  Supplemental experiments using Chinese hamster lung fibroblasts (V79
cells) exposed to DAPM exhibited a significant increase in the frequency of micronuclei
formation while V79 cells exposed to MDI did not exhibit an increase in the frequency of
micronuclei formation (Zhong and Siegel, 2000).  As an explanation for the observed in
vivo genotoxicity after MDI exposure, Zhong and Siegel proposed that in vivo hydrolysis
of MDI to DAPM causes micronuclei formation in Brown Norway rats exposed to MDI
aerosol.

1.7.  Gender Susceptibility

Studies to identify differences in gender susceptibility to DAPM are limited since
many toxicological studies do not examine injurious effects in both genders.  Episodes
of accidental exposure in humans, such as the Epping jaundice, do not provide
sufficient data or fail to identify potential confounding factors that could provide
information regarding the existence of differences in gender susceptibility to DAPM.
Morgott (1984) briefly addressed differences in gender susceptibility to DAPM in rats
and concluded that only minimal differences existed.  Namely, his data revealed that
female rats had slightly higher levels of serum hepatobiliary parameters (bilirubin, ALT,
and γ-glutamyltransferase (GGT)) than male rats at 24 hours after a single
intraperitoneal (ip) injection of 30 mg DAPM/kg rat.  Male and female rats had similar
LD50 values at 180 mg/kg.  Interestingly, male A/J and C57BL/6J mice were slightly less
susceptible to DAPM hepatotoxicity than rats, but 2-3 times more susceptible than
female mice (Morgott, 1984).

Overall, differences in male/ female susceptibility to DAPM have not been clearly
addressed.  Studies performed in this laboratory demonstrated time- and dose-
dependent differences in toxicity between the genders with female rats more
susceptible to the effects of DAPM than male rats (Dugas et al., 2001; Santa Cruz et al.,
1998).  Treatment with 50 mg DAPM/kg per os (po) in males and females increased
liver weights in females only.  Serum liver enzymes (ALT, ALP) and biliary reflux
constituents (bilirubin, bile acids) were elevated as early as 12 hours in female rats
while these parameters were not elevated in male rats until 24 hours.  The early



Table 1.6.  Chronic Effects of DAPM in Laboratory Animals

Study Sex
(#) Age Dose/

Route Regimen Pathological
Observations  and Incidence of Tumors

Rat
Munn (1967) M

(>24) - 3.3-6.0 g/kg,
oral

5 d/ wk for 4-8
mo

Liver cirrhosis; incidence of liver (4), intestinal (1),
pituitary (1), and fibrous (1) tumors in >24 rats

Schoental (1968) M(8)
F(8) - 20 mg/kg,

oral

2-5 doses/ wk
over 4.5-7.5
mo with 23.5
mo recovery

Portal inflammation, fibrosis, cirrhosis;
incidence of pituitary (6), breast (2), uterine (1),
kidney (1), and liver (1) tumors in 16 rats; kidney and
lung lesions

Steinhoff et al.
(1970)

M(25)
F(25) - 3-50 mg/kg 1 dose every

1-3 wks for 2 y
Incidence of hepatomas (4) in 50 rats

Fukushima et al.
(1979) M 6 wk 1000 ppm,

oral
drinking water
for 32-40 wks

Bile duct proliferation, oval cell infiltration, fibrosis

Fukushima et al.
(1981) M 7 wk 1000 ppm,

oral
drinking water
for 32-40 wks

Inhibited the induction of papillomas in the bladder,
and liver and kidney tumors in the “post-initiation”
stage of carcinogenesis by (N-ethyl-N-
hydroxyethylnitrosamine or N-butyl-N-(4-
hydroxybutyl)nitrosamine

NTP (1983);
Lamb et al.
(1986)

M, F - 150 or 300
ppm

drinking water
for 103 wks

Thyroid follicular cell carcinomas and adenomas (M),
C-cell adenomas (F); neoplastic nodules of the liver
(M)

Ito et al. (1984) M 7 wk 800 ppm  drinking water
for 48 wks

Bile duct proliferation and spongiosis hepatitis

21



Table 1.6. (continued)  Chronic Effects of DAPM in Laboratory Animals

Study Sex
(#) Age Dose/

Route Regimen Pathological
Observations  and Incidence of Tumors

Dog

Deichmann et al.
(1978) F(9) 5-6 mo

4.0-6.26
g/kg,
oral

3 doses /wk
for 4-7 yr

Lesions: lung, kidney, spleen, bladder, reproductive
tract. Liver:  fatty infiltration, portal fibrosis, cellular
necrosis, inspissated bile, and LE cell infiltration;
incidence of 1 splenic and 1 uterine tumor in 9 animals

Mice

Schoental (1968) M, F
(11) -

5-10 mg,
sc or
oral

2 doses/ wk
over 7 mo

with 10.5 mo
recovery

Lesions: kidney and GI tract.
Liver: leukocyte infiltration, necrotic foci, nodular
hyperplasia; incidence of 4 lung tumors and 1
hepatoma from 11 mice

NTP (1983) M, F - 150 or 300
ppm

drinking water
for 103 wks

Thyroid follicular cell carcinomas (M,F); hepatocellular
carcinomas (M,F) and adenomas (F), malignant
lymphomas (F); adrenal pheochromacytomas (M); and
alveolar bronchiolar adenomas (F)

22
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elevations in serum parameters of hepatic injury in female rats corroborated the
observed histopathology of BEC injury at 12 hours and suggested that injury occurred
very rapidly in this gender.  The histopathology shown in Figure 1.6 demonstrates that
DAPM induces earlier liver damage in females than males.  In addition, recovery from
DAPM injury was more prolonged in female rats compared to male rats as evidenced by
inflammatory cells and fibrosis around medium to large bile ducts 1 week after
treatment with DAPM in female but not male rats (Santa Cruz et al., 1998).

Subsequent studies by Dugas et al. (2001) reported that anesthetized females
are injured as early as 3 hours after treatment with 50 mg DAPM/ kg as demonstrated
by alterations in biliary constituents such as glucose and inorganic phosphate (Pi).
Dugas et al. (2001) also reported gender differences in the disposition of DAPM
metabolites.  Male rats had greater amounts of DAPM/ metabolite in bile and liver while
female rats had greater amounts in serum and urine following treatment with 25 mg
DAPM/ kg.  These studies have demonstrated a significant gender influence on the
toxicity of DAPM in association with alterations in the disposition and biliary excretion of
its metabolites.

1.8.  Age-related Susceptibility

Another area in which studies of DAPM susceptibility are lacking is in the aged
population.  In 1999, persons 65 years or older numbered 34.5 million, representing
12.7% of the US population or about one in every eight Americans.  By 2030, there will
be about 70 million older persons, more than twice their number in 1999 (Administration
on Aging, 2001).  Therefore, toxicological studies that address aging-induced
susceptibility to toxicants are critical.  Furthermore, changes in liver structure and
function associated with aging have been poorly defined and remain controversial
throughout the literature (Handler et al., 1994a; Schmucker, 1998).  Thus, the impact
that the aging liver has on toxicant/drug metabolism and subsequently on susceptibility
to injury remains unclear (Handler and Brian, 1997; Schmucker et al., 1990b).

Relative to DAPM exposure, patients that require long-term treatment via
polyurethane-based medical equipment, such as dialysis machines, are frequently
elderly.  Clinical observations indicate that liver damage in response to toxicants, such
as halothane (Neuberger and Williams, 1984) and benoxaprofen (Taggart and
Alderdice, 1982) is more severe and more likely to be fatal in the elderly.  As an added
factor, age-related differences in susceptibility to drug-induced hepatotoxicity may
depend on the toxicant in question.  For example, experimental studies in rats showed
that liver damage in response to paracetamol declined with age, while damage from
carbon tetrachloride did not change, and damage from allyl alcohol and ethanol became
most extensive with age (Rikans, 1984; Rikans and Kosanke, 1984; Rikans and Moore,
1987).

Studies performed in this laboratory using young (3 mo), middle-aged (13 mo),
and aged male rats (23 mo) have identified age-related differences in toxicity after 8
and 12 weekly treatments with 25 mg/kg DAPM (Santa Cruz et al., 2000).  Middle-aged
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Figure 1.6.  Acute Liver Injury in Male and Female Rats at 12 Hours after 50 mg
DAPM/ kg, H&E.  A).  Male.  BEC (arrow) appear normal in treated male rats.
mag.=140X.  B).  Female.  BEC (arrow) are nearly all absent in treated female rats.
Arrowheads point to infiltrating leukocytes. mag.=275X.  (Santa Cruz et al., 1998)
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Figure 1.7.  Liver Injury in Young Versus Aged Male Rats after 12 Weekly
Treatments with 25 mg DAPM/kg, Trichrome.  A).  Young rat (3 mo).  Blue staining
identifies fibrous tissue around the bile duct (asterisk).  Hepatic artery shows medial
hypertrophy (arrow).  mag.=200X.  B).  Aged rat (23 mo).  Bile duct proliferation
(arrowheads) is greater in aged than young rats.  The degree of fibrosis around the bile
duct (asterisk) and hepatic artery is more pronounced in aged rats than in young rats.
The hepatic artery also demonstrates medial hypertrophy (arrow).  mag.=275X.  (Santa
Cruz et al., 2000)
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and aged rats demonstrated extensive fibrosis around bile ducts and hepatic arteries,
moderate to severe bile duct proliferation, and medial hypertrophy of hepatic arteries
after 12 weekly treatments with DAPM (Figure 1.7).  Although bile flow decreased
slightly with aging in control rats, bile flow was increased in middle-aged and aged rats
treated with DAPM for 12 weeks.  This increase in bile flow could be attributed to a
significant increase in the proliferation of the bile ductules caused by DAPM treatment
(Figure 1.8).  This study also observed aging influences on biliary levels of ammonia,
chloride, ALT, bicarbonate, ALP, and phospholipids.  Handler and Brian (1997) had
previously reported that rates of mixed-function oxidase activity were decreased in
livers from aged rats compared with young adult rats.  Thus, age-related changes in
hepatobiliary function and metabolic capacity may play a significant role in the extent of
DAPM-induced biliary injury and adaptation.
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Figure 1.8.  Age-Related Differences in Bile Ductule Proliferation after 12 Weekly
Treatments with 25 mg DAPM/kg.  DAPM treatment induced bile ductule proliferation
in young, middle-aged, and aged rats.  Bile ductule proliferation was increased to a
greater extent in middle-aged and aged rats than young rats. (Santa Cruz et al., 2000)

1.9.  DAPM Metabolism

Major studies of DAPM metabolites have been completed in rats and rabbits
(Morgott, 1984) while studies in humans have assessed specific metabolites as
biomarkers of exposure in blood or urine (Cocker et al., 1994; Cocker et al., 1986).
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1.9.1.  DAPM Metabolites in Animals

1.9.1.1.  Urine.  Morgott (1984) extensively examined DAPM metabolites in the
urine of rats and rabbits.  Both species eliminate ~90% of an ip dose of DAPM within 4
days.  In vivo disposition studies with [14C]-DAPM in these animals showed that rats
excrete approximately 55% of the recovered radioactivity into bile, whereas rabbits
excrete only 20% of the compound into bile.  In the rat, DAPM undergoes extensive
biotransformation with little unmetabolized parent compound found in the urine.  The
major biotransformation reactions are N-acetylation and bridge oxidation and the major
urinary metabolite is N,N�-diacetyl-4,4�-diaminobenzhydrol, which accounts for ~40% of
urinary radioactivity.  Six other metabolites were identified but each comprised <3% of
urinary radioactivity.  In contrast, in fast and slow acetylator rabbits, the main urinary
metabolite was the parent compound, accounting for 45% and 60% of urinary
radioactivity, respectively.  Seven metabolites were found in the urine of fast acetylator
rabbits, and three in the urine of slow acetylator rabbits.  Two major metabolites
identified in the urine of both fast and slow acetylator rabbits were N'-acetyl-4,4'-
methylenedianiline (AcDAPM) and N,N�-diacetyl-4,4�-diaminobenzhydrol.  A third
metabolite of DAPM was tentatively identified as N-acetyl-4-amino-4�-
hydroxydiphenylmethane (Morgott, 1984).

1.9.1.2.  Blood.  In rats, DAPM dose correlates with levels of hemoglobin-DAPM
and hemoglobin-AcDAPM adducts found in blood (Bailey et al., 1990; IARC, 1986;
Sepai et al., 1995b).  In mice, another reactive intermediate, [(4-imino-2,5-
cyclohexadien-1-ylidene)methyl]-4-aminobenzene, was found adducted to hemoglobin
(Kautiainen et al., 1998).  Formation of this adduct was confirmed by incubating DAPM
with valine methyl ester in vitro in the presence of hydrogen peroxide (H2O2) and
lactoperoxidase.  This study indicated that extrahepatic peroxidative metabolism may
bioactivate DAPM and produce genotoxic reactive intermediates in mice.

1.9.1.3.  Bile.  As indicated earlier, in vivo disposition studies showed that rats
and rabbits excrete ~55% and 20%, respectively, of total DAPM into bile.  A possible
explanation for rats having higher biliary excretion of DAPM metabolites than rabbits
may be due to inherent species differences in the molecular weight thresholds for biliary
excretion of xenobiotics (Morgott, 1984).  Identification of DAPM and its metabolites in
bile has only recently begun (Khan et al., 1997; Dugas et al., 2001).  Numerous (>40)
unidentified metabolites have been separated by high-performance liquid
chromatography (HPLC) from the bile of male and female SD rats treated with DAPM.
Ongoing studies in this laboratory are isolating major peaks detected by HPLC and
further identifying them by mass spectrometry.  Since this laboratory has shown that
metabolite(s) present in bile are responsible for injury to BEC (Kanz et al., 1995), these
studies will provide valuable information regarding possible proximate toxicant(s).

Studies performed by Dugas et al. (unpublished observations) have shown that
[14C]-DAPM is adducted to several unidentified proteins in the bile of both male and
female rats.  Interestingly, female rats exhibited greater amounts of covalent binding to
biliary proteins than male rats.  Identification of these proteins is currently in progress.
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1.9.2.  DAPM Metabolites in Humans

1.9.2.1.  Urine.  Cocker et al. (1986) were the first to isolate and identify
AcDAPM, a major metabolite of DAPM, in workers exposed to DAPM.  Subsequently,
Cocker and coworkers biomonitored occupational exposure to DAPM in selected
industries of the United Kingdom that actively manufactured or used DAPM (Cocker et
al., 1994).  They collected urine samples from workers in 45 different companies and
found that route of exposure was critical in determining collection time for appropriate
interpretation of maximal exposure concentrations.  For example, workers that were
exposed via inhalation required post-shift urine samples to be collected, whereas
workers exposed via the dermal route required next-day pre-shift samples.

1.9.2.2.  Blood.  Sepai et al. identified AcDAPM in urine and as a hemoglobin
adduct in workers exposed to MDI.  This study indicated that DAPM was bioavailable in
blood after MDI exposure (Sepai et al., 1995a).

1.9.3.  Phase I Metabolism of DAPM

Morgott (1984) reported that the cholestatic response induced by DAPM caused
a cytochrome P450 (cP450) mixed-function oxidase system in rat liver as determined by
the administration of cP450 inhibitors and inducers.  Bailie et al. (1993) added credence
to the role of cP450-mediated metabolism in DAPM hepatotoxicity by additional studies
using cP450 inhibitors and inducers.  Namely, they found that administration of the
inhibitors, aminobenzotriazole and SKF-525A, had a protective effect and no effect,
respectively, against DAPM hepatobiliary injury.  The inducer, phenobarbital, was only
effective in protecting against hepatobiliary toxicity at a dose of DAPM lower than 50
mg/kg, whereas the inducer, β-naphthoflavone, had an inhibitory effect on DAPM injury.
These observations indicate that DAPM requires bioactivation to exert toxicity (Bailie et
al., 1993), but toxicity may also involve other metabolic pathways that were not
addressed in this study.

1.9.4.  Phase II Metabolism of DAPM

Little is known about Phase II metabolism of DAPM.  Identification of AcDAPM in
urine and blood (described earlier in 1.9.1. DAPM Metabolites in Animals and 1.9.2.
DAPM Metabolites in Humans) indicates that Phase II metabolism, more specifically
acetylation of one or both amine functional groups, is involved in DAPM metabolism.
This finding is expected as N-acetylation is a major route of biotransformation for
xenobiotics containing an aromatic amine (Evans, 1992).

Studies from this laboratory found only slight exacerbation of DAPM injury when
hepatic phenol sulfotransferase activity was inhibited by ~25% (Kanz et al., in press) or
hepatic glutathione levels were depleted to less than 5% of normal values (Dugas et al.,
2000).  However, Seabra and Timbrell (1997) found significantly decreased liver injury
as assessed by serum ALT levels when male rats were pretreated with taurine.  These
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authors suggested that taurine may increase glutathione (GSH) levels and thus provide
protection against DAPM injury.  If so, DAPM metabolite conjugation with GSH may be
important for biliary excretion and subsequent toxicity.  DAPM-GSH conjugates in bile
are currently under investigation.

1.10.  Mechanisms of DAPM Toxicity

The mechanism(s) of DAPM hepatobiliary toxicity remains unknown.
Understanding the mechanism of this toxicant is important for three major reasons.
First, observations from accidental and occupational exposures in humans indicate that
DAPM is a toxicant that causes cholestasis, a disease process that is not completely
understood.  By studying the mechanism(s) of DAPM-induced cholestasis, new
information regarding this very complex process could be provided.  Second, exposure
to DAPM in the workplace and the potential for exposure during contact with some
polyurethane-based medical devices requires sensitive detection methods to biomonitor
this compound in humans.  Thus, new insights into other physiological markers that can
be used as biomarkers of exposure may be very beneficial to workers and patients.
Third, DAPM has been shown to initially target BEC.  Very little is known about the
functional role of these cells in both bile formation and toxication/detoxification
pathways.  Through the use of such compounds as DAPM that target BEC, future
studies may be able to define functional roles of BEC under physiological conditions.

1.10.1.  Toxicant/ Drug-induced Cholestasis

1.10.1.1.  What Is Cholestasis?  Observations presented have shown that DAPM
is a hepatobiliary toxicant that initially injures the epithelial cells lining bile ducts followed
by injury to hepatocytes (Kanz et al., 1998).  Cholestasis is a major finding with both
human and rat exposure to DAPM (Kanz et al., 1992; Kopelmann, 1966b).  Cholestasis
is the impaired excretion of bile from the liver into the duodenum.  In humans,
cholestasis is often a side-effect triggered by drug therapy and is characterized by
functional considerations (notably, elevated serum levels of total bilirubin, bile salt,
GGT, and ALP) as opposed to direct indications of decreased bile flow in experimental
animals (Layden et al., 1978; Desmet, 1986).

Three types of cholestasis have been defined.  The first involves alteration of bile
secretion by the hepatocyte and may be produced without hepatocellular damage such
as estrogen-induced cholestasis or with some degree of hepatocellular damage such as
hepatitis. Three pathways of bile secretion have been identified:  1)  transcellular
transport of small solutes by  Na+, K+-ATPase-driven mechanisms, 2)  vesicular
transport of endocytosed compounds, and 3)  paracellular diffusion of water and cations
through selectively permeable tight junctions (TJ) (Landmann, 1995).  Several
mechanisms have been proposed to account for impaired bile secretion:  a) alterations
in sinusoidal transporters, b) inhibition of Na+, K+-ATPases,  c) increased paracellular
permeability and regurgitation of bile constituents into plasma, d) impaired function of
the cytoskeleton, e) alteration of intracellular calcium homeostasis, and f) alteration or
mislocation of canalicular carriers (Erlinger, 1997).
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The second and third types of cholestasis involve obstruction of intrahepatic and
extrahepatic bile ducts, respectively.  Table 1.7 lists numerous drugs known to cause
hepatocellular and/ or ductular forms of cholestasis.

Cholestatic liver diseases characterized by progressive destruction of segments
of the intrahepatic biliary tree are referred to as �vanishing bile duct syndromes�
(Desmet, 1997).  Although BEC have the capacity to multiply and to regenerate under
the influence of appropriate stimuli, it appears that bile ducts as a whole are only rarely
reconstructed once they have been completely destroyed and replaced by connective
tissue scars (Hubscher et al., 1991).  Drug-induced liver disease associated with
disappearance of intrahepatic bile ducts results in prolonged chronic cholestasis.  The
prototype drug causing drug-induced prolonged cholestasis is chlorpromazine (Desmet,
1997).

1.10.1.2.  Models of Cholestasis.  Several models of cholestasis have been
described in the literature.  The most extensively studied include estrogen, α-
naphthylisothiocyanate (ANIT), phalloidin, and bile duct ligation.  Impairment of biliary
secretion has been extensively reviewed using two models of cholestasis: bile duct
ligation for 2 days and ethinylestradiol treatment for 5 days as models for extra- and
intrahepatic cholestasis, respectively (Landmann, 1995).

Relative to the three pathways of bile secretion discussed above, ethinylestradiol
administration in rats causes moderate TJ defects resulting in increased paracellular
permeability, but not in altered hepatocellular surface polarity, while it has no effects on
the vesicular pathway.  Bile duct ligation impairs TJ organization, causes partial loss of
cell polarity, and also causes severe impairment of the transcytotic vesicular pathway
(Landmann, 1995).  In contrast, earlier studies performed by Krell et al. (1987) had
suggested that inhibition of the basic process of fluid secretion is the primary event in
the development of cholestasis induced by estrogens.  Thus, Krell et al. indicated that
increased tight junctional permeability occurs only after the inhibition of bile flow.  More
recently, Stieger et al. have suggested that drug- and estrogen-induced cholestasis
occurs through inhibition of the hepatocellular bile salt export pump (Bsep) of rat liver.
Their studies found that the cholestatic estrogen metabolite, estradiol-17-β-glucuronide,
inhibited ATP-dependent taurocholate transport (Stieger et al., 2000).  The
mechanism(s) of estrogen-induced inhibition of bile flow are therefore complex and may
involve alterations in Na+, K+-ATPase of the plasma membrane prior to alterations in
tight junction permeability (Davis et al., 1978).

The most extensively used model to study cholestasis has been ANIT-induced
hepatoxicity in rats where cholestasis appears to be mediated by TJ loosening (Krell et
al., 1982; Krell et al., 1987; Kan and Coleman, 1986).  Kossor et al. demonstrated that
the onset of ANIT-induced cholestasis was preceded and accompanied by changes in
hepatocellular function and tight junction permeability.  The later and more profound
phase of cholestasis appeared to be related to a combination of BEC damage, bile duct
obstruction, and hepatocellular dysfunction (Kossor et al., 1993).



Table 1.7.  Drugs Causing Hepatocellular Cholestasis and Bile Duct Cholestasis

Drug Type Drug Hepatocellular Bile Duct

Sex Hormones estradiol
methyl testosterone

X
--

--
X

Anti-Psychotic Drugs
(Phenothiazines)

chlorpromazine X X

Anticonvulsant Drugs carbamazepine
phenytoin
barbiturates

X
--
--

X
X
X

Antimicrobial Drugs amoxicillin-
   clavulanic acid
dapsone
erythromycin
flucloxacillin
nitrofurantoin
trimethroprim-
   sulfamethoxazole
troleandomycin
clindamycin

X

X
X
X
X
X

--
X

X

--
--
X
--
X

X
X

Antirheumatic Drugs gold salts
propoxyphene
sulindac

X
X
X

--
--
--

Antidepressant Drugs amineptine
imipramine
iprindole

X
X
X

--
--
--

Anticancer Drugs
(Immunosuppressants)

azathioprine
cyclosporin

X
X

X
--

Cardiovascular and
Antiarrhythmic Drugs

ajmaline
nifedipine
propafenone
captopril

X
X
X
--

X
--
--
X

Oral Hypoglycemic and
Antithyroid Drugs

carbimazole
chlorpropamide
methimazole

X
X
X

--
X
--

Antimetabolic Drugs
(uric acid)

allopurinol -- X

Adapted from (Erlinger, 1997).
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Roth and coworkers performed a series of studies that have provided critical
information regarding the mechanism of ANIT-induced cholestasis.   This laboratory
showed that GSH plays a causal or permissive role in ANIT-induced liver injury since
GSH depletion prevented cholestasis and elevations in serum markers of liver injury
(Dahm and Roth, 1991).  Concurrent studies suggested that ANIT depletes hepatocytes
of GSH through a reversible conjugation process (Carpenter-Deyo et al., 1991) and that
early accumulation of ANIT in bile was coincidental with an elevation in bile glutathione.
These findings support the hypothesis that glutathione functions to concentrate ANIT in
bile, and the high concentrations of ANIT in bile may be particularly injurious to BEC, a
primary cellular target in ANIT hepatotoxicity (Jean et al., 1995).

Another toxicant, phalloidin, has been shown to cause irreversible polymerization
of actin into microfilaments, and thus, alters bile secretion and hepatocyte ultrastructure
in rats (Dubin et al., 1978; Vonk et al., 1982).  Yamamoto et al. suggested that bile
canaliculi in zone 3 (the area around the terminal hepatic vein or the central vein) are
more susceptible to phalloidin toxicity than those in zone 1 (the area closest to the entry
of blood or around the portal triad) and that biliary constituents may leak from such
altered bile canaliculi (Yamamoto et al., 1988).  Time-course studies performed by
Loranger and coworkers indicated that Na+, K+-ATPase and Mg2+-ATPase activities in
membrane fractions enriched in bile canaliculi complexes were significantly decreased
by 15 minutes after phalloidin treatment while bile flow was not signficantly decreased
until 45 minutes.  In addition, lipid constituents of liver cell membranes enriched in
canaliculi complexes were not significantly altered by 90 minutes after treatment.
These observations lend further support to the view that normal biliary function is
dependent on numerous activities, including the integrity of the actin filament network
(Loranger et al., 1996).  More recent studies indicate that the phalloidin-induced
inhibition of bile formation may be attributed to rapid disruption of the hepatocanalicular
transport of glutathione (Bouchard et al., 2000).

1.10.1.3.  DAPM as a Model Toxicant for Cholestatic Disease.  DAPM has been
shown to be cholestatic in both humans (Kopelmann et al., 1966b; Tillmann et al., 1997)
and rats (Bailie et al., 1993; Kanz et al., 1992).  Kanz et al. (1992) found that complete
cholestasis occurred by ~6 hours after 250 mg DAPM/kg rat.  Because the
mechanism(s) of cholestatic injury are still not fully understood, identifying the cellular
targets of DAPM injury could provide supportive evidence of currently accepted
mechanism(s) or provide new insights into other possible pathways leading to
cholestasis.  Many studies to date have hypothesized that impaired bile secretion in
hepatocytes is responsible for many of the cholestatic effects described.   However,
earlier work performed by Alpini and coworkers estimated that net ductular secretion in
the normal rat accounts for 10-13% of spontaneously secreted hepatic bile (Alpini et al.,
1989).  The selectivity of DAPM for BEC could also provide additional information
regarding the role of BEC in toxicant/drug-induced cholestatic injury.
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1.10.2.  Role of BEC in Bile Formation and Detoxification

Historically, the study of the normal biology and pathobiology of human and rat
biliary epithelia has been largely restricted to observations of cells in histological
sections.  However, difficulties arise in interpreting observations due to the inability to
reveal subtle alterations in the small number of cells (2-3% of total cells in liver) in
sections (Ludwig et al., 1998).  In the past decade, advances have been made in
isolating and culturing both primary extrahepatic and intrahepatic BEC from a range of
mammalian species such as rats, mice, pigs, and humans (Paradis and Sharp, 1989;
Mathis et al., 1988; Katayanagi et al., 1998).  Isolation of BEC preparations has led to
the identification of a large number of plasma membrane proteins in BEC including
exchangers, transporters, receptors, channels, and junctional proteins (Strazzabosco et
al., 2000; Strazzabosco, 1997b; Tietz et al., 1997).  Table 1.8 provides a summary of
the functional characteristics of BEC.  Novel methods to culture BEC long term have
been established using cells isolated from rats and humans (Yang et al., 1993a;
Vroman and LaRusso, 1996; Okamoto et al., 1995).  Rat BEC can be cultured to form
well differentiated, polarized monolayers with tight junctions.  These cells also maintain
their BEC phenotype through 14 months or 48 passages (Yang et al., 1993a).  In
addition, the culture of BEC on semi-permeable inserts have extended our knowledge
regarding the physiology, more specifically, the localization of transport systems in the
apical and/or basolateral surfaces of BEC (Lazaridis et al., 1997a; Lazaridis et al.,
1997b).

The pathobiology of BEC is reviewed in detail by Strazzabosco et al. (2000).  In
brief, BEC modulate the alkalinity and fluidity of bile from which they reabsorb fluids and
biliary solutes such as amino acids, glucose and bile acids, while secreting water,
electrolytes and immunoglobulin A.  BEC transport functions are regulated by
gastrointestinal hormones, neurotransmitters, and neuropeptides that promote
absorption or secretion (Strazzabosco, 1997b).  Dysfunction of BEC may lead to
chronic cholestatic disorders or cholangiopathies that represent an important cause of
morbidity and mortality.  Cholangiopathies range from conditions in which a normal
epithelium is damaged by infectious agents, toxic compounds or ischaemia to
autoimmunity (Strazzabosco et al., 2000).  Abnormal BEC biology can also be caused
by genetic disorders such as cystic fibrosis or biliary atresia (Roberts and LaRusso,
1994).  Interestingly, different portions of the biliary tree appear to be preferentially
affected in specific cholangiopathies, presumably due to heterogeneity in BEC function
among different cell sizes of the biliary tree (Kanno et al., 2000).  Cholangiopathies are
characterized by either apoptotic or necrotic BEC death with BEC proliferation and
various degrees of portal inflammation, fibrosis and cholestasis (Birnbaum and Suchy,
1998).

By understanding the mechanism(s) of DAPM toxicity to BEC, this compound
may serve as a model toxicant to study absorptive and secretory functions of biliary
epithelia that have yet to be described.   Many questions regarding drug/toxicant uptake
in BEC also remain unanswered.  In addition, information about immune regulation of



Table 1.8.  Functional Characteristics of BEC

Enzymatic
Activities

Secretory
Activities

Absorptive
Activities Transporters Exchangers/

Channels
Junctional/

Cytoskeletal Receptors

GGT IgA Glucose SGLUT1 Cl-/HCO3
- CX43 EGF

Succinate
  dehydrogenase

Chloride Bile Acids iBAT Na+/H+ TJ Selectivity
(Na+) Secretin

ALP HCO3
- Amino Acids

  (Glutamate)
GLUT1 Somatostatin

Sulfo-
     transferase Electrolytes AQP-1 Purinergic

GSH-
     transferase CFTR

Glucuronosyl-
     transferase

Ezrin

H+-ATPase
Cytokeratin 19

Na+, K-  ATPase

Mg2+-ATPase

Abbreviations:  ALP=alkaline phosphatase; AQP-1=aquaporin (water selective); CFTR=cystic fibrosis transmembrane
conductance regulator; CX43=junctional complex protein; EGF=epidermal growth factor; Ezrin=actin-
membrane linking protein; GLUT1=Na+-independent glucose transporter; GGT=γ-glutamyltransferase;
GSH=glutathione; iBAT=ileal bile acid transporter; SGLUT1=Na+-dependent glucose transporter.

Enzyme activities and functional proteins in bold type were used directly or indirectly to assess the time course of injurious
  effects of DAPM on rat BEC.  Note that the functional role of BEC OC.2 antigen is unknown and TJ
  selectivity was identified in the course of these experiments.

Table incorporated from Parola et al. (1990a; 1990b), Strazzobosco (2000), LaRusso (1996), and Shrenk et al. (1991).
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BEC function may provide new genetic or pharmacological approaches to treat
cholangiopathies.  At the same time, novel biomarkers of BEC injury can be identified
for cholangiodestructive toxicants such as DAPM.  The development of a primary BEC
culture in conjunction with studies of this model toxicant may further identify intrinsic
biliary modulators and increase our understanding of the molecular mechanisms
controlling BEC biology.

1.10.3.  Current Knowledge about DAPM�s Mechanism of Toxicity

Several methods have been used to assess DAPM toxicity in rats.  These
include alterations in serum parameters such as bile acids, bilirubin, and liver enzymes;
light microscopy for histopathological observations; electron microscopy for
ultrastructural studies; and alterations in biliary constituents for hepatobiliary function.
Assessment of specific biliary constituents such as bile acids, bilirubin, Pi, and glucose
provide excellent indicators of hepatocyte or BEC function and/or injury (Kanz et al.,
1998).  For example, bilirubin and bile acids are concentrated in bile via hepatocellular
receptor-mediated routes (Nathanson and Boyer, 1991).  Thus, hepatocellular
dysfunction can decrease biliary excretion of these two constituents.  In contrast,
glucose is removed from bile via passive (Na+-independent) and active (Na+-dependent)
glucose transporters located on BEC (Lazaridis et al., 1997b).  This function is critical in
maintaining low biliary glucose concentrations and presumably preventing bacterial
growth up the biliary tree from the intestine.  An early rise in biliary glucose levels
indicates possible injury to BEC.

Earlier studies performed by Kanz and coworkers demonstrated that acute
treatment with low doses of DAPM causes initial histological injury to BEC (Kanz et al.,
1998).  (Refer to Figure 1.5.)  Some biliary constituents, notably bilirubin and bile acids,
remained virtually unchanged following administration of 50 mg DAPM/kg to male rats
while biliary levels of Pi and glucose are elevated within 3 hours after dosing (Kanz et
al., 1998).  Biliary Pi levels were assessed to determine TJ leakiness in vivo since
alterations in TJs have been previously shown to increase the permeability of Pi from
blood to bile in rats (Jaeschke et al., 1987b).  The observations of increases in biliary
glucose are consistent with previous evidence of specific injury to BEC.  However, there
is another possible explanation related to the concurrent increases in biliary Pi.
Specifically, an effect on the TJs between hepatocytes and/or BEC could account for
the increases in biliary levels of both Pi and glucose.

Ultrastructural examination revealed no abnormalities in TJs between
hepatocytes or between BEC in DAPM-treated rats.  However, this observation does
not conclusively eliminate the possibility of TJ loosening since small Pi ions could leak
through minimally altered TJs that would not be visible by electron microscopy.  TJ
leakyness is plausible since morphological and functional evidence indicates that
alterations in TJ structure and permeability are early events in some experimental
models of cholestasis (Boyer, 1983; Desmet, 1986).  In fact, Increases in TJ
permeability are considered important aspects of ANIT (Krell et al., 1982; Krell et al.,
1987; Kan and Coleman, 1986) and estradiol-17-β-valerate (Jaeschke et al., 1987a;
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Iqbal et al., 1985; Elias et al., 1983) cholestasis.  Therefore, assessment of the DAPM
effects on TJ permeability is a logical step in understanding the mechanism(s) of DAPM
liver toxicity.

Ultrastructural examination also revealed evidence of mitochondrial injury
specific to BEC at 3 hours after acute exposure with 50 mg DAPM/kg rat (Kanz et al.,
1998).  The disrupted mitochondria in BEC had translucent matrices and few cristae.
The BEC with disrupted mitochondria frequently exhibited a loss of luminal microvilli
(Figure 1.9).  Previously, 1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea (CCNU), an anti-
neoplastic agent, had been found to induce mitochondrial swelling and loss of cristae
after causing loss of luminal microvilli.  Other alterations included luminal dilation, and
increases in free ribosomes and smooth endoplasmic reticulum in BEC (Kretschmer et
al., 1987).  Kanz et al. (1998) suggested that toxicants such as DAPM and CCNU
produced biliary metabolites that impair BEC apical membrane and/or mitochondrial
function.  Because ultrastructure of BEC mitochondria is clearly abnormal by 3 hours
after DAPM, mitochondrial functions could have been affected at much earlier time
points.  Therefore, another logical step in understanding the mechanism(s) of DAPM
toxicity is to clarify the time-course of DAPM injury relative to mitochondrial dysfunction.
If mitochondria are the earliest cellular target of DAPM injury in BEC, then any or all
energy-dependent cellular functions such as glucose transport and TJ integrity could be
affected.

1.11.  Objectives of Dissertation Project

In summary, four observations (discussed in Section 1.10.3) provided the
backbone for this dissertation project.  First, DAPM causes early morphological injury to
BEC prior to hepatocytes.  Second, BEC mitochondria are structurally altered 3 hours
after a low dose of DAPM.  Third, levels of biliary Pi and glucose are elevated by 3
hours, suggesting that TJs could be loosened.  Lack of structural evidence of TJ
alterations indicated that very minimal changes could be occurring between BEC only
while concurrent elevations in biliary glucose levels reinforced specific damage to BEC.
Fourth, the proximate toxicant(s) of DAPM injury to BEC are present in bile.

Therefore, the objectives of this dissertation project were as follows:

1)  Assess whether tight junction loosening is responsible for elevations in biliary Pi
using conventional tracer methods and an in vivo sleeping rat model.  Results are
presented in Chapter 3 and provide substantial evidence for the importance of
developing an in vitro model to study the mechanism(s) of DAPM toxicity.

2)  Develop an in vitro model to assess DAPM injury to primary rat BEC.  Isolation and
long-term culture of BEC have been performed by only a few laboratories.  Thus, the
first use of long-term cultured, polarized BEC monolayers for toxicity studies is
described in Chapter 4.
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TJ

Figure 1.9.  Transmission Electron Micrograph of Mitochondrial Alterations in
BEC at 3 Hours after Treatment with 50 mg DAPM/kg.  BEC injury is characterized
by loss of luminal microvilli (arrows) and disrupted mitochondria (M) with translucent
matrices and few cristae.  The tight junction (TJ) between BECs appears normal.
mag.=82,000X.  (Kanz et al., 1998)

3)  Assess effects of DAPM on tight junction permeability in primary long-term cultures
of BEC using more sensitive methods than in vivo tracer methods.  If the TJs of BEC
are the earliest cellular organelle affected by DAPM, conventional in vivo methods may
fail to demonstrate loosening in this population which comprises only 2-5% of the entire
liver.  Furthermore, the sequence of events leading to injury may be difficult to discern.
Chapter 5 describes the usefulness of long-term cultures of polarized cells to assess
toxicant effects on BEC TJ integrity.

4)  Assess effects of DAPM on mitochondrial function and structure in vitro.  Although
ultrastructural changes in BEC mitochondria were observed by 3 hours after DAPM in
vivo, little was known about functional parameters in mitochondria of DAPM-exposed
BEC.  Chapter 6 describes time course studies of mitochondrial function and structure
that provide information regarding initial cellular targets of DAPM toxicity to BEC.
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5)  Assess effects of DAPM on Na+-dependent glucose uptake in primary cultures of
BEC.   Na+-dependent glucose uptake is propelled by Na+, K+-ATPase pumps that
require efficient mitochondrial production of ATP to function.  Chapter 6 describes the
effects of DAPM on energy-dependent glucose transport in BEC.
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Chapter 2

Methodology

2.1.  Chemicals

2.1.1.  In Vivo Experiments

[3H]-Inulin (specific activity (sp act) 140 milliCurie (mCi)/ g, ~5000 MW) was
purchased from American Radiolabeled Chemicals, Inc. (St. Louis, MO).  DAPM was
purchased from Aldrich Chemical Co. (Milwaukee, WI).  [14C]-DAPM (sp act 6.8 mCi/
mmol, >99% pure by thin-layer chromatography and HPLC) was synthesized by and
purchased from American Radiolabeled Chemicals, Inc. (St. Louis, MO).

2.1.2.  In Vitro Experiments

2.1.2.1.  Culture and Characterization of BEC.  Dulbecco�s Modified Eagle
Medium (DMEM)/F12, fetal bovine serum (16000-044), and gentamicin (50 ug/ml) were
obtained from Gibco BRL Products (Grand Island, NY).  Nuserum IV, epidermal growth
factor (EGF), bovine pituitary extract (BPE), dispase, and ITS+ premix (12.5 µg/ml
insulin, 12.5 µg/ml transferrin, 12.5 ng/ml selenius acid, 2.5 mg/ml bovine serum
albumin (BSA), and 10.7 µg/ml linoleic acid) were obtained from Collaborative
Biomedical Products (Becton Dickinson, Franklin Lakes, NJ).  Dexamethasone, 3,3,5-
triiodo-L-thyronine (T3), forskolin, sodium bicarbonate, CaCl2, N-2-
hydroxyethylpiperazine-N�-2-ethanesulfonic acid (HEPES), Hank�s Balanced Salt
Solution without Ca++ and Mg++ (HBSS), soybean trypsin inhibitor, bovine serum
albumin (BSA), pronase (protease-P-5147), and glucose were obtained from Sigma
Chemical Co. (St. Louis, MO).  Collagenase B Type I was obtained from Boehringer
Mannheim Biochemical (now Roche Diagnostics) (Indianapolis, IN).  DNAse and
collagenase Type 4 were obtained from Worthington Biochemical Corporation
(Lakewood, NJ).  Fetal bovine serum (FBS) was obtained from Intergen (Purchase,
NY).  Iscove�s Modified Dulbecco�s Medium and MEM Non-Essential AA (amino acids)
were obtained from Gibco BRL Products (Grand Island, NY).  Transferrin,
monothiolglycerol, pristane (2.6.10.14-tetramethylpentadecane), γ-glutamyl-4-methoxy-
naphthylamide, glycylglycine, Fast BB salt, Tris HCl, copper sulfate, and sodium
pyruvate were obtained from Sigma Chemical Co.  CK19 monoclonal antibody was
purchased from Immunotech (Marseilee, France) through Fisher Scientific.  All
chemicals were purchased at the highest grade available.

2.1.2.2.  BEC Function.  The nonmetabolizable monosaccharide methyl- α-D-
glucopyranoside (AMG), phloridzin, tetramethylammonium chloride (TMA-Cl), and
mannitol were purchased from Sigma Chemical.  [14C]-Methyl- α-D-glucopyranoside
([14C]-AMG; sp act 300 mCi/mmol, >99% pure by paper chromatography, paper
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electrophoresis and reverse isotopic dilution analysis, catalog ARC-131) was purchased
from American Radiolabeled Chemicals, Inc. (St. Louis, MO).

2.2.  Experimental Protocols for In Vivo Studies

2.2.1.  [3H]-Inulin Infusion and Bile to Plasma Ratios

2.2.1.1.  Cannulation.  Male SD rats (350 g) were anesthetized with pentobarbital
(50 mg/kg), and jugular vein, femoral vein, biliary, and duodenal cannulas were
implanted by standard surgical procedures in this laboratory (Kanz et al., 1992; Moslen
et al., 1988a).  Refer to Figure 2.1 for an illustration of cannula placement.

In brief, the right ventral neck, ventral midline area, and left groin regions were
shaved and areas cleansed with Betadine®.  The right external jugular was exposed
where it passes underneath the pectoralis major muscle by separating loose connective
tissue.  An implantation needle attached to a jugular cannula (described in detail in
Moslen et al., 1988a) was inserted into the lumen of the jugular vein approximately 5
mm posterior to the pectoralis major muscle.  The needle was advanced 3 mm into the
vessel, pushed out anteriorly completely through the muscle, and then the needle was
gently disconnected from the attached cannula.  A syringe containing sterile heparinized
saline was attached to the distal end to rinse and fill the cannula with saline.  The
cannula was gently retracted back into the vessel and advanced down the vein toward
the heart.  Patency of the cannula was verified by withdrawing blood.  The cannula was
then anchored in place by suturing a free flap of silastic sheeting (located on the
cannula) to the muscle.  Surgical staples were used to close the ventral neck incision.

For femoral vein cannulation, an incision was made in the skin of the ventral left
thigh above the line of the femoral vein and the vein was exposed.  An ~18 cm length of
polyethylene (PE)-10 tubing with a slightly beveled end was inserted into the beveled
end of a 20-gauge, 1.5 in needle.  The tubing was retracted until the beveled end lay
within the barrel of the needle.  The distal end of the cannula was connected to a
syringe with a 30-gauge needle; the cannula was rinsed and filled with heparinized
saline.  The 20-gauge needle was used to puncture the femoral vein ~1.5 cm from the
abdominal wall and the PE-10 tubing was immediately advanced through the needle for
approximately 5 cm until it was positioned in the inferior vena cava near the level of the
renal veins.  Patency was verified by withdrawing blood.  The needle was then carefully
withdrawn from the vessel and pulled off the distal end of the cannula.  The cannula
was secured by placing ties above and below the site of entry into the femoral vein.
Surgical staples were used to close the ventral thigh incision (Moslen et al., 1988a).

For bile duct and duodenal cannulation, a ventral midline incision was made and
the liver was gently retracted to expose the common bile duct.  Three loose ties were
placed around the common bile duct ~8 mm distal to its bifurcation and the duct was
opened using iris scissors.  Immediately, the beveled tip of a PE-50 cannula containing
sterile saline was inserted for ~4 mm and tied in place.  Bile duct cannulation was
assured by visual observation of saline replacement by bile.  The duodenum



41

Figure 2.1. Illustration of Cannula Placement in Rats for Collection of Bile and
Plasma.  [3H]-Inulin (~3.85 µCi/ml) was continuously infused through the femoral
cannula.  Blood was withdrawn from the jugular cannula and bile was collected in
Eppendorf tubes through the bile duct cannula.  Taurocholate (36 mM) was infused via
the duodenal cannula to maintain bile flow.  Pentobarbital (2.5 mg/ml) was infused via
an ip cannula (not shown) to maintain anesthesia.

immediately posterior to the bile duct papilla was gently pulled from the peritoneal
cavity.  Two loose ties were placed ~1 cm from the papilla in the external muscularis
using 5.0 silk attached to a curved needle.  An opening in the duodenal wall was made
between the two ties with a sterile 23 gauge needle.  A beveled PE-50 tip (~4-5 mm)
attached to silastic tubing (0.51 mm i.d., inner diameter) was inserted in the duodenal
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opening and tied in place around �silicon glue dots� on the surface of the cannula.  The
duodenal opening was closed using 5.0 silk as a purse string.  The patency of the
duodenal cannula was verified by flushing with saline.  The duodenum was gently
replaced in the peritoneal cavity toward the right side (of the rat).  A coiled PE-50
cannula was placed in the posterior region of the peritoneal cavity for infusion of dilute
nembutol.  The ventral midline opening was closed with surgical staples (Kanz et al.,
1992).  Complete surgery duration was 45-60 min per rat.

2.2.1.2.  Treatment.  After surgery, taurocholate (36 mM) was infused (~3.2 ml/h/kg rat)
into the duodenal cannula to maintain bile flow while a dilute solution of pentobarbital
(2.5 mg/ml in saline) was infused ip to maintain anesthesia.  Rats were allowed to
equilibrate to ~37°C for 45 min on a heating pad.  Figure 2.2 diagrams the timeline for
treatments, and for blood and bile collection.  During equilibration, rats were infused
through the femoral cannula with a bolus dose of [3H]-inulin (~3.85 µCi/ml) at a rate of
10 µl/min for 45 min.  The rate of infusion was then slowed to 6.66 µl/min for the basal
(1 h) and experimental (4 h) periods.

45-60 min. 45 min.

25 mg DAPM /kg p.o.
surgery equilibration

BASALBASAL EXPERIMENTALEXPERIMENTAL

-1HR 0 1HR 2HR  3HR 4HR

[[33H]-INULIN INFUSIONH]-INULIN INFUSION
BOLUSBOLUS CONTINUOUSCONTINUOUS

Bile
Collection

Blood
Collection

Figure 2.2.  Experimental Design for Infusion of [3H]-Inulin and Collection of Bile
and Plasma.

Basal bile was collected in Eppendorf tubes on ice for 1 h at 30 min intervals
followed by treatment consisting of 25 mg DAPM/kg in 35% ethanol at ~35-40°C or
vehicle alone.  Experimental bile was then collected on ice at 30 min intervals beginning
at time 0 and 200 µl whole blood was collected from the jugular cannula at 30 minute
intervals beginning at time 15 min.  Injection of 200 ml heparinized saline into the
jugular cannula prevented blood clotting and replaced plasma volume removed from the
rats.  Whole blood was immediately centrifuged at ~5000 rpm for 5 min at 4°C and
serum was removed for determination of [3H]-inulin concentration.  Bile volumes were
determined by weight, assuming a density of 1 g/ml.  Bile was aliquoted for biliary
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constituent analyses and [3H]-inulin measurements and stored at -20°C.  Aliquots of bile
and serum were placed in 7 ml scintillation vials containing 5 ml Betafluor (National
Diagnostics, Manville, NJ) cocktail and scintillation counting was performed on a
Packard  Tri-Carb 1900CA Liquid Scintillation Analyzer (Downers Grove, IL).

At the end of the 4 h experimental period, blood was withdrawn from the inferior
vena cava of all rats and allowed to clot on ice, centrifuged and sera stored at �20°C for
subsequent analysis of serum parameters of liver injury.  Livers were collected and
weighed; the left lobe and the intermediate lobe (the two largest lobes) were
consistently used for histopathological assessment.  Transverse slices (~10 mm thick)
were cut from each lobe across its largest dimension and fixed in 10% buffered
formalin.

2.2.2.  Collection of Bile from DAPM-Treated Rats for In Vitro Studies

2.2.2.1.  Cannulation.  Male SD rats (350 g) were anesthetized with pentobarbital
(50 mg/kg), and biliary, duodenal, and anesthesia cannulas were implanted by the
standard surgical procedures (Kanz et al., 1992) described in Section 2.2.1.1.  In brief,
a ventral midline incision was made and the liver was gently retracted to expose the
common bile duct.  A beveled PE-50 tip was inserted into the common bile duct ~8 mm
distal to its bifurcation and silastic tubing (0.51 mm inside diameter, i.d.) with a beveled
PE-50 tip (~4-5 mm) was inserted into the duodenum ~ 1 cm distal to the bile duct
papilla.  The midline incision was closed with surgical staples.  Surgical procedures
were performed under a heating lamp to prevent hypothermia since surgery duration
was ~30-45 minutes.  A total of two rat surgeries were performed during each day of
bile collection.

2.2.2.2. Treatment.  After the surgery, taurocholate (36 mM) and pentobarbital
(2.5 mg/ml in saline) were infused into the duodenal and anesthesia cannulas,
respectively, as described in Section 2.2.1.2.  Rats were allowed to equilibrate to 37°C
for ~15-20 min on a heating pad.  Basal bile was then collected on ice for 1 h followed
by treatment of the rats with 50 mg DAPM/ kg in 35% ethanol at ~35-40°C or vehicle
alone.  For radioactive [14C]-DAPM uptake experiments, bile was collected from rats
treated with 50 mg DAPM/ kg containing [14C]-DAPM (8.5 µCi/ rat).  Bile was collected
on ice for 2 h at 15 min intervals and bile volumes were determined by weight,
assuming a density of 1 g/ml.  Bile collected from the basal period, the first hour (1st Hr),
or the second hour (2nd Hr) after treatment was pooled immediately for two rats and
stored in 200 µl aliquots at �80°C.   At the end of the 2 h experimental period, blood
was withdrawn from the inferior vena cava and allowed to clot on ice, centrifuged and
sera stored at �20°C for subsequent analysis of ALT activity, a sensitive measure of
liver injury.  For all in vitro experiments, two or three bile aliquots (bile from 4 to 6 rats)
were thawed and pooled to form the experimental bile samples.
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2.3.  Isolation and Long-Term Culture of BEC

2.3.1.  Isolation of the Bile Duct Tree from Normal Rat Liver

Normal adult male SD rats (~350 g) from Harlan (Indianapolis, IN) were used for
BEC isolation.  Rats were anesthetized with sodium pentobarbital (50 mg/ kg, ip).  A
ventral midline incision was made and the liver gently retracted to expose the portal
vein.  Heparin (250 U) was injected into the inferior vena cava and allowed to circulate
for 1 minute.  A heparinized 18 gauge cannula with a plastic sleeve was inserted ~1 cm
into the portal vein near its insertion at the liver hilus and tied in place.  Livers were first
pre-perfused through the portal vein with 150 ml of HBSS (without Ca++ and Mg++

containing 50 mmol/L HEPES, pH 7.4) using a peristaltic pump set at a rate of 14
ml/min.  Perfusion solutions were maintained at 37°C by passing through a condenser
attached to a circulating water bath set at 42°C.  A non-recirculating perfusion system
was used.  Livers were then perfused with 150 ml digestion buffer (pH 7.6) consisting of
HBSS, 0.5 mM CaCl2, 0.02% soybean trypsin inhibitor, 0.04% collagenase B Type 1,
and 0.02 % BSA or until livers felt spongy as determined by pressing the liver gently
with an index finger.  Livers were further digested by perfusing with 50 ml of pronase
buffer consisting of DMEM/F12, 0.1% pronase, 0.1% collagenase B, 0.01% soybean
trypsin inhibitor, and 0.01% of DNAse I.  Livers were finally washed with 200 ml of
HBSS, 0.1% BSA, and 10% FBS (Yang et al., 1993).

Livers were then removed from the peritoneal cavity and transferred to a sterile
dish. The capsule was peeled away, and the liver remnant containing the intact biliary
tree was combed thoroughly with small surgical forceps.  Two fractions were obtained:
a liver fraction and a biliary tree fraction that also consisted of contaminating
hepatocytes, endothelial cells, and fibroblasts.  Figure 2.3 illustrates the two different
fractions.  The biliary tree fraction was next placed in a 100 ml Erlinmeyer flask
containing 20 ml pronase buffer for 25 min.  After 25 minutes, this biliary fraction was
placed in a 50 ml conical tube, and allowed to gravity settle.  The pellet was collected
and fresh pronase buffer was added for 25 min.  This step was performed 3 times.  The
final biliary tree fraction was then filtered through a 60 micron mesh screen (Sigma
Chemical Company, St. Louis, MO).  Biliary fragments caught on the mesh were
collected, washed 3 times with HBSS, and plated on collagen as described below.  The
filtrate was washed with HBSS and allowed to gravity settle 2 times to remove red blood
cells.  After the second wash, the filtrate of small fragments was centrifuged at 10g for 4
min, collected, washed a third time and plated on collagen as described in Section
2.3.2.1.

2.3.2.  Culture of Biliary Tree Fragments inside Collagen Gel

2.3.2.1.  Collagen Preparation.  Collagen was prepared from rat tails according to
the methods described by Emerman and Pitelka (1977).  Collagen fibers were dissected
from 3-4 male rat tails and weighed to 1 gram.  All rat tails were collected from previous
in vivo experiments and stored at �20°C.  Rat tails were washed in 70% ethanol for 15
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Biliary Tree Fraction Hepatocyte Fraction

Figure 2.3.  Isolation of the Biliary Tree from Rat Liver.

minutes, a longitudinal incision was made to peel off the skin, and the tail was cut into
3-5 cm parts with a razor blade.  Rat tails are composed of several bundles of collagen.
Collagen fibers (which are white and pull out easily compared to ligaments which are
tougher and do not pull out easily) were pulled out with fine forceps and placed in a
sterile petri dish and irradiated under ultraviolet (UV) light for 24 hours with the top off.
Collagen fibers were suspended in 300 ml of a fresh filter-sterilized solution of acetic
acid in distilled water (1:1000) and stirred for 48 hours at 4°C.   The collagen solution
was then left at 4°C for 24 hours without stirring.  The solution appeared cloudy and
dense with occasional collagen fragments in suspension.  It was filtered through a
sterile cheese-cloth or gauze covering a glass funnel and collected in a sterile glass
bottle.  The cheese-cloth traps unneeded dense collagen gel and allows the finer
collagen solution to filter through.  This finer (stock) collagen solution can be stored at
4°C for 10 months.

Collagen gel-coated plates and flasks were made by adding an ice cold mixture
of stock collagen solution, 10X (DMEM)/ F12 medium, and 0.34 N NaOH (17:2:1), and
incubating at 37°C for 30 min.  This collagen gel solution was mixed thoroughly and
rapidly in order to prevent gelling prior to coating the cultureware.  For a 6 well plate, 2
ml of collagen gel solution (17:2:1) was used in each well.  If T75 or T25 flasks were
used, 10 ml and 5 ml of collagen gel solution, respectively, were required to completely
coat the bottom of the flask.

For other types of cultureware, sterile distilled water was added to the collagen
gel solution (17:2:1) to make a diluted-collagen gel solution (1:4).  A sufficient amount of
diluted-collagen gel solution was used to cover the surface of tissue culture inserts
(Falcon), culture plates (Falcon), or chamber slides (Falcon) and was allowed to settle
for 120 min under UV light without lids.  Any excess diluted-collagen gel solution was
then aspirated and the cultureware was allowed to dry for 1 hour.
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2.3.2.2.  �Collagen Sandwich� Procedure.  The freshly isolated biliary tree
fragments were initially cultured in �collagen sandwiches�.  These were formed by
mixing pellets of biliary tree fragments (filtrate or those caught by mesh) with ~20 ml of
freshly prepared collagen gel solution (17:2:1) and plating them (3 ml per well) on
preformed collagen gel-coated six well plates.  After incubation for 20-30 min at 37°C,
collagen gels were overlaid with 4 ml of serum free defined media (SFDM).  SFDM was
used as the feeding media throughout long-term culture of BEC and consisted of
DMEM/F12 culture medium stock (sodium bicarbonate, 1.2 mg/ml; D-glucose, 5 mg/ml)
supplemented with:  10% Nuserum IV, epidermal growth factor (20 ng/ml), bovine
pituitary extract (12.5 µg/ml), forskolin (3 µM), T3 (5 nM), dexamethasone (1 µM),
gentamicin (50 µg/ml), and  1% ITS+ Premix.  Culture plates were maintained at 37°C in
an atmosphere of 5% CO2 for 6 days.

2.3.3.  Isolation of Biliary Tree Fragments and Establishment of
BEC Monolayers

On day 7, the media was decanted, cells were rinsed with 37°C HBSS, and
biliary tree fragments/ cysts (Figure 2.4) were released from �collagen gel sandwiches�
by incubation for 40-60 min with 2 ml/ well of sterile digestion media consisting of
DMEM/ F12 supplemented with 20% dispase (10 U/ ml) and 0.1% collagenase Type 4
(1 mg/ ml).  After the gel was digested, biliary tree fragments were placed in a 50 ml
conical tube and allowed to gravity settle for 5 min.  Digestion media was carefully
aspirated, and biliary fragments/ cells were washed with 5 ml of HBSS and collected by
centrifugation at 10g for 5 min.  The same volume of HBSS with 0.75 mg/ ml EDTA
(ethylenediamine-tetraaceticacid disodium salt, dihydrate) was added to biliary
fragments/ cells for 10 min at 37°C.  This step loosened TJs and dissociated biliary
fragments/ monolayers.

This �new� biliary fraction containing some contaminating fibroblasts was
centrifuged at 10g for 5 min and the EDTA media was aspirated.  Cold DMEM/F12
stock (5 ml) supplemented with 10% FBS was added to the biliary fraction and
incubated for 10 min at room temperature.  This step deactivated digestion enzymes
used in earlier steps.  The biliary fraction was collected by centrifugation at 10g, bathed
in 10 ml of SFDM, and added to a T-75 flask without collagen for 60 min to remove
residual fibroblasts.  Media containing non-adhering cells was carefully aspirated and
aliquoted to collagen-coated, 6 well plates (4 ml/ well).  After 7 days in culture, colonies
of BEC were apparent in addition to some fibroblast contamination (See Figure 2.4).
SFDM was changed every 3-4 days and BEC were routinely passaged every 10 days.
Approximately 3-4 passages (~50% confluency) using this digestion procedure were
necessary to completely remove fibroblast contamination.
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Figure 2.4.  BEC Cyst/ Fragments Growing in Collagen Sandwich Gels (arrows).
Note the presence of fibroblast contamination (arrowheads).  mag.=190X.

2.3.4.  Long-Term Culture of BEC

Once fibroblast contamination was completely eliminated, BEC were grown in T-
25 or T-75 flasks and passaged at ~70% confluence.  BEC were released from collagen
gels by incubating in 5 (T-25 flask) or 10 ml (T-75 flask) of digestion buffer for 60-75
minutes, collected by centrifugation at 200g for 5 minutes, and dissociated with 5 ml of
EDTA buffer (0.75 mg/ ml EDTA in HBSS) for 10 minutes at 37°C.  BEC were collected
by centrifugation at 200g for 5 minutes and digestion enzymes were inactivated with 5
ml cold 10% FBS in HBSS for 10 minutes at room temperature.  Cells were collected by
centrifugation at 200g for 5 minutes, resuspended in SFDM at a density of 5.0 X 105

cells/ ml and plated.  SFDM was changed every 2-3 days, and the cells were routinely
passaged every 7-10 days.  Figures 2.5A and 2.5B demonstrate BEC growing on
collagen gel early in culture and as a confluent monolayer, respectively.

2.4.  Characterization of BEC

Characterization of BEC included staining for BEC specific markers OC.2 (oval
cell) antigen, Cytokeratin 19 (CK19), and GGT.  OC.2 is an antigenic protein found only
in mature BEC (Yang et al., 1993b).  CK19 is a cytoskeletal protein found in BEC (Ishii
et al., 1989) and GGT is an enzyme found in significantly greater amounts (~ 200 fold
higher) in BEC compared to hepatocytes (Parola et al., 1990a; 1990b).
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Figure 2.5. Long-term Culture of BEC on Collagen Gels.  A)  Monolayer in the initial
stages of growth after adhering to collagen gel.  mag.=160X.  B)  Confluent monolayer
with BEC demonstrating a �cobble stone�  appearance.  mag.=290X.
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2.4.1.  Ultrastructure by Electron Microscopy

BEC were plated on 1:4 collagen-coated 24 well (6 mm) PET (polyethylene
terephthalate) cell culture inserts (Falcon) that have a 0.4 µm pore size.  BEC were
cultured to 95% confluence and rinsed twice with phosphate buffered saline (PBS, pH
7.4) containing CaCl2 and MgCl2.  BEC monolayers were fixed with a 1:1 mixture of 2%
glutararaldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.2) for 1
hour at room temperature, postfixed with 1% osmium tetroxide (OsO4) in 0.1 M
cacodylate buffer, rinsed with water, stained en bloc with 2% aqueous uranyl acetate,
dehydrated in ethanol and embedded into Poly-Bed 812 resin (Polysciences,Inc.,
Warrington, PA).  Ultrathin sections were cut on a Sorvall MT-6000 ultramicrotome
(RMC, Tucson, AZ), stained with aqueous uranyl acetate and lead citrate and examined
in a Philips CM100 transmission electron microscope at 60kV.

2.4.2.  BEC Specific Antigenic Markers

2.4.2.1.  Hybridoma Cultures and Ascites Production.  A hybidoma producing
monoclonal IgM antibodies against the OC.2 antigen of BEC was generously provided
by Ronald Faris, Ph.D. (Brown University, Providence, RI).  Hybridomas were cultured
in suspension in Iscove�s Modified Dulbecco�s Medium supplemented with sodium
bicarbonate (3.024 g/ L), 15% FBS, insulin (8 µg/ ml), transferrin (10 µg/ ml),
monothiolglycerol (8 µg/ ml), 1% MEM non-essential AA, 1% sodium pyruvate (S-8636),
and gentamicin (50 µg/ ml).  Ascites fluid production was performed using 8 week old
female Balb/c mice.  Mice were injected ip with 0.5 ml pristane 2 weeks before ip
injection of 107 hybridoma cells in HBSS.  After 2 weeks, the abdomen was distended
with ascites fluid.  Mice were anesthetized with ether and the peritoneum was pierced
with an 18 gauge needle and ascites fluid was drained into a 15 ml sterile conical tube.
Ascites fluid was centrifuged for 10 min at 300g and the supernatant was collected,
aliquoted and stored at -20°C.   An OC.2 antibody �working solution� was produced by
diluting the ascites fluid 1:100 in PBS supplemented with 1% BSA and 0.1% sodium
azide.  This solution as well as media aspirated from cultured hybridomas were used
directly to label OC.2 antigen in tissue sections and on BEC monolayers grown on
chamber slides (Falcon).

2.4.2.2.  Immunofluorescent Labeling of OC.2 Antigen in BEC.  BEC were grown
on 1:4 collagen-coated chamber slides (Falcon).  Media was removed and cells were
washed with PBS (pH 7.4) 3 times at room temperature.  Chambers were removed and
BEC were fixed with 100% acetone at room temperature for 15 min.  Acetone fixation at
room temperature is critically important to obtain well-defined staining of OC.2 on BEC;
otherwise, staining may appear smudged.  Slides were allowed to air dry and a drop of
1% normal goat serum (blocking agent) was added and incubated for 15 minutes at
room temperature.  Slides were then washed 3 times with PBS and allowed to air dry.
A drop of OC.2 antibody �working solution� was added and slides were incubated for 60
minutes at room temperature.  Slides were then washed 3 times with PBS and
incubated with biotinylated goat anti-mouse IgM (1:200) from Pierce (Rockford, IL) for
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30 min.  Another wash series was performed followed by incubation with streptavidin-
conjugated Texas Red (1:200) (Molecular Probes, Eugene, OR) for 30 min at room
temperature.  Slides were washed 3 times, allowed to air dry, and coverslipped using
Vectashield® (Vector Laboratories, Inc., Burlingame, CA).  This mounting media was
used because it prevented quenching of fluorophores.  Negative controls included
HepG2 cells that do not express the OC.2 antigen and BEC cells incubated without the
primary OC.2 antibody.

2.4.2.3.  Immunofluorescent Labeling of CK19 Antigen in BEC.  BEC were
grown, washed, blocked and dried as described in Section 2.4.2.2.  BEC were fixed with
ice-cold 100% acetone for 15 min.  A drop of ready-to-use CK-19 antibody was added
to the slides and incubated for 60 min at room temperature.  Slides were then washed 3
times with PBS and incubated with fluorescein-conjugated goat anti-mouse IgG
antibody (1:100) for 30 minutes. Slides were washed 3 times, allowed to air dry, and
coverslipped using Vectashield®.  Negative controls included omission of primary CK-
19 antibody or incubation of BEC with the same isotypic (IgG) primary antibody (such
as 5.4 (c-cam) antibody (1:100)) specific for hepatocytes but not BEC.  This antibody
was generously provided by Dr. Ronald Faris (Brown University, Providence, RI).
HepG2 cells were not used as a negative control because some strains are positive for
CK19.

2.4.3.  GGT Staining of BEC

2.4.3.1.  Solutions.  For the GGT reaction, substrate was made by dissolving 10
mg of γ-glutamyl-4-methoxy-naphthylamide (GMNA) in 3.6 ml of distilled water that
contained 200 µl of dimethylsulfoxide and 200 µl of 1 N NaOH.  Substrate was mixed
and 250 µl aliquots were stored at �20°C for 2-3 months.  Fresh reaction solution was
prepared by adding 1 ml 0.9% NaCl (pH 7.4) containing 2.5 mg glyclglycine and 1 ml
0.9% NaCl (pH 7.4) containing 2.5 mg Fast BB salt (diazotized 4�-amino-2�-5�-diethoxy-
benzanillin zinc chloride salt) to 1.25 ml of 0.1 M Tris-HCl (pH 7.4) followed by 250 µl of
substrate.  This reaction solution was filtered through a 0.45 micron filter and used
immediately to stain BEC.

2.4.3.2.  Procedure.  BEC were biochemically stained for GGT by the methods of
Busachi et al. (1981).  BEC were grown and washed as described in Section 2.4.2.2.
BEC were fixed with ice-cold 100% acetone for 5 min.  Slides were allowed to air dry
and incubated with a drop of reaction solution for 15 minutes at 37°C.  After incubation,
reaction solution was washed away with 0.9% NaCl and disposed of carefully since
GMNA is a carcinogenic agent.  Slides were washed in a Coplin jar with 0.9% NaCl,
transferred to a Coplin jar containing 0.1 M CuSO4 for 2 minutes, and washed with 0.9%
NaCl.  Slides were subsequently washed with distilled water to remove salts, allowed to
dry, coverslipped using glycerol:PBS (9:1), and viewed under light microscopy.  GGT
positive cells stained red or reddish orange while negative cells did not stain.
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2.5.  Assays for BEC Injury and/ or Function

2.5.1.  In Vivo Toxicity

2.5.1.1.  Serum Assays.  Serum levels of ALT, ALP, and bilirubin were measured
with Sigma reagent kits 57, 10, and 550, respectively.  Serum bile acids were measured
enzymatically using 3-α-hydroxysteroid dehydrogenase and taurocholate as standard
(Koss et al., 1974).

2.5.1.2.  Measurements of Biliary Constituents.  Total protein in bile was assayed
by the bicinchoninic acid method of Smith et al. (1985) using BSA as standard.  Total
bilirubin and glucose were assayed using Sigma kits 550 and 20, respectively.  Bile
acids were assayed by the method of Koss et al. (1974) as indicated above.  Pi was
measured by the sensitive malachite green method of Moslen et al. (1988b).

2.5.2.  In Vitro Toxicity

2.5.2.1.  XTT Assay

2.5.2.1.1.  Rationale.  An XTT (2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-
tetrazolium-5-carboxanilide; tetrazolium salt) based colorimetric assay (Roche
Diagnositics, Indianapolis, IN) that measures the formation of formazan dye after
cleavage of XTT by active mitochondria was used to assess cytotoxicity.  In contrast to
MTT (thiazolyl blue; another tetrazolium salt), the cleavage product of XTT is soluble in
water; therefore, a solubilization step is not required.

2.5.2.1.2.  Procedure.  BEC were cultured on 1:4 collagen coated 96 well plates.
BEC were cultured until monolayers were 98-100% confluent and washed 3 times with
DMEM/F12 (pH 7.4).  XTT reagents were prepared according to instructions provided
by the manufacturer.  For experiments using bile, 50 µl of bile were added to wells and
incubated at 37°C in an atmosphere of 5% CO2 for an experimentally defined time.
Cells were washed carefully with ~100 µL DMEM/F12 twice because residual bile was
found to interfere with absorbance readings.  Additional care was taken while aspirating
wash solutions because severely damaged cell monolayers were slightly loosened.
After washing cells, 100 µl of DMEM/F12 were added to each well followed by 50 µl of
XTT reagent.  For non-bile experiments, XTT reagent was added directly after the
experimental period.  A media to XTT reagent ratio was maintained at 2:1 (i.e., 100 µl
media: 50 µl XTT reagent).  Cells were incubated with XTT reagent at 37°C for 2 hours
and absorbance was read at 450 nm with a reference wavelength above 600 nm on a
Biorad Microplate Reader Model 3550 UV (Herculus, CA).  In each experiment, at least
half of the wells on the microplate were used to quantitate DNA by methods in Section
2.5.2.4.  XTT data were expressed as absorbance per µg DNA.
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2.5.2.2.  GGT Activity

2.5.2.2.1.  Rationale.  GGT activity was also measured to assess in vitro toxicity
of BEC.  Measurement of serum GGT is an excellent marker of various types of
obstructive and infiltrative hepatic disorders (Lum et al., 1972; Knight et al., 1981) and is
very specific to BEC injury (Alpini et al., 1996).  GGT activity was measured using
Sigma Kit 419 which is a kinetic and colorimetric assay that measures the production of
5-amino-2-nitrobenzoate which absorbs at 405 nm.

2.5.2.2.2.  Procedure.  BEC were cultured on collagen gel-coated, 6 well plates
until monolayers were 99-100% confluent.  Cells were washed 3 times with DMEM/F12
(pH 7.4) followed by addition of 2 mL of experimental treatment solution.  After
experimental treatment, two 50 µl aliquots were taken from each well and GGT activity
was measured.  Finally, collagen gels containing the adherent-live BEC were scraped
off with the tip of a serological pipette and sonicated in order to assess total GGT
activity.  Data were expressed as % of total GGT activity.

2.5.2.3.  DNA Quantitation.

2.5.2.3.1.  Rationale.  Quantitation of DNA in wells or on inserts was utilized to
standardize all experiments (Rago et al., 1990).   Accepted methods of normalization
such as protein quantitation were not used because all experiments were performed on
BEC monolayers grown on collagen-coated tissue cultureware.  The fluorochrome
Hoechst 33258 (Molecular Probes, Eugene, OR) binds to DNA and was used to
quantitate DNA by fluorometry because it provides excellent sensitivity, specificity, and
a dynamic range.  Contaminants such as protein and RNA do not interfere with this
assay (Labarca et al., 1980; Brunk et al., 1979; Cesarone et al., 1979).

Alternate columns of wells in plates were used to assay for various parameters
or to measure DNA content.  Each DNA measurement consisted of a minimum of 8
wells.  For nomalization of measurements, DNA content was averaged across entire
plates.  The standard deviations between columns of wells compared to the entire plate
are listed in Table 2.1.

2.5.2.3.2.  Solutions.  A 1X-high salt buffer (TNE buffer; Tris, Na+, EDTA) was
comprised of 2.0 M NaCl, 10 mM Tris (pH 7.4), and 1 mM Na2EDTA and the pH was
adjusted to 7.4 using concentrated HCl.  H33259 stock solution was made by dilution in
DMSO to a concentration of 1 mg/ml.  H33250 working solution was made by adding 62
µl of H33259 stock solution to 10 mL of TNE buffer; H33250 working solution was made
fresh each day.

2.5.2.3.3.  Procedure.  DNA standards were prepared using DNA (Type 1) from
calf thymus (Sigma Chemical Company, St. Louis, MO) in TNE buffer and a calibration
curve from 0-1 µg DNA /100 µl was produced.  For DNA quantitation of standards, 100



Table 2.1.  Comparison of Mean DNA Values per Microplate Versus Mean DNA Values
per 8 Well Column

DNA Content
for 48 wells

DNA Content for Each Column of 8 Wells
Mean ± S.D.

Mean ± S.D. Col. 1 Col. 2 Col. 3 Col. 4 Col. 5 Col. 6

Plate 1 233 ± 36 223 ± 27 240 ± 43 223 ±39* 228 ± 35 242 ± 39 233 ± 27

Plate 2 275 ± 55 260 ± 25 291 ± 47 279 ± 29 247 ± 30 282 ± 77 295 ± 89

Plate 3 346 ± 42 356 ± 41 369 ± 61 337 ± 27 315 ± 24 337 ± 27 376 ± 42

Note:  Cells were grown in 96 well clear-flat bottom microplates.  Half of each microplate (48 wells) was used
for assays and the other half (48 wells) was used for DNA quantitation.  Each column consists of 8 wells.
*  Column 3 on Plate 1 consisted of 7 wells due to a plating error.
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µl of a DNA standard was transferred to a collagen-coated, clear 96 well plate followed
by 100 µl of the H33258 working solution (6.2 µg/ ml TNE) in triplicate.  Fluorescence
was measured immediately using excitation and emission filters at 360 and 460 nm,
respectively, on a Perkin Elmer HTS7000 Plus BioAssay Reader (Norwalk, CT) that
uses HTSoft Version 2.0 software (Perkin Elmer, 1999) for integration.  A reagent blank
was subtracted from all standards and samples.

Confluent BEC monolayers were washed 3 times with HBSS containing Ca++ and
Mg++(pH 7.4) or iso-NaCl (defined in Section 2.6.2.2.) followed by addition of 100 µl of
TNE buffer and 100 µl of the H33258 working solution used for standards.
Fluorescence was measured as described above and DNA content was determined
based on the calibration curve.

2.6.  Assays Of BEC Function

2.6.1.  Transepithelial Resistance (TER)

2.6.1.1.  Rationale.  TER is routinely measured to monitor electrophysiological
properties of epithelial cells (Cereijido et al., 1978) and/or to assess monolayer
tightness (Okamoto et al., 1995).  TER of BEC have been measured at 137 to >1000
Ohms·cm2 (Yang et al., 1993a; Okamoto et al., 1995; Vroman and LaRusso, 1996;
Joplin et al., 1992).  The wide TER range reported for these cells is due to different
methods of assessing TER (i.e., a Ussing chamber versus chopstick-probes inserted
into culture wells).

2.6.1.2.  Procedure.  BEC were cultured on 1:4 collagen coated 12 well (12 mm)
PET translucent cell culture inserts with a 0.4 µm pore size.  Translucent cell culture
inserts were used because they are optimal for TER measurements and transport
studies.  Cells were grown to approximately 100% confluence and tested for �tightness�
using the phenol red technique which allows rapid assessment of permeability (Jovov et
al., 1991). The phenol red technique is useful because it provides a noninvasive
procedure that minimizes the potential for culture contamination.  SFDM containing
phenol red, a standard pH indicator, was added to the upper portion of the well while
SFDM without phenol red was added to the basolateral side of the well.  At timed
intervals, aliquots of basolateral media were spectrophoto-metrically measured at 479
nm for phenol red.  The presence of phenol red in the basal media was indicative of
permeabilization.   Once confluence was established by a lack of phenol red penetrance
from the apical to the basalateral media, culture inserts were removed and placed in the
Endohm-12 chamber for TER measurement.  All equipment was ethanol and UV
sterilized and rinsed in sterile saline prior to experiments.  Sterility is not a critical factor
in these experiments, but precautions were taken to maintain contamination at a
minimum.

TER measurements were performed in iso-osmotic NaCl (defined in Section
2.6.2.2) using an EVOM Epithelial Voltohmeter  attached to an Endohm-12 mm culture
cup/ chamber, both purchased from World Precision Instruments (Sarasota, FL).  Figure
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2.6 provides an illustration of the Endohm apparatus.  TER measurements were taken
at defined time intervals and changes in resistance were expressed as percentages of
baseline resistance.   Resistance (Ω·cm2) is defined as the solution resistance (bathing
solutions plus tissue culture insert without BEC monolayer) subtracted from the
resistance reading across the monolayer multiplied by the effective membrane area
(π·r2).

2.6.2.  Glucose Uptake and Permeability

2.6.2.1.  Rationale.  AMG is essentially transported by the Na+-glucose cotransporter
(Amsler et al., 1982) and was used to evaluate the Na+-dependent uptake of glucose by
BEC.  Permeability of [14C]-AMG from the upper portion of the well to the lower portion
also was used to assess TJ leakiness between BEC.  These experiments were
conducted concurrently with [14C]-AMG uptake experiments.

Figure 2.6. Illustration of Endohm Apparatus Used for TER Measurements.

2.6.2.2.  Solutions.  Iso-osmotic NaCl (iso-NaCl) was comprised of 140 mM
NaCl, 5 mM KCl, 1.3 mM CaCl-2H2O, 0.5 MgCl2-6H2O, 10 mM HEPES,
and 5 mM D-glucose, and pH was adjusted to 7.4 with NaOH.  Glucose-free iso-NaCl
was also used.  For sodium replacement experiments, tetramethylammonium chloride
(TMA-Cl; [(CH3)4N+Cl-]) replaced NaCl and pH was adjusted to 7.4 using
tetramethylammonium hydroxide (TMA-OH).  The solubilization solution contained 0.1
N NaOH and 1% sodium dodecylsulfate (SDS).  The glucose uptake stop solution was
comprised of iso-NaCl and 0.5 mM phloridzin.  Phloridzin is known to compete with D-
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glucose and AMG for the Na+-dependent glucose transporter on BEC (Lazaridis et al.,
1997).

2.6.2.3.  Procedure.  BEC were cultured on 1:4 collagen-coated 24 well (6 mm)
PET transparent cell culture inserts that have a 0.4 µm pore size.  BEC were cultured to
100% confluence and studies were performed in triplicate on confluent BEC monolayers
with TER > 400 Ω·cm2.  (See Section 2.6.1.2 for details).  Inserts growing BEC
monolayers were rinsed three times with glucose-free iso-NaCl and transferred to new
wells.  Then glucose-free iso-NaCl containing 0.5 mM AMG with [14C]-AMG (0.5 µCi)
was added to the apical chamber.  The osmotic equilibrium between chambers was
maintained by adding mannose (0.5 mM) to the basolateral chamber.  BEC monolayers
were incubated at 37°C in an atmosphere of 5% CO2 for 1 hour (BEC functional
characterization) or for experimentally defined time points (30-120 min).  For AMG
permeability experiments, two 50 µl aliquots of basolateral solutions were removed at
intervals and counted in a scintillation counter.  The apical and basolateral mediums
were then aspirated and rapidly replaced with ice cold stop solution for 15 minutes at
4°C.  Cell culture inserts were removed and rinsed with ice-cold stop solution 3 times
before adding 100 µl of solubilization solution for 2 hours at room temperature.
Subsequently, aliquots of the solubilization solution containing cellular [14C]-AMG were
removed and counted.  Data were expressed as nmol of AMG per µg DNA taken up or
leaked for each well.

Negative control experiments consisted of incubating BEC monolayers with [14C]-
AMG at 4°C, and in the presence of TMA-Cl rather than NaCl.

2.6.3.  Mitochondrial Membrane Potential (MMP)

2.6.3.1.  Rationale.  JC-1 (5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylbenzimidazolyl-
carbocyanine iodide; Molecular Probes, Eugene, OR) is a cationic dye that exhibits
potential-dependent accumulation in mitochondria.  At depolarized (-100 mV)
membrane potentials, JC-1 exists as green monomers with an emission peak around
527 nm.  As the membrane is hyperpolarized (-140 mV), JC-1 forms J-aggregates and
the emission shifts towards 590 nm.  As a result, mitochondrial depolarization is
indicated by a decrease in the red/green fluorescence intensity ratio (Reers et al.,
1991).  JC-1 is more specific for mitochondrial than plasma membrane potential, and is
more consistent in its response to depolarization, than other cationic dyes such as
DiOC6(3) and rhodamine 123 (Salvioli et al., 1997).  The ratio of green to red
fluorescence is dependent only on the membrane potential and not on other factors that
include mitochondrial size, shape, and density that may influence single-component
fluorescence signals (Cossarizza et al., 1993).

2.6.3.2.  Procedure.  BEC were cultured on 1:4 collagen-coated black 96 well
plates with clear flat bottoms (Costar) until confluent.  BEC were washed 3 times with
iso-NaCl and cells were then treated with 50 µl of bile or other solutions for 15, 30, and
60 minutes.  Treatments included a negative control consisting of iso-NaCl and positive
controls that are known to cause mitochondrial depolarization such as H2O2
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(Chinopoulos et al., 1999; Virag et al., 1998) and menadione (2-methyl-1,4-
naphthoquinone) (Palmeira et al., 1996).

After exposure, cells were carefully washed 3 times with iso-NaCl and
subsequently loaded with 10 µM JC-1 in iso-NaCl for 20 minutes at 37°C.  JC-1 is pH
sensitive and must be used at a physiological pH (Nuydens et al., 1999).  After loading
the cells with JC-1, cells were washed twice carefully and 100 µl of iso-NaCl was added
to each well prior to measurement.  Fluorescence was measured using two different
excitation and emission filters for red and green fluorescence.  Red fluorescence was
measured using excitation and emission filters at 535 and 590 nm, respectively, and
green fluorescence was measured using 485 and 530 nm, respectively.  Green
fluorescence was measured first followed by red fluorescence on a Perkin Elmer
HTS7000 Plus BioAssay Reader (Norwalk, CT) that uses HTSoft Version 2.0 software
(Perkin Elmer, 1999) for integration.  A reagent blank was subtracted from all samples.
The ratio of measured fluorescence intensities at both wavelengths is an indication of
the mitochondrial membrane potential.  A total of eight wells were used for each
treatment and time point, and data were expressed as the ratio of green to red
fluorescence per µg DNA.

2.6.4.  Cellular ATP

2.6.4.1.  Rationale.  Declines in cellular ATP lead to dysfunction of Na+,K+-
ATPases which can lead to a Na+ imbalance within the cell.  Loss of appropriate cellular
levels of ATP are usually due to injury or dysfunction of mitochondria and can occur
directly through nonoxidant (Nakagawa and Moldeus, 1998) or oxidant mechanisms
(Andreoli et al., 1993).

2.6.4.2.  Procedure.  Cellular ATP was measured using the ATP
Bioluminescence Assay Kit HS II from Roche Diagnostics (Indianapolis, IN) with minor
modifications.  Standards (1 pM-500 nM) were made fresh using stock ATP and dilution
buffer that were included in the kit.   BEC were cultured on 1:4 collagen-coated 96 well
plates until confluent.  BEC were washed 3 times with iso-NaCl and cells were then
treated with 50 µl of bile or other solutions for 15, 30, 60, and 120 min.  Control
treatments included a negative control consisting of iso-NaCl and a positive control
consisting of H2O2, which is known to decrease intracellular ATP by inhibiting ADP
phosphorylation in mitochondria of renal epithelial cells (Andreoli et al., 1997).  After
incubation, cells were washed carefully 3 times with iso-NaCl and subsequently lysed
by adding 50 µl of dilution buffer plus 50 µl of lysis buffer (Kit solutions) for 15 min at
room temperature.  Samples were diluted 1:100 in dilution buffer prior to measurement
and 100 µl aliquots were added to 100 µl of lucerifase in 5 ml (75 x 12 mm) tubes
purchased from Sarstedt (catalog No. 55.476, Newton, NC).  Tubes were immediately
placed in a Monolight 2010 luminometer from Analytical Luminescence Laboratory (San
Diego, CA).  Each time and treatment option were run in triplicate and data were
expressed as nmol ATP per µg DNA.
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2.6.5.  Bi-Ionic Diffusion Potentials

2.6.5.1.  Rationale. The polarity and magnitude of bi-ionic diffusion potentials
generated in response to changes in the ionic composition of the apical membrane
solution can provide information regarding TJ ion selectivity.  Alterations in ion
selectivity can be assessed by measuring transepithelial voltage (Vt).  This sensitive
technique allows for the determination of relative permeabilities of the TJs to cations
and anions (Larroque et al., 1988; Barry et al., 1971; Barry,1989).

In bi-ionic diffusion potential experiments, TMA and Na+-gluconate  (GA-), two
large and poorly permeable ions, are used as Na+ and Cl- substitutes, respectively.  In a
basic experiment, ~90% of the Na+ or Cl- of the apical membrane solution is replaced
with TMA+ or GA-, respectively, and the resulting changes in Vt  are measured over
time.  If the TJs are highly cation selective, then the decrease in the Cl- concentration of
the mucosal (apical) solution and the generation of a [Cl-] gradient between the serosal
and mucosal (basolateral to apical) solutions will have little effect on Vt because current
through the TJs is carried out predominantly by Na+.  On the other hand, generation of a
[Na+] gradient between serosal and mucosal solutions will result in increased diffusion
of Na+ across the TJs toward the apical solution with the generation of a mucosal
(apical) positive Vt.

For the most part, replacement of bathing solution ions is fraught with complexity.
However, the results obtained from carefully designed experiments can provide
information regarding tight junction integrity and ion selectivity since disruption of TJs
can alter ion selectivity and thus alter Vt (Barry et al., 1971).

2.6.5.2.  Solutions.  Table 2.2 details solutions used in these experiments and
their respective compositions.  Iso-osmotic NaCl, TMA-Cl, and Na+-gluconic acid had
osmolarities of 278, 278, and 281, respectively.

2.6.5.3.  Procedure.  BEC were cultured on 1:4 collagen-coated 12 well (12 mm)
PET translucent cell culture inserts with a 0.4 µm pore size until confluent as indicated
by testing for �tightness� using the phenol red technique (described in Section 2.6.1.2)
(Jovov et al., 1991).  Once phenol red was unable to penetrate from the apical to the
basalateral media, culture inserts were removed and placed in a modified Endohm-12
chamber consisting of an apical micro-perfusion line (PE-50) attached to a vacuum
(suction line) and another apical line attached to perfusion syringes (bathing lines) set
~63.5 cm in height for gravimetrical flow (1.23 ml/min).  Both lines were sealed onto the
barrel of the apical probe with medical grade silicon; the bathing line was sealed to fit ~
2 mm above monolayers grown in inserts while the suction line was sealed ~5 mm
above monolayers.  Figure 2.7 provides an illustration of this modified Endohm
apparatus.  Preliminary experiments demonstrated that apical medium was completely
replaced within 1 min.  Stability of Vt after changing apical bathing solutions occurred by
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10 min in normal, confluent monolayers.  All equipment was ethanol and/or UV
sterilized and rinsed in sterile saline prior to experiments.

Table 2.2.  Composition of Bathing Solutions Used for Bi-Ionic
Diffusion Potentials

Iso-osmotic
NaCl

Iso-osmotic
TMA-Cl

Iso-osmotic Na+-
gluconic acid

NaCl 140 mM
TMA-Cl 126 mM
Na+-GA 132 mM
KCl 5 mM 5 mM 5 mM
CaCl-2H2O 1.3 mM 1.3 mM 1.3 mM
MgCl-6H2O 0.5 mM 0.5 mM 0.5 mM
HEPES 10 mM 10 mM 10 mM
Glucose 5 mM 5 mM 5 mM
NaOH adjust to pH 7.4 adjust to pH 7.4
TMA-OH adjust to pH 7.4

Experiments were conducted in duplicate as follows.  Iso-NaCl (~2 ml) was added to the
basolateral side of the chamber and 200 µl iso-NaCl was added to the apical side for 5
minutes at room temperature.  All solutions were maintained in a water bath set at 37°C
prior to circulating into the apparatus.  Pre-treatment basal values were obtained by
replacing apical solutions every 10-15 min in the following sequence:  iso-NaCl, iso-
TMA-Cl, iso-NaCl, iso-GA, iso-NaCl.  Monolayers were then incubated with basal bile or
DAPM-Bile (1st Hr or 2nd Hr) for 60 min.  Post-treatment values were obtained by
bathing the monolayers in the same pre-treatment sequence.  TER and Vt
measurements were obtained using an EVOM Epithelial Voltohmeter  attached to an
Endohm-12 mm culture cup/chamber (World Precision Instruments, Sarasota, FL).
TER and Vt measurements were taken at 1 min intervals and changes in resistance
were expressed as ohms (Ω)· cm2.

The Endohm-12 consists of silver/ silver chloride (Ag/ AgCl) electrodes.  These
electrodes are typically used only if the chloride activities in the solutions bathing both
sides of the epithelium are identical.  If the solutions are unidentical (i.e., such as during
iso-GA addition to the apical domain), an asymmetrical voltage difference between the
pair of voltage-measuring electrodes will be summed into the Vt.  The measured voltage
will be artifactually high or low depending upon the ratio of mucosal to serosal (apical to
basolateral) chloride concentrations.  In the experiments conducted with BEC
monolayers, the basolateral (serosal) chloride concentration was greater and produced
a Vt that was artifactually high.  Therefore, at the end of each experiment, monolayers
were scraped off the membrane insert and identical pre-treatment bathing solution
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Figure 2.7. Illustration of Modified Endohm Apparatus Used for Bi-Ionic Potential
Measurements.

sequences were run to record solution potentials in the absence of cells.  These data
were used to normalize Vt relative to solutions with non-uniform ionic strengths.  Thus,
Vt values were determined by subtracting the solution (S)Vt values from the
experimental (E)Vt values recorded during the experiments (See Equation 1).  Vt  was
expressed in millivolts (mV).

[   Vt    = (E)Vt  �  (S)Vt   ]                                        (1)

2.7.  [14C]-DAPM Uptake in BEC

Bile was collected as described earlier in Section 2.2.2 from rats treated with 50
mg DAPM/kg containing [14C]-DAPM (0.1 mCi/ rat).  BEC were cultured to 100%
confluence on 1:4 collagen-coated 24 well (6 mm) PET transparent cell culture inserts
that have a 0.4 µm pore size and TER measurements were performed.  Studies were
performed in triplicate on BEC monolayers with TER > 400 Ω·cm2.  Inserts with
monolayers were rinsed three times with iso-NaCl (pH 7.4) and transferred to new
wells.  Then, 50 µl of bile collected during the first hour (1st Hr) or the second hour (2nd

Hr) after [14C]-DAPM administration were added to the apical domain of the monolayer
while 100 µL of iso-NaCl was added to the basolateral domain.  BEC monolayers were
incubated at 37°C for 30 min. The apical and basolateral mediums were then aspirated
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and monolayers were washed 3 times carefully with ice cold iso-NaCl before adding
100 µl of solubilization solution (See Section 2.6.2.2 for composition) for 2 hours at
room temperature.  Subsequently, solubilization solution containing cellular [14C]-DAPM
was removed and aliquoted for scintillation counting.  Data were expressed as mmoles
total DAPM/ metabolite uptake per µg DNA.

2.8.  Bile Acid Analysis of Basal Bile and DAPM-Bile

Bile was collected as described earlier (Section 2.2.2) and stored at
�80°C.  Aliquots of basal bile and DAPM-Bile (1st Hr) were pooled from 4 random rats
and diluted 4 fold in reagent grade isopropanol to prevent bacterial degradation of the
bile acids and to precipitate biliary proteins.  Samples were kindly assayed for
conjugated and unconjugated bile acids by HPLC in the laboratory of Dr. Alan Hofmann
(UCSD, San Diego, CA) by Dr. Lee Hagey.  Dr. Hagey used a method developed in
their laboratory that detects biliary bile acids in rabbits, but can also be used in rats
(Hagey et al., 1998).

2.9.  Statistical Analysis

Graphpad Instat v2.05a (San Diego, CA) or SPSS 10.0 for Windows (San Diego,
CA), two software statistical packages, were used for data analysis where indicated.
Unless otherwise noted, all values were expressed as means ± SEM.  Statistical
differences between means were conducted using analysis of variance (ANOVA, one
way).  If a significant difference between groups was indicated by ANOVA, the means
for data at individual time points were compared by Tukey�s or Student-Newman-Keuls
post-hoc test (where indicated) for differences between control and treated groups.
Significance was accepted at a p value of ≤ 0.05.

2.10.  Animal Treatment Protocols

All studies using animals were conducted under an Institutional Animal Care and
Use Protocol that was approved prior to commencing experiments.  All studies were
conducted in anesthetized animals who were cannulated using sterile supplies and
aseptic techniques.  Every effort was made to minimize distress and pain to the animals
and all animals were euthanized immediately following completion of experiments.  The
animal treatment protocol was annually reviewed by IACUC.

2.11.  Radioactive and Hazardous Chemical Usage

The appropriate guidelines designated by UTMB Chemical and Radiation Safety
(i.e., gloves, trays, clean-up procedures) were followed for all studies with radioactive
compounds and hazardous compounds.  All studies using radioactive materials were
conducted in a laboratory with a UTMB radioactive permit.  Appropriate training in the
use of radioactive materials was obtained prior to starting these experiments and an
annual radiation safety refresher course was attended.
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Chapter 3

Effects of a Low Dose of DAPM on Hepatobiliary Tight Tunction (TJ)
Permeability in Rats

Objective:  Assess whether TJ loosening is responsible for elevations in biliary Pi
using conventional tracer methods and an in vivo �sleeping� rat model.

3.1.  Introduction

In vivo, BEC form TJs with one another to separate the apical or lumenal plasma
membrane from the basolateral or serosal plasma membrane.  The apical and
basolateral plasma membrane domains differ in protein and lipid composition, and carry
out specialized functions (Tietz et al., 1997).  The paracellular route between epithelial
cells behaves as if the barrier contains pores or channels with a distinct preference for
cations and molecules between 8 and 18 angstroms (Cereijido et al., 1989; Claude,
1978).  Moreover, TJs prevent the free passage of larger molecules such as inulin,
horseradish peroxidase (HRP), and ruthenium red (Heght et al., 1992).  When TJ
integrity is disrupted, the cells often lose their polar structure, thus increasing
paracellular movement of these types of molecules (Madara, 1988).

A low dose of DAPM (50 mg/kg rat) had been shown to induce alterations in
biliary constituents such as Pi and glucose by 3 hours in male and female rats (Kanz et
al., 1998; Dugas et al., 2001).  Elevations in biliary Pi excretion were considered
evidence of increased TJ leakiness between hepatocytes because prior studies had
indicated that alterations in TJs increased the permeability of Pi from blood to bile
(Jaeschke et al., 1987b; Jaeschke et al., 1983; Neghab and Stacey, 1996).  In contrast,
elevations in biliary glucose were considered evidence of specific injury to BEC.  The
similar time course of increases in biliary Pi and glucose plus the histological
observations of early injury to BEC suggested another possible explanation for the early
increases in biliary Pi.  This possibility is that TJs between BEC were altered and thus
their leakiness accounts for the increases in both biliary Pi and glucose in bile after
DAPM exposure.

Studies were then performed in male rats treated with a smaller dose of DAPM
(i.e., 25 mg/ kg) to minimize BEC injury and exclude the possibility that BEC necrosis
(the sloughing of cells into the lumen of ducts) contributes to the increased TJ
permeability.  This treatment produced minimal to no histological injury to hepatocytes
or BEC as shown in Figure 3.1A, but biliary levels of Pi and glucose were again elevated
3 hours after treatment as demonstrated in Figure 3.2 (Kanz and Kaphalia, 1995).
Ultrastructural examination (Figure 3.1B) revealed intact TJs between hepatocytes and
BEC in treated rats at 3 hours after treatment.  These observations, however, did not
conclusively eliminate the possibility of TJ loosening since small Pi ions could leak
through minimally altered TJ that show no visible alterations under electron microscopy.
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cts of 25 mg DAPM/ kg on Histology and Ultrastructure of BEC.
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Figure 3.2. Effects of 25 mg DAPM/kg on A)  Bile Flow, B)  Biliary Glucose, and C)
Pi Levels.  A).  Bile flow is similar in vehicle- and DAPM-treated rats except for a non-
significant rise in bile flow immediately following oral treatment with DAPM.  B).  A rise
in biliary glucose levels is observed as early as 2 h after treatment with DAPM.  C).  A
concurrent rise in biliary Pi is could leak through minimally altered TJs that showed no
visible alterations under electron microscopy.  also observed as early as 2 h after
treatment with DAPM.  From Kanz and Kaphalia, 1995.
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Despite the absence of structural evidence for TJ loosening, elevated levels of
biliary Pi strongly suggested that DAPM injury induced alterations in TJ permeability
between either hepatocytes and/ or BEC.  Numerous other toxicants have been shown
by morphological and functional evidence to alter TJ structure and/ or permeability prior
to cholestasis (Boyer, 1983; Desmet, 1986).  Two well-known hepatobiliary toxicants
that increase TJ permeability and cause cholestasis are ANIT (Krell et al., 1982; Krell et
al., 1987; Kan and Coleman, 1986) and estradiol-17-β-valerate (Jaeschke et al., 1987a;
Iqbal et al., 1985; Elias et al., 1983).  DAPM could induce injury by a similar mechanism
since high doses of DAPM induce cholestasis in both humans (Kopelmann et al.,
1966b) and rats (Kanz et al., 1992).  Thus, the first logical step in this dissertation was
to determine if DAPM alters TJ integrity between hepatocytes and/or BEC.

Inert hydrophilic non-electrolytes such as inulin, sucrose, erythritol, and mannitol
have been used as markers of water movement into bile (Schanker et al., 1961).  The
biliary clearance of these solutes is usually increased by canalicular choleretics but not
by stimulants of ductular flow such as secretin (Forker, 1967; Wheeler et al., 1968).
Thus, these non-electrolytes are thought to equilibrate between blood and bile chiefly
across the TJs of the paracellular pathway.  Inulin rapidly reaches equilibrium between
bile and plasma via the paracellular route which is believed to be predominantly
between hepatocytes (Moslen et al., 1985; Forker, 1970; Layden et al., 1978).
Appearance of inulin in bile can occur as early as 1 min after iv injection and can reach
a steady-state excretion rate within 2 min (Lorenzini et al., 1986).  Elevated bile-to-
plasma (B:P) ratios of inulin indicate an increased permeability of inulin via the
paracellular pathway; therefore, this non-electrolyte should serve as an effective marker
of paracellular permeability between BEC as well as hepatocytes.  A schematic
indicating pathways for Pi, glucose, and inulin movement into and out of bile is shown in
Figure 3.3.

The objectives of this study were as follows:  1) Develop a model that uses [3H]-
inulin to assess TJ leakiness in vivo using the �sleeping rat� model.  Preliminary studies
were needed to show that continuous [3H]-inulin infusion did not have confounding
effects on the characteristic alterations in serum liver enzymes, biliary constituents, and
histopathology of DAPM injury defined in prior studies (Kanz and Kaphalia, 1995).  2)
Determine the effects of DAPM on TJ permeability by assessment of B:P ratios of [3H]-
inulin over time.

3.2.  Methods

Animals were cannulated as described in Section 2.2.1.1. and [3H]-inulin was
infused as detailed in Section 2.2.1.2.  DAPM (25 mg/kg) or vehicle were administered
as described in Section 2.2.1.2, and blood and bile were collected through 4 h as
described in Section 2.2.1.2 (shown in Figure 2.2).  At the end of the 4 h experimental
period, blood was removed from the inferior vena cava and liver slices were fixed in
10% buffered formalin as described in Section 2.2.1.2.  Serum parameters of liver
toxicity (ALT, ALP, bile acids, bilirubin) were measured as indicated in Section 2.5.1.1
and biliary constituents (Pi, glucose) were analyzed as described in Section 2.5.1.2.
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Figure 3.3.  Pathways for the Movement of Glucose, Pi, and Inulin into Bile and for
Glucose Reabsorption from Bile by BEC.   

A brief note about method development is warranted.  In previous inulin
permeability studies, renal pedicles of rats were ligated to severely diminish isotope loss
via urinary excretion (Lorenzini et al., 1986; Vu et al., 1992).  Renal pedicle ligation was
not performed in these experiments because this maneuver would likely alter DAPM
metabolite clearance and, in turn, alter DAPM toxicity.  In vivo disposition studies with
[14C]-DAPM showed that rats excrete approximately 55% of the recovered radioactivity
into bile with a large proportion of the remainder excreted into urine (Morgott, 1984).  If
urinary excretion of DAPM/ metabolite(s) is blocked, injury to the liver or other systems
could be increased since DAPM is not only reported to induce liver injury but also renal
(Hofmann et al., 1966) and vascular (Bailie et al., 1993) injury .  Because the pathways
of DAPM metabolism and elimination remain unknown for the most part, alterations in
DAPM fate could produce confounding effects.  Therefore, a method was developed for
monitoring inulin permeability, which did not include ligation of the renal pedicles.

3.3.  Results

3.3.1.  Effects of [3H]-Inulin and DAPM on Serum Markers of  Hepatobiliary Injury

Assessment of ALT, ALP, bilirubin, and bile acids provides a sensitive measure of
hepatobiliary injury in �sleeping rats� (Kanz et al., 1998).  If infusion of [3H]-inulin
induced changes in DAPM toxicity, levels of these parameters in serum would disagree
with results from earlier studies performed by Kanz and Kaphalia (1995).  Four hours of
continuous [3H]-inulin infusion did not essentially alter serum parameters of
hepatobiliary injury in animals treated with the vehicle (See Table 3.1).  Furthermore,
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Table 3.1.  Serum Indicators of Hepatobiliary Injury at 4 H after Continuous
Infusion with [3H]-Inulin and Treatment with Vehicle
 or 25 mg DAPM/ kg

Serum Parameter Vehicle DAPM

ALP (IU) 70 + 3 72 + 4

ALT (IU) 46 + 6 45 + 8

Bilirubin (mg/dl) 0.25 + 0.01 0.28 + 0.05

Bile Acids (mM) 0.032 + 0.02 0.036 + 0.01

treatment with 25 mg DAPM/kg in the presence of continuous [3H]-inulin infusion had no
effect on serum ALP, ALT, bilirubin, and bile acids.  These results suggest a virtual
absence of BEC or hepatocellular necrosis since significant DAPM injury typically
induces increases in serum activities of these liver enzymes and these endogenous
constituents of bile (Kanz et al., 1998; Bailie et al., 1993).

3.3.2. Effect of [3H]-Inulin and DAPM on Liver Histopathology

Liver sections were evaluated to confirm that infusion of [3H]-inulin did not alter the
histopathological response to DAPM.  Minimal to no changes in liver histopathology
were observed in sections from animals sacrificed 4 h after 25 mg DAPM/ kg.  Bile
ducts remained intact with characteristic cuboidal BEC (Figure 3.4).  Occasionally, BEC
degeneration was observed, but was not prevalent, in DAPM-treated animals, and
hepatocellular injury was absent in both control and treated animals.  These
observations are in agreement with earlier work by Kanz and Kaphalia (1995) that little
to no injury occurs to BEC for up to 6 h after treatment with 25 mg DAPM/ kg.

3.3.3.  Effect of [3H]-Inulin and DAPM on Biliary Glucose and Pi
 
Bile flow during basal and experimental periods was not significantly different between
vehicle-treated and DAPM-treated rats (Figure 3.5A).  A minor rise in bile flow is
normally observed in rats immediately after treatment with DAPM (Kanz et al., 1998;
Kanz and Kaphalia, 1995).  Biliary levels of glucose and Pi were increased as early as 3
h after treatment (Figures 3.5B & 3.5C, respectively).  Note that these results also
corroborate the earlier observations of a parallel time course for the increases in biliary
Pi and glucose following treatment with 25 mg DAPM/ kg (Kanz and Kaphalia, 1995).
Thus, infusion of [3H]-inulin had no observable effect on DAPM-induced increases in
biliary Pi and glucose levels (compare Figure 3.5 with Figure 3.2).



68

Figure 3.4. Representative Light Micrographs of Rat Liver Following Continuous
Infusion with [3H]-Inulin and Treatment with 25 mg DAPM/kg Rat 4 H Previously.
A).  Portal triad area demonstrating an absence of injury to periportal hepatocytes
(arrowheads) and intact bile ducts (asterisks).  H&E, mag.=145X.  B).  A higher
magnification picture of  (A) shows normal homogeneous, cuboidal BEC (arrow).  H&E,
mag.=470X.
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3.3.4.  Effect of DAPM Treatment on [3H]-Inulin Bile: Plasma Ratios

B:P ratios of [3H]-inulin were assessed to determine whether DAPM treatment
altered the permeability of the biliary tract.  As shown in Figure 3.6A, [3H]-inulin B:P
ratios in vehicle-treated rats reached equilibrium by 0 h and remained virtually stable
during the following 4 h.  In contrast [3H]-inulin B:P ratios in DAPM-treated rats began to
increase by 3 h and were significantly elevated by 4 h.  One concern was that the B:P
ratios could be artificially elevated due to a major decline in bile flow (Forker, 1967;
Wheeler et al., 1968).  Therefore, [3H]-inulin B:P ratios were plotted versus bile flow to
assess the possibility that decreased bile flow was responsible for elevated [3H]-inulin
B:P ratios in DAPM-treated rats.  Figure 3.6B indicates that bile flow and B:P ratios
were consistent over time in vehicle-treated rats.  However, as shown by the vertical
rise in [3H]-inulin B:P ratios in DAPM-treated animals, the B:P ratio increases were
independent of discernible changes in bile flow.

3.3.5.  Correlation between [3H]-Inulin Bile: Plasma Ratios, Biliary Glucose and Biliary Pi

To determine if DAPM effects on increases in biliary Pi and glucose levels
correlated with increases in [3H]-inulin permeability, linear regression analyses for biliary
glucose and Pi versus [3H]-inulin B:P ratios were performed.  Biliary glucose output
versus [3H]-inulin B:P ratios yielded a strong correlation for DAPM-treated animals
compared to vehicle-treated animals (r2 = 0.84 and r2 = 0.001, respectively) (Figures
3.7A and 3.7B).  Similar correlations for DAPM-treated and vehicle-treated animals (r2 =
0.77 and r2 = 0.05, respectively) were observed for biliary Pi output versus [3H]-inulin
B:P ratios (Figures 3.8A and 3.8B).

3.4.  Discussion

These studies demonstrated that continuous infusion of [3H]-inulin in rats without
ligated renal pedicles can be used to assess hepatobiliary TJ permeability.  The
procedures used to give inulin by an initial bolus and then continuous infusion yielded a
steady-state equilibrium of [3H]-inulin between plasma and bile within 45 min.  This
steady-state was maintained through the 4 h of continuous infusion at a low rate that
does not alter hemodynamics.  In addition, DAPM-induced hepatobiliary toxicity was
unaffected by a prolonged surgical procedure that included implantation of jugular and
femoral cannulas as well as bile duct and duodenal cannulas (~60 min), manipulation of
blood volumes during blood collections, and continuous infusion of [3H]-inulin through
basal and experimental periods.

Alternative methods to monitor TJ permeability were also assessed in preliminary
studies such as lanthanum (La3+) localization under electron microscopy (data not
shown).  However, numerous complications using this tracer molecule prevented
consistent results.  For example, La3+ reacts with O2 to form La2O3, which precipitates in
solution and within tissues (Merck Index).  Repetitive problems with fixation of tissues
were encountered using several methods reported by other laboratories
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(Jezequel et al., 1986; Pelletier, 1994; Lora et al., 1997).  In addition, this La3+

technique can yield false positive results due to its ability to open TJs during in vivo
perfusion (Pelletier, 1994; Lacaz-Vieira, 1997).  Thus, the infusion of [3H]-inulin to
assess B:P ratios provided increased specificity compared to conventional La3+

localization methods, and may be useful to assess hepatobiliary TJ permeability for
toxicants that have high urinary outputs of metabolite(s) or unknown metabolic
pathways.

Hepatocellular injury was absent in DAPM-treated rats as evidenced by no
changes in serum enzymes or histology.  In addition, BEC injury was minimal in the
medium to large BD where initial injury by DAPM is observed (Kanz et al., 1992).
However, biliary Pi and glucose outputs were increased as early as 3 h after treatment
and these results corroborated previous studies using this dose of DAPM (25 mg/kg)
(Kanz and Kaphalia, 1995).  Since ultrastructural analysis had indicated that TJs
between hepatocytes and BEC appeared normal by 3 h after treatment with a higher
dose of DAPM (50 mg/ kg) (Kanz et al., 1998), the increases in biliary Pi and glucose
seen after 25 mg/ kg dose would presumably be due to minimal alterations in TJ
integrity.  Thus, a more sensitive method such as the [3H]-inulin model described in this
study was required to accurately test this hypothesis.

B:P ratios of [3H]-inulin were elevated by 4 h after 25 mg DAPM/ kg.  Historically,
elevated [3H]-inulin B:P ratios have been considered indicative of increased TJ
permeability between hepatocytes (Krell et al., 1991; Jaeschke et al., 1987b; Krell et al.,
1982).  However, studies by Smith and Boyer have demonstrated that non-electrolyte
solutes such as inulin cross BEC via a paracellular route (Smith and Boyer, 1982).
Therefore, the small changes observed in [3H]-inulin B:P ratios after treatment with 25
mg DAPM/ kg may reflect loosening of TJs between BECs rather than TJs between
hepatocytes.

Cholestasis induced by increased permeability of the biliary tract resulting in
paracellular reflux of bile constituents has been described for estrogens (Forker, 1969;
Jaeschke et al., 1987b; Jaeschke et al., 1983) and ANIT (Krell et al., 1982; Kossor et
al., 1993).  In isolated-perfused rat livers exposed to estradiol 17-β-valerate, initial
decreases in bile flow were subsequently followed by alterations in bile to plasma ratios
of various non-electrolyte solutes (Jaeschke et al., 1987b).  Thus, Jaeschke et al.
concluded that altered permeability of the biliary tree is not the primary event in
estrogen-induced intrahepatic cholestasis.

In contrast, rats treated with ANIT, a known BEC toxicant, were found to exhibit
slightly diminished bile flow through 10 h while the clearance of sucrose and Pi
increased markedly as early as 5 h after ANIT treatment (Kossor et al., 1993).  Kossor
et al. reported that the onset of ANIT-induced cholestasis was associated with initial
changes in hepatocanalicular function (as reflected by elevated serum bile acids and
decreased bile acid excretion) and increased TJ permeability at 16 h.  A significant
decrease in bile flow was not observed until 24 h after treatment and subsequent
changes, such as BEC damage, bile duct obstruction, and hepatocellular dysfunction
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led to severe cholestasis (Kossor et al., 1993).  Therefore, the absence of early
changes to bile flow suggested that increased TJ permeability is the initial event in
ANIT-induced cholestasis (Krell et al., 1982).

In isolated perfused livers examined following carmustine treatment, changes in
the permeability of the biliary tract were observed without hepatocellular injury as
assessed by no increases in ALT (determined in sera collected from the vena cava
during liver isolation procedures) and lactate dehydrogenase (determined in perfusates
of isolated livers) (Krell et al., 1991).  The changes in carmustine-induced cholestasis
are similar to ANIT-induced effects, but the livers of carmustine-treated rats
demonstrated an immediate decrease in bile flow following changes in permeability.
Krell et al. (1991) concluded that permeability changes may contribute to subsequent
hepatotoxicity of BCNU by impairing the biliary elimination of toxic metabolites.

In the present study, the increased diffusion of [3H]-inulin into bile cannot be
attributed to a decrease in bile flow in DAPM-treated rats since bile flow was not
significantly altered (Figure 3.5A & Figure 3.6B).  The observed changes in biliary Pi
and [3H]-inulin B:P ratios likely reflect a reduction of the permeability barrier.  The
absence of altered serum markers of liver toxicity or changes in biliary output of bile
acids and bilirubin through 4 h (data not shown) indicate that hepatocellular dysfunction
is not a concurrent event with increased TJ permeability after DAPM unlike that found
after ANIT (Krell et al., 1982; Kossor et al., 1993) and BCNU (Krell et al., 1991).
Therefore, DAPM-induced alterations in TJ permeability likely precede hepatocellular
dysfunction and/ or TJ loosening may be confined to BEC only.

The usefulness of non-electrolyte solutes as markers of biliary permeability has
been questioned (Lake et al., 1985; Lorenzini et al., 1986) because of the observation
that a transhepatocyte process is also involved in the movement of smaller molecules
like sucrose and inulin from the blood to bile.  Thus, the possibility exists that stimulation
of the transcellular portion of biliary excretion could be responsible for the elevations in
[3H]-inulin B:P ratios observed (Forker, 1970).  Lorenzini et al. (1986) indicated that
biliary excretion of inulin is no more than 6-8% of total bile volume.  These authors also
suggested that the rapid early appearance of inulin in bile is consistent with partial
transport across BEC as reported by Smith and Boyer (1982).  However, DAPM
induced an ~43% increase in [3H]-inulin B:P ratios at 4 h; therefore, increases in
transcellular vesicle transport across hepatocytes and BEC are unlikely to be solely
responsible for increased permeability of [3H]-inulin into bile.

In conclusion, TJ loosening between hepatocytes and/or BEC may be
responsible for elevations in biliary glucose and Pi in rats treated with 25 mg DAPM/kg.
Evidence from this study and previous observations in this laboratory (Kanz et al., 1998;
Kanz and Kaphalia, 1995) suggest that injury at low doses is specific for BEC.
Therefore, a plausible explanation for altered permeability of [3H]-inulin is that TJs
between BEC in the medium to large bile ducts become loosened or that occasional
BEC degeneration/ necrosis creates �holes� responsible for increased permeability of
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[3H]-inulin into bile.  Further studies are necessary to determine if BEC TJs are
loosened earlier than hepatocytes TJs after exposure to DAPM/ metabolites.

These studies also confirm that biliary Pi (Krell et al., 1988), and possibly
glucose, can be used as a marker of TJ loosening (Figure 3.8B).  Elevations in biliary
glucose and [3H]-inulin B:P ratios correlated well with time (Figure 3.7B), but further
studies are needed to determine if BEC function is altered concurrently with TJ integrity.
Identification of altered BEC functions, such as glucose absorption, may explain the
high biliary glucose levels exhibited by rats treated with DAPM.
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Chapter 4

Development of an In Vitro Model of DAPM Toxicity to BEC

Objectives:  1) Develop a long-term culture of polarized rat BEC.   2)  Assess DAPM/
metabolite(s) toxicity to BEC in vitro

4.1.  Introduction

Studies described in Chapter 3 examined the hypothesis that DAPM at low
doses altered TJ permeability in the hepatobiliary system in vivo as reflected by solute
leakage into bile.  Results in Chapter 3 indicate that TJ loosening between BEC and/ or
hepatocytes may be responsible for the elevations in biliary glucose and Pi observed in
rats treated with 25 mg DAPM/ kg (Kanz and Kaphalia, 1995).  Although these data
demonstrate convincing evidence of increased permeability, the exact site of solute
leakage remained unknown.  Furthermore, these studies did not clarify the
mechanism(s) of DAPM-induced toxicity to BEC.

The experiments in Chapter 3 used a dose of DAPM that did not alter bile flow or
induce hepatocellular injury but did increase biliary permeability to [3H]-inulin and
glucose and Pi levels in bile.  These observations could result from TJ loosening
between BEC or from dropout of individual cells along the biliary tree after BEC
degeneration/ necrosis.  However, a generalized efflux of bile through holes in the
biliary tree should be accompanied by less efficient biliary clearance of bile salts and
bilirubin.  This efflux did not occur as reflected by stable levels of bile salts and bilirubin
in serum after DAPM treatment (See Table 3.1).

Although the elevation of biliary Pi levels after DAPM treatment is likely due to
increased TJ permeability, other explanations could also account for the elevations in
biliary glucose.  Biliary glucose levels have been used to assess BEC integrity because
BEC are responsible for removing glucose from bile (Guzelian and Boyer, 1974).  Thus,
increases in biliary glucose could be due to alterations in TJ permeability or BEC
glucose uptake.  Further studies were required to determine if DAPM induced
alterations in BEC functions, particularly in glucose reabsorption.

The in vivo studies described in Chapter 3 were not sufficient to definitively link
the DAPM-induced rise in biliary glucose with dysfunction of BECs.  Previous studies of
BEC-specific glucose uptake have used segmented retrograde/ anterograde intrabiliary
injection procedures (Olson and Fujimoto, 1980), isolated perfused livers (Lira et al.,
1992), or renal ligated rats (Guzelian and Boyer, 1974).  For studies of DAPM toxicity,
retrograde/ anterograde procedures and renal ligated rats were not feasible models
because these procedures could alter BEC homeostasis or DAPM metabolism.
Isolated perfused livers were not considered a viable model because  1) the traditional
isolated liver models are perfused through the portal vein whereas BEC are perfused by
arterial blood in vivo,  2) BEC function is difficult to differentiate from the functions of
other cellular populations in this organ and 3) experiments are limited temporally by
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rapid organ deterioration.  Therefore, an in vitro model of long-lived, polarized BEC was
chosen as the best model to assess DAPM effects on BEC TJ integrity and glucose
absorption as well as other cellular functions that could be inhibited by DAPM.

In the past decade, advances have been made in isolating and culturing BEC
which make up only ~3-5% of the total cells in the liver (Ludwig et al., 1998).  Isolation
and short-term (1-2 d) culturing techniques have been predominantly used to identify
exchangers, transporters, receptors, channels, and junctional proteins in BEC
(Strazzabosco et al., 2000; Boyer, 1996; LaRusso, 1996).  Short-term cultures of BEC
have also been employed to assess toxicant-mediated release of inflammatory factors
(Hill et al., 1999).  Novel methods have been established to culture rat BEC long-term
by several groups (Yang et al., 1993a; Okamoto et al., 1995; Vroman and LaRusso,
1996).  Rat BEC can be cultured to form well differentiated, polarized monolayers and
maintain this phenotype through 22 months (Okamoto et al., 1995).  In addition, in vitro
procedures for BEC culture that use semi-permeable inserts have extended knowledge
regarding BEC physiology, more specifically, the localization of transport systems in
their apical and/ or basolateral surfaces.  For example, such procedures were used by
Lazaridis et al. (1997b) to study glucose transport and by Okamoto et al. (1995) to
assess TJ integrity.  Therefore, the development of long-term cultures of polarized BEC
was a logical approach for further assessing and characterizing DAPM injury to BEC.  In
addition, this would be the first model developed to study the mechanism(s) of toxicant/
drug- induced BEC injury.

This Chapter describes several preliminary studies that were performed to
develop a useful in vitro model to study the mechanism(s) of DAPM toxicity in BEC.  In
summary, the objectives for these studies were to:  1)  Isolate and maintain long-term
cultures of polarized BEC.  2)  Determine if the parent compound, DAPM, induced BEC
injury.  3)  Determine if selected DAPM metabolite(s) induced BEC injury.

The laboratory of Dr. Ronald Faris was instrumental in providing specialized
training to fulfill the first objective.  BEC monolayers were successfully isolated, cultured
for long-term, and characterized by biochemical and morphological methods.  For
objective 2, initial studies evaluated several methods of assessing cytotoxicity to
determine the most sensitive indicator of DAPM injury in long-term cultures of BEC.
These methods included:  formazan dye formation from XTT, GGT activity/ release, and
TER.

Objective 3 was divided into two parts.  The first part tested the cytotoxicity of 3
proposed biliary metabolites of DAPM synthesized in this laboratory (Khan et al., 1997).
These metabolites included monoacetylated-DAPM (mono-AcDAPM), diacetylated-
DAPM (di-AcDAPM), and DAPM-benzophenone (DAPM-Benz).  The chemical
structures of these metabolites are shown in Figure 4.1 with the parent compound,
DAPM.  The second part tested the effects of bile collected from DAPM-treated rats on
BEC.  Prior in vivo studies conducted by Kanz et al. demonstrated that the bile collected
from DAPM-treated donor rats injured BEC within the common bile duct of recipient rats
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(Kanz et al., 1995).  Thus, bile was demonstrated as a source for the primary toxicant(s)
of DAPM that induce injury to BEC.

H2N CH2 NH2

DAPM

H2N NH2C

O

DAPM-benzophenone  (DAPM-Benz)

Mono-Acetylated-DAPM (mono-AcDAPM)

Di-Acetylated-DAPM (di-AcDAPM)

CO O

HN CH2

CH3 CH3

C

NH

HN

CO

CH2

CH3

NH2

Figure 4.1.  Chemical Structures of Three Known Biliary DAPM Metabolites Used
for In Vitro Cytotoxicity Assays.

4.2.  Methods

4.2.1.  Chemicals and Radiochemicals.

All chemicals were of the highest grade available and are listed in Section 2.1 for
reference.

4.2.2.  Isolation, Long-Term Culture, and Characterization of BEC.

Rat BEC were isolated and cultured long-term as described in detail in Section
2.3.  Characterization of BEC included staining for BEC-specific markers (OC.2 antigen,
CK19, and GGT) as described in Section 2.4.2.  OC.2 is an antigenic protein found only
in mature BEC (Yang et al., 1993b).  CK19 is a cytokeratin protein found in BEC
(Vroman and Larusso, 1996; Yang et al., 1993b) and GGT is an enzyme found in
significantly greater amounts in BEC compared to hepatocytes (Parola et al., 1990a &
1990b).  Ultrastructural examination by electron microscopy was performed as detailed
in Section 2.4.1.  TER measurements were performed as described in Section 2.6.1.
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4.2.3.  In Vitro Toxicity Assays for DAPM and DAPM Metabolites

DAPM, ANIT, mono-AcDAPM, and DAPM-benz were dissolved in 0.5%
dimethylsulfoxide (DMSO) in PBS (pH 7.4) for cytotoxicity assays.  Di-AcDAPM was
dissolved in 1.5% DMSO due to its high insolubility in PBS.  Methods for the XTT and
GGT assays and for TER are described in detail in Sections 2.5.2.1, 2.5.2.2, and 2.6.1,
respectively.  Cells were incubated for 2 h with experimental solutions prior to
assessment of cytotoxicity.  TER measurements were performed as an indirect
measure of DAPM cytotoxicity (disruption of monolayer integrity) using �chopsticks� or
manual probes connected to a Voltohmeter®.  �Chopstick� measurements can be highly
variable; therefore, measurements were taken three times per time point in different
areas of the BEC monolayer for each individual well.

HepG2 cells, derived from a human hepatoma, were kindly provided by Dr.
G.A.S. Ansari (UTMB, Galveston).  These cells were used to determine if BEC were
more susceptible to the toxic effects of DAPM than a hepatocyte cell line.  ANIT, a
known BEC toxicant, was used as a positive control since concentrations of ANIT
cytotoxicity have been established for hepatocytes (Carpenter-Deyo et al., 1991) and
BEC (Hill et al., 1999).

4.2.4.  Bile Collection and In Vitro Experiments of Bile Cytotoxicity

Cells were treated with undiluted, pooled bile samples previously collected and
frozen as described in Section 2.2.2.  For all in vitro experiments, two or three bile
aliquots (bile from 4 to 6 rats) were thawed and pooled to form the experimental bile
samples.  BEC were incubated with experimental solutions for 2 h and assessed for
cytotoxicity using the XTT assay.  TER measurements for DAPM-Bile-treated
monolayers were performed using the Endohm chamber, in contrast to earlier DAPM
cytotoxicity studies that used �chopstick� probes.

4.2.5.  BEC Uptake of [14C]-DAPM

BEC uptake of [14C]-DAPM is described in detail in Section 2.7.

4.2.6.  Bile Acid Analysis

Bile acid analyses were performed by Dr. Lee Hagey (UCSD, San Diego, CA) as
described in Section 2.8.

4.3.  Results

4.3.1.  Development of Long-Term Cultures of Polarized BEC

4.3.1.1.  Antigenic and Biochemical Characterization.  BEC were successfully
isolated and cultured long-term.  Cells showed the typical
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characteristics of BEC as demonstrated by positive staining for OC.2 antigen (Figure
4.2), CK19 (Figure 4.3), and GGT (Figure 4.4).

Figure 4.2.  Indirect Immunofluorescence of BEC in Culture Stained for OC.2
Antigen.  A).  Positive red staining near the plasma membrane of BEC.  B).  Negative
staining of BEC incubated without the primary OC.2 antibody.
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Figure 4.3.  Indirect Immunofluorescence of Cultured BEC Stained for CK19.  A).
Positive green staining in cytoplasm of BEC.  B).  Negative staining of BEC incubated
without the primary CK19 antibody.
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Figure 4.4.  Histochemical Staining of Cultured BEC for GGT.

Figure 4.5.  Electron Micrograph of BEC Growing on a Collagen-Coated Insert.
Note the production of a basement membrane, numerous apical microvilli and the
formation of tight junctions between BEC.  mag. =15000X.
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4.3.1.2.  Ultrastructural Analysis and TER.  Ultrastructure of cultured BEC (Figure
4.5) resembled that described for BEC in vivo.  Microvilli were numerous on the apical
domain and evidence of basement membrane production was observed (Connolly et
al., 1988).  Tight junctions were also present between BEC and demonstrated maximal
TERs of  ~600 Ω·cm2 using an Endohm chamber.  These TER values are in agreement
with other studies that used long-term cultures of BEC (de Groen et al., 1998; Vroman
and LaRusso, 1996).

4.3.2.  Effects of DAPM and ANIT on BEC Cytotoxicity as Determined by the XTT
Assay

BEC developed a dose-dependent cytotoxicity as shown in Figure 4.6A when
incubated for 2 h at 2 mM and higher concentrations of DAPM.  In contrast, HepG2 cells
did not show cytotoxic responses when incubated with up to 10 mM DAPM (Figure
4.6B).  Thus, BEC were more susceptible than HepG2 cells to the toxic effects of
DAPM.  However, a 2 mM concentration of DAPM is ~3 times higher than the peak
amount measured in the bile of male rats treated with 50 mg DAPM/kg (Dugas et al.,
1999).

ANIT was cytotoxic to BEC at 0.1 mM (Figure 4.6A) and to HepG2 cells at 0.2
mM (Figure 4.6B).  Thus, BEC were also more susceptible than HepG2 cells to the
cytotoxic effects of ANIT, and ANIT was more cytotoxic to BEC than DAPM by a factor
of ~20.  Hill and coworkers reported cytotoxic effects in freshly isolated rat BEC
incubated with a four-fold lower concentration of ANIT (0.025 mM) (Hill et al., 1999).
The differences in BEC susceptibility to ANIT between these experiments and the
studies of Hill et al. may be due to two factors.  First, Hill et al. exposed BEC to ANIT for
24 h compared to 2 h in the present studies.  Second, Hill et al. used freshly isolated
BEC, which are produced by rigorous isolation procedures that may render cells more
susceptible to toxicant injury.  Another small difference between these observations and
the literature is that Carpenter-Deyo et al. (1991) reported ANIT induced cytotoxicity in
freshly isolated rat hepatocytes at a concentration of 0.5 mM whereas ANIT induced
cytotoxicity in HepG2 cells in these experiments at a concentration of 0.2 mM.  A likely
explanation for this difference is that HepG2 cells have less capacity for many
xenobiotic biotransformation reactions (Einolf et al., 1997).  Aside from these minor
differences, results clearly indicate that BEC are much more susceptible to DAPM
toxicity than hepatocyte-like cells.

4.3.3.  Effects of DAPM  on BEC Cytotoxicity as Determined by GGT Release

The GGT activity/ release assay also indicated a cytotoxic response of BEC to
DAPM at a concentration of 10 mM (Figure 4.7A), which is higher than the 2 mM
concentration that caused an effect in the XTT assay (Figure 4.6).  As expected from
the XTT assays, BEC were injured by much smaller concentrations of ANIT (500 µM
and 1 mM) than DAPM, although the difference factor between the two toxicants
remained at ~20 (Figure 4.7B).  Importantly, these results demonstrate a vulnerability of
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BEC to DAPM by a second approach, namely the GGT activity assay, which also
indicated BEC cytotoxicity by the classical BEC toxicant, ANIT.  These data show,
however, that the GGT activity assay is not as sensitive as the XXT assay for assessing
cytotoxicity.
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Figure 4.6.  Cytotoxic Dose-Response for DAPM and ANIT in A)  BEC and B)
HepG2 Cells by the XTT Assay.  Cells were incubated with the indicated
concentrations of DAPM or ANIT for 2 h prior to assessment of cytotoxicity.  Data
represent the mean ± S.E.M. of triplicate experiments.  * indicates p < 0.05 compared
to control cultures incubated with vehicle.



86

Time (min)
0 60 120 180 240 300

%
 o

f T
ot

al
 G

G
T 

R
el

ea
se

0

20

40

60

80 Control (0.5% DMSO)
500 µµµµM ANIT
1 mM ANIT

%
 o

f T
ot

al
 G

G
T 

R
el

ea
se

0

20

40

60

80 Control (0.5% DMSO)
10 mM DAPM
5 mM DAPM

*
*

*

*

*

*

*

*

*

A

B

Figure 4.7.  Cytotoxic Dose-Response for A)  DAPM and B)  ANIT in BEC as
Determined by the GGT Activity Assay.  Cells were incubated with the indicated
concentrations of DAPM or ANIT for the time periods shown prior to assessment of
cytotoxicity.  Data represent the means ± S.E.M. of triplicate experiments.  * indicates p
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87

4.3.4.  Effects of DAPM on BEC Integrity as Determined by TER Measurements

A third alternative for assessment of DAPM-induced injury to BEC was to
measure TER as a function of time of exposure.  These experiments used a known
cytotoxic dose of 5 mM DAPM (by the XTT assay) and a lower dose of 1 mM DAPM.
BEC exposed to 1 mM DAPM demonstrated an initial small decrease in TER that was
followed by a prolonged recovery phase of ~90 min (Figure 4.8).  BEC typically exhibit
an early decrease in TER that eventually recovers by 30 to 40 min when exposed to
treatment solution, as shown by the vehicle-treated BEC in Figure 4.8.  In contrast,
exposure to 5 mM DAPM produced an immediate, substantial decrease in TER that
continued to decline for the remainder of the experiment.  Subsequent experiments
using a 2 mM dose of DAPM demonstrated a significant decrease in TER of BEC by 30
min (data not shown).  Thus, TER measurements appeared to be equally as sensitive
as the XTT assay in assessing DAPM toxicity.

4.3.5.  Cytotoxic Effects of 3 Proposed Biliary Metabolites of DAPM on BEC

Representative biliary metabolites (N-Acetylated forms of DAPM and DAPM-
Benz) were evaluated for BEC cytotoxicity because DAPM undergoes extensive
biotransformation in the rat with major reactions occurring by acetylation and bridge
oxidation (Morgott, 1984).  In addition, large quantities
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Figure 4.8.  TER in BEC Treated with DAPM.  Data represent the means ± S.E.M. for
triplicate experiments.  * indicates p < 0.05 compared to control cultures incubated with
vehicle.  The horizontal bar with an asterisk indicates that all TER measurements
beginning 30 min after treatment with 5 mM DAPM were significantly decreased
compared to BEC treated with vehicle.
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of the acetylated forms of DAPM are present in male rat bile (Khan et al., 1997; Dugas
et al., 1999).  Although acetylation is usually thought to detoxify xenobiotics (Weber et
al., 1990), there are exceptions.  For example, 2,4-diaminotoluene, a
hepatocarcinogenic aromatic amine, is bioactivated by acetyltransferase to form an
acetoxyarylamine that is mutagenic in vitro (Cunningham and Matthews, 1990).
Furthermore, secondary biotransformation of acetylated DAPM by BEC could produce
cytotoxic species.

DAPM-Benz was used for two reasons.  First, this metabolite is formed by a
bridge oxidation reaction which is a major pathway of metabolism in the rat (Morgott,
1984).  Second, incubation of hepatocytes with DAPM-Benz (0.25-1.0 mM) produces a
concentration- and time-dependent cell death, accompanied by loss of intracellular
ATP, and depletion of adenine nucleotide pools (Nakagawa et al., 2000).

Incubation of BEC with mono-AcDAPM, di-AcDAPM, and DAPM-Benz for 2 h
was found to produce no evidence of cytotoxicity (Table 4.1) by the XTT assay.  These
observations suggest that other DAPM metabolites are likely responsible for DAPM-
induced toxicity to BEC.

4.3.6.  Cytotoxic Effects of Bile Collected from Rats Treated with Vehicle or 50 mg
DAPM/ kg

Prior observations showed that the proximate toxicant(s) of DAPM were present
in bile (Kanz et al., 1995).  However, parent DAPM compound was found to be cytotoxic
only at high concentrations and several known metabolites of DAPM were found not to
be cytotoxic to BEC.  Therefore, experiments were conducted to assess the effects of
bile collected from DAPM-treated rats.  A major concern was the potential cytotoxic
effects of bile salts and other endogenous constituents of bile to BEC (Schmucker et al.,
1990a; Trias et al., 1977), irrespective of the presence or absence of DAPM
metabolite(s).  Thus, the potential cytotoxicity of bile was evaluated using basal bile
samples collected before vehicle or DAPM treatment.

Basal bile collected prior to administration of vehicle or DAPM to rats was not
cytotoxic to BEC as determined by XTT absorbance (Figure 4.9).  In addition, bile
collected between 0-15 min, 15-30 min, and 45-60 min after vehicle treatment was not
cytotoxic to BEC.  In contrast, bile collected at all time points after DAPM treatment to
rats significantly decreased XTT absorbance.  The variation in reduction of STT
absorbance among the three DAPM-Bile samples may be due to gradual changes in
DAPM metabolites or to a dilution effect caused by the minor elevation in bile flow
typically observed during the 30 min bile collection period after treatment (Kanz et al.,
1998).



Table 4.1.  Cytotoxicity of Three Synthesized DAPM Metabolites to BEC

Concentration (mM)Metabolite Media Vehicle 0.1 0.2 0.5 1.0 2

XTT Absorbance per µµµµg DNA
Mono-
AcDAPM 9.3 ± 0.2 9.3 ± 0.2 9.6 ± 0.1 9.3 ± 0.2 9.6 ± 0.2 9.6 ± 0.1 9.4 ± 0.2

Di-
AcDAPM 9.1 ± 0.2 9.5 ± 0.2 9.2 ± 0.2 9.4 ± 0.2 9.3 ± 0.1 9.6 ± 0.2 ND

DAPM-
benzophenone 9.1 ± 0.1 9.0 ± 0.4 8.9 ± 0.4 8.7 ± 0.4 8.8 ± 0.4 8.7 ± 0.2 8.9 ± 0.3

Cytotoxicity was assessed at 2 h after treatment with DAPM metabolites by the XTT method.  Mono-AcDAPM and DAPM-
benzophenone were dissolved in 0.5% DMSO, whereas Di-AcDAPM was dissolved in 1.5% DMSO.  Data represents
means ± S.E.M. of triplicate experiments.  ND indicates “not determined” due to problems with solubility.
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Figure 4.9.  BEC Cytotoxicity after Treatment with Bile Collected from DAPM- and
Vehicle-Treated Rats as Determined by XTT Assay.   Media was used as a negative
control and 10 mM DAPM was used as a positive control.  Cells were incubated for 2 h
in experimental solutions or bile before assessment of cytotoxicity.  Data represent the
mean ± S.E.M. of triplicate experiments.  * indicates p < 0.05 compared to control
cultures incubated with Basal Bile.

Further experiments compared the effects of basal, vehicle-bile, and DAPM-bile
on BEC monolayer integrity.  Basal bile produced no changes in TER except for an
initial drop that corresponds to an equilibration effect (Figure 4.10).  Vehicle-bile
collected during the first 15 min after administration of the 35% ethanol vehicle
produced a prolonged equilibration that eventually returned to baseline values.  This
bile collection period would likely contain the greatest amount of ethanol or ethanol
metabolites.  These results contrast sharply with bile collected 15 min after treatment
with 50 mg DAPM/ kg which decreased TER measurements by ~25% by 2 h with
minimal rebound of TER toward baseline after the initial drop.
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Figure 4.10.  Representative TER Changes of BEC Monolayers after Treatment
with Basal Bile or Bile Collected from Vehicle- and DAPM-Treated Rats.   Bile
samples from the 15 min period immediately prior to treatment (Basal Bile) or the first
15 min after treatment (Vehicle- or DAPM-Bile) were pooled from 4-6 rats.

4.3.7.  Comparison of Cytotoxicity between DAPM-Bile (1st Hr) and DAPM-Bile (2nd Hr)

Studies by Dugas et al. reported that higher concentrations of DAPM/
metabolites (Dugas et al., 1999) were found in bile during the first hour than the second
hour after DAPM administration.  Therefore, further experiments were conducted to
determine if DAPM-Bile (1st Hr) and DAPM-Bile (2nd Hr) produced a dose response
effect in BEC.

Incubation of BEC monolayers with iso-NaCl or Basal Bile for 120 min produced
no cytotoxicity (Figure 4.11), as measured by the XTT assay.  Incubation of BEC with
bile collected during the first [DAPM-Bile (1st Hr)] and second hour [DAPM-Bile (2nd Hr)]
after DAPM administration induced cytotoxic responses of 75% and 50% decreases,
respectively, in XTT absorbance.  These results suggest that the greater cytotoxicity of
DAPM-Bile (1st Hr) is due to its higher concentrations of metabolites compared to
DAPM-Bile (2nd Hr).
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4.3.8.  [14C]-DAPM Uptake by BEC

To assess the possibility that greater uptake of DAPM/ metabolites occurred from
DAPM-Bile (1st Hr) than DAPM-Bile (2nd Hr) and this greater uptake was responsible for
the increased cytotoxicity, DAPM/ metabolite uptake was determined using DAPM-Bile
collected from rats treated with [14C]-DAPM.  Table 4.2 indicates that DAPM/ metabolite
concentrations were

XTT Absorbance/ µµµµg DNA

0 2 4 6 8 10

*

*

iso-NaCl

DAPM-Bile
(1st Hr)

DAPM-Bile
(2nd Hr)

Basal Bile

Figure 4.11.  Cytotoxic Effects of Basal Bile and DAPM-Bile (1st Hr or 2nd Hr).  BEC
were incubated for 2 h prior to assessment of cytotoxicity by the XTT assay.  Data
represent the means ± S.E.M. of triplicate experiments.  * indicates p < 0.05 compared
to control cultures incubated with basal bile.

~50% higher in DAPM-Bile (1st Hr) than DAPM-Bile (2nd Hr).  Furthermore, Table 4.2
demonstrates that, irrespective of the method of calculation, DAPM/ metabolite uptake
by BECs was ~110% greater after exposure to DAPM-Bile (1st Hr) than DAPM-Bile (2nd

Hr).



Table 4.2.  DAPM and/or Metabolite Uptake by BEC

Parameter
DAPM-Bile
(1st Hr)

DAPM-Bile
(2nd Hr)

DAPM/ Metabolite Concentration (mM) 8.6 5.6

Total DAPM/ Metabolite Uptake (µmol) 176 ± 6 79 ± 3

% DAPM/ Metabolite Uptake 1.9 ± 0.08 0.9 ± 0.04
Normalized DAPM/ Metabolite Uptake
(mmol/µg DNA) 0.65 ± 0.03 0.31 ± 0.01

Bile was pooled from 2 rats administered 50 mg DAPM/kg containing 8.5 µCi [14C]-DAPM/ rat
(See Section 2.2.2).  DAPM/ metabolite uptake data represent the means ± SEM of triplicate
experiments with BEC monolayers.
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4.3.9.  Comparison of Bile Acid Composition in Basal Bile and DAPM Bile

One confounding factor in the use of bile as toxicant solute is that DAPM
treatment in rats could sufficiently alter the composition of solutes excreted in bile to
produce bile with a greater concentration of cytotoxic bile acids.  To rule out this
possibility, the bile salt composition in basal bile versus bile collected during the first
hour after DAPM treatment was compared by HPLC analysis in 2 different sets of rats.
These analyses revealed no significant changes in bile acid composition between Basal
Bile and DAPM-Bile (1st Hr) as shown by the representative chromatograms in Figure
4.12.  Hydrophobic bile acids such as chenodeoxycholyl taurine (Peak G) and
deoxycholyl taurine (Peak H) were found in minimal amounts in both Basal Bile and
DAPM-Bile (1st Hr).  Table 4.3 compares outputs of individual bile acids as %
composition for both sets of pooled biles.

4.4.  Discussion

In vivo studies of the mechanisms of cholangiodestructive toxicants have been
hampered because biliary epithelial cells comprise only 3-5% of the liver (Ludwig et al.,
1998).  With the development of long-term culture methods that yield polarized rat BEC
populations (Yang et al., 1993a; Okamoto et al., 1995; Vroman and LaRusso, 1996),
new models for the study of biliary toxicants are feasible.

The approach developed and described in this Chapter is useful to investigate
the mechanism(s) of cholangiodestructive toxicants.  These studies are the first to use
bile from treated rats to investigate toxicant-induced injury to cultured BEC.  This
approach is highly promising for several reasons.  First, polarized BEC monolayers
demonstrate cellular characteristics and functions comparable to those observed in
BEC in vivo.  These include apical and basolateral morphological characteristics
(microvilli and formation of basement membrane), BEC specific proteins (GGT, OC.2
and CK19), and functional SGLUT1 (Na+-dependent) transporters (Further explored in
Chapter 6) (Yang et al., 1993a; Lazaridis et al., 1997b).  Second, polarized BEC
monolayers appear minimally affected by exposure to basal rat bile on their apical
surfaces.  These results strongly suggest that BEC in vitro are phenotypically
comparable to BEC in vivo.  Third, exposure of the apical surfaces of monolayers to
�toxicant-bile� (which injures BEC in vivo) leads to cytotoxicity consistent with that
observed in vivo (Kanz et al., 1998; Kanz et al., 1995).  And finally, as will be seen in
Chapters 5 and 6, BEC monolayers are sufficiently stable to allow dissection of the time
course of DAPM effects on BEC TJ integrity, glucose transport, and mitochondrial
function.

In developing this model, the XTT cytotoxicity assay was found to be more
sensitive than the GGT activity/ release assay for the assessment of DAPM-induced
injury to cultured BECs.  Because XTT measures succinate dehydrogenase activity in
mitochondria whereas the GGT assay monitors release of GGT from damaged
membranes, the XTT assay likely reflects early injury to mitochondria prior to plasma
membrane alterations.  TER measurements were as sensitive as the XTT assay, and
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Figure 4.12.  Reversed Phase HPLC Biliary Bile Acid Profile of A)  Basal Bile and
B)  DAPM-Bile (1st Hr).  A).  Pooled Basal Bile samples from 2 rats before treatment
with 50 mg DAPM/ kg.  B).  Pooled DAPM-Bile (1st Hr) samples from the same 2 rats
after treatment with 50 mg DAPM/ kg. Peaks are identified as:   (A) δ22−β−muricholyl
taurine, (B) β-muricholyl taurine-88%, (C) δ22-β-muricholyl glycine -22%, (D)
ursodeoxycholyl taurine, (E) hyocholyl taurine, (F) cholyl taurine, (G) chenodeoxycholyl
taurine, and (H) deoxycholyl taurine.
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Table 4.3.  Biliary Bile Acid Profiles in Rats before and after Treatment with
DAPM

% Composition
Bile-Pool #1 Bile-Pool #2RT Bile Acid

Basal DAPM Basal DAPM

4.508 δ22-β-muricholyl-taurine 4.9 15.0 9.1 8.4

6.99 β-muricholyl-taurine -88% 52.7 18.9 19.2 12.8

δ22-β-muricholyl-glycine-22%

8.022 β-muricholyl-glycine 2.4 0.4

9.983 ursodeoxycholyl-taurine 0.5 0.1

10.79 hyocholyl-taurine 2.8 2.4 0.4

12.49 δ22-cholyl-taurine 0.3 1.7

13.08 hyocholyl-glycine 0.3

15.37 cholyl-taurine 8.0 8.1 23.7 17.7

19.46 cholyl-glycine 0.3

28.61 chenodeoxycholyl-taurine 0.9 0.7 1.4 1.2

34.03 deoxycholyl-taurine 1.4 0.5 1.7 0.9

Note:  Bile pool #1 and bile pool #2 consist of bile collected during the basal
period and the experimental period (DAPM-Bile (1st Hr)) from 2 male rats.
Unconjugated bile acids were not detected in either pooled sample.   Data
represent percent composition.  RT= HPLC retention time.

have the added advantage of detecting minimal alterations to monolayer integrity over
time.  Despite this advantage, TER measurements have several limitations as
compared to the XTT assay.   The duration and number of experiments was limited
since only three monolayers could be effectively assessed at one time using
�chopsticks� while only one monolayer could be assessed with the Endohm chamber.
In addition, the use of TER as a cytotoxicity assay could be questioned because initial
changes in TER are due to equilibration and not due to cytotoxic effects; thus early
events in DAPM/ metabolite toxicity could be misinterpreted.  The XTT assay was
simplistic, rapid, and consistent.  In addition, multiple experimental conditions could be
tested on one 96 well microplate.
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Initial experiments described in this chapter demonstrated that the parent
compound, DAPM, is unlikely to be the proximate toxicant.  BEC were injured following
exposure to a 2 mM DAPM dose which is a concentration ~3 times higher than total
[14C]-DAPM/ metabolites measured in bile collected from male rats treated with 50 mg
DAPM/ kg (Dugas et al., 1999).  Based on these results, metabolite(s) of DAPM are
more likely to be the proximate toxicant.

Subsequent experiments assessed the cytotoxic effects of three known DAPM
metabolites.  These results demonstrated that N-acetylated forms of DAPM and DAPM-
Benz produced no cytotoxic effects in BEC at concentrations up to 2 mM, the
concentration at which parent compound was injurious.  Thus, these three metabolites
are not considered the proximate toxicant(s) of DAPM.   Other metabolites were not
assessed for cytotoxic effects in these experiments because > 40 DAPM metabolites
have been separated by HPLC from bile samples but all remain structurally unidentified
at this time.  Ongoing studies are currently isolating and identifying major biliary
metabolites by mass spectrometry and nuclear magnetic resonance.

Since the identity of the proximate toxicant(s) of DAPM was unknown but was
shown to be excreted into bile (Kanz et al., 1995), the decision was made to use bile
collected from vehicle- and DAPM-treated rats for further studies.  Results indicated that
bile collected after DAPM treatment induced a cytotoxic effect compared to bile
collected during basal periods or after treatment with vehicle (Figures 4.9, 4.10).  The
decision to use DAPM-Bile (1st Hr and 2nd Hr) as treatments in other mechanistic
studies was validated by the apparent dose-dependent effects of DAPM-Bile (1st Hr)
versus DAPM-Bile (2nd Hr) on BEC cytotoxicity (Figure 4.11).  In addition, the use of
DAPM-Bile was validated by results in Table 4.2, which provided the first evidence that
BEC take up DAPM/ metabolites from bile in a dose dependent manner.   Thus,
incubation of BEC monolayers with [14C]-DAPM-Bile (from different excretion time
points) may be effective in clarifying possible proximate toxicant(s) and defining their
mechanism(s) of injury.

One concern regarding the use of bile samples before and after treatment was
that treatment could induce alterations in bile acid composition in bile and these
changes could be responsible for the enhanced BEC cytotoxicity observed for DAPM-
Bile (1st Hr) compared to Basal Bile.  For example, a decrease in hydrophilic to
hydrophobic bile acid ratios has been shown to induce cytotoxicity in biliary fragments
cultured from rat livers (Benedetti et al., 1997).  Thus, DAPM treatment in rats could
increase hydrophobic bile acids and produce �toxic bile�.  However, HPLC analyses of
Basal Bile and DAPM-Bile (1st Hr) (Figure 4.12) demonstrated no significant changes in
bile acid profiles or in hydrophobic bile acids between samples before and after
treatment.  Drs. Alan Hofmann and Lee Hagey, leading experts on bile acids, indicated
that the differences observed in some bile acids, i.e. β-muricholyl-glycine/d22-b-
muricholyl-glycine, is due to normal animal variability (personal communication).  These
results further support the hypothesis that DAPM-Bile cytotoxicity is due to DAPM
proximate toxicant(s) in bile that are absorbed by BEC.
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The results of these studies using normal rat bile or bile from DAPM-treated rats
were unexpected but also promising for future toxicity studies.  Prior studies have
collected bile to assess cytotoxicity of bile acids in human fibroblasts (Trias et al., 1977)
and in loops of the distal ileum in anesthetized rats (Barrios and Lichtenberger, 2000).
These models of bile acid cytotoxicity had the advantage of having phospholipids
present in bile since phospholipids are essential in reducing the severity of bile acid
cytotoxicity.  For example, Barrios and Lichtenberger (2000) found that bile samples
supplemented with phosphatidylcholine protected the intestinal mucosa against the
injurious action of bile salts and indomethacin, a non-steroidal anti-inflammatory drug,
possibly by forming less toxic mixed micelles.  In contrast, many in vitro studies have
assessed the effects of bile acids on hepatocytes (Pazzi et al., 1997) and BEC
(Benedetti et al., 1997) without the incorporation of phospholipids.  The combined
effects of bile acids and phospholipids need to be considered and are critical in
providing cytotoxicity data that is representative of in vivo toxicity.  Thus, the use of
�before and after� bile in these experiments provides data on mechanisms of DAPM-
induced toxicity that are more closely related to in vivo conditions.

The potential for serious discrepancies between in vivo and in vitro observations
on hepatocellular toxicity has been documented by Jean et al. (1998) in studies that
used bile collected from ANIT- or BNIT- (naphthylisothiocyanates) treated rats.  The
authors concluded that other factors produced by treatment with these compounds in
vivo potentiated the cytotoxicity to hepatocytes.  A subsequent study by Hill et al. found
that short-term cultured BEC treated with ANIT released a factor that caused neutrophil-
dependent hepatocellular injury in vitro (Hill et al., 1999).  These results provided
evidence that in vitro studies may be somewhat simplistic and may miss a myriad of
factors that influence whole organ system responses to toxicant-induced mechanisms
of injury.  Therefore, the use of bile to assess toxicant-induced injury to BEC provides
an excellent starting point to identify cellular targets while providing a host of other
factors that occur in the in vivo situation.

In summary, a model has been developed that uses long-term cultured, polarized
BEC and bile from DAPM-treated rats to investigate the mechanism(s) of DAPM-
induced injury to BEC.  This model appears suitable for critically testing the hypotheses
formulated at the beginning of this dissertation about crucial cellular targets and timing
of BEC injury after DAPM administration.
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Chapter 5

Effects of Bile from DAPM-Treated Rats on BEC Tight Junctions In Vitro

Objective:  Assess the effects of bile collected from rats treated with vehicle or DAPM
on tight junction integrity in long-term cultures of polarized BEC.

5.1.  Introduction

In vivo studies described in Chapter 3 were designed to determine the timing and
magnitude of alterations in hepatobiliary TJs after a low dose of DAPM (25 mg/ kg).
Observations presented in Chapter 3 convincingly demonstrated that the permeability of
[3H]-inulin, a classic tracer of hepatic TJ permeability, was increased within 4 h after
DAPM treatment without concurrent alterations in hepatocellular structure and function.
These observations suggest that TJs may become loosened between BEC only or that
BEC degeneration/ necrosis induced by DAPM could create �holes� along the biliary
tree which would allow greater movement of inulin from plasma to bile.  One factor
which diminished the latter possibility was an absence of  a �reflux� of bile acids and
bilirubin into sera (See Table 3.1); such a reflux would be expected to occur if the biliary
tree contained �holes�.  Therefore, the hypothesis that DAPM induced selective TJ
permeability between BEC was the most plausible to test.  To investigate the effects of
DAPM on TJ permeability, polarized BEC were grown on the size and type of tissue
culture inserts that had been used in prior studies to assess BEC TJ integrity (Okamoto
et al., 1995) and glucose uptake (Lazaridis et al., 1997b).

Approaches employed by other investigators to examine the integrity of BEC TJs
in vitro include TER measurements, ruthenium red localization under electron
microscopy, and HRP or ruthenium red permeabilization from the apical domain to the
basolateral domain (Okamoto et al., 1995; Doctor et al., 1999).  TER is a sensitive
measure of TJ barrier function and is directly proportional to the permeability of TJs to
inorganic ions (Claude, 1978).  Okamoto et al. (1995) reported that the major factor
responsible for generating TER in BEC appeared to be TJ integrity, which accounted for
at least 70% of the resistance.

Another approach that can be employed to assess TJ integrity is the
measurement of bi-ionic diffusion potentials across polarized epithelia in response to
changes in the ionic composition of the apical membrane solution (Barry, 1989; Barry et
al., 1971).  In addition, information regarding TJ ion selectivity can be determined by
assessing the polarity and magnitude of bi-ionic potentials generated after substitution
of one ion for another in the apical membrane solution.  Changes in the ion selectivity of
TJs can be evaluated by measuring transepithelial voltage (Vt).  This is a sensitive
technique that indicates the relative permeabilities of TJs to cations and anions (Barry
et al., 1971).  These results are due to the fact that disruption of TJs alters ion
selectivity and thus alters Vt.
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In bi-ionic diffusion potential experiments, two large and poorly permeable ions,
TMA+ and Na+-gluconate (GA-), are substituted for Na+ and Cl-, respectively.  Typically,
~90% of the Na+ or Cl- of the apical membrane solution is replaced with TMA+ or GA-,
respectively, and the effects of these substitutions (measured as changes in Vt ) are
determined over time.  If the TJs are highly cation selective, then the substitution of GA-

for Cl- ion in the mucosal (apical) solution will generate a [Cl-] gradient between the
serosal and mucosal (basolateral to apical) solutions.  However, this [Cl-] gradient will
not have a major effect on Vt because Na+ is the predominant ion that produces a Vt
through TJs.  In a typical epithelium with minimally permeable TJs, the substitution of
TMA+ for Na+ in the apical solution will generate a [Na+] gradient between serosal and
mucosal solutions which will result in increased diffusion of Na+ across the TJs toward
the apical solution and the generation of a mucosal (apical) highly positive Vt (Figure
5.1A).  In contrast, in an epithelium with �leaky� TJs, the movement of TMA+ from the
apical solution to the basolateral solution will be less impaired, allowing both TMA+ and
Na+ to move down their concentration gradients toward the other side.  Such
movements will still generate a mucosal (apical) positive Vt, but this Vt will be less
positive than the Vt produced by normal epithelia (Figure 5.1B) (Barry et al., 1971;
Barry, 1989; Cotton and Reuss, 1996).

The interpretation of results obtained when ions in bathing solutions are replaced
by other ions is complex but data obtained from carefully designed experiments can
provide information regarding TJ integrity and ion selectivity (Barry et al., 1971).

In this chapter, sensitive measures of TJ integrity in polarized BEC were used to
assess two objectives.  First, TERs of BEC treated with bile collected from vehicle- or
DAPM-treated animals were measured to clarify the effect of DAPM on BEC TJ
permeability.  Second, bi-ionic diffusion potentials were determined before and after
treatment of BEC with various biles in order to characterize BEC TJ selectivity and to
determine if DAPM-Bile alters the ionic permeability of BEC TJs.

5.2.  Methods

5.2.1.  TER Measurements

Measurement of TER was performed as described in Section 2.6.1.

5.2.2.  Bi-Ionic Diffusion Potentials

Bi-ionic diffusion potentials were assessed as described in detail in Section 2.6.5.

5.3.  Results

5.3.1.  Effects of DAPM-Bile on TER

A representative TER experiment for 3 monolayers treated with Basal Bile,
DAPM-Bile (1st Hr), and DAPM-Bile (2nd Hr) is shown in Figure 5.2.  Note that all



Figure 5.1.  Illustration Depicting Tight Junctional Na+ Selectivity in Epithelia When Apical (Mucosal) Solution Is
Replaced by TMA-Cl.  A)  Normal Na+ selective TJs.  The larger TMA+ cation is restricted to the mucosal domain and
Na+ ions diffuse with the concentration gradient.  These combined effects produce a high (very positive) Vt.  B)  When
TJs are disrupted, Na+ selectivity is reduced and TMA+ cations can diffuse to the basolateral domain.  These effects
produce a Vt which is positive but not as high as in “tight” epithelia.
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monolayers went through an initial equilibration period after exposure to bile samples.
Typically, TERs decreased 4-5% during the first 30 min with a gradual return to a
steady state by 45-60 min.  BEC monolayers incubated with Basal Bile remained at this
steady state through 120 min (Figure 5.2 and Table 5.1).  In contrast, incubation of
monolayers with DAPM-Bile (1st Hr) began to have an effect on TER by 90 min with
significant decreases (~16%) by 120 min (Table 5.1).  On the other hand, DAPM-Bile
(2nd Hr) induced variable effects on TER (Table 5.1); the percent change in baseline
TER values for DAPM-Bile (2nd Hr) at 120 min ranged from 5% to 15%.  For example,
the monolayer treated with DAPM-Bile (2nd Hr) in Figure 5.2 demonstrated a near-
average decrease in TER (~9%).  Although DAPM-Bile (2nd Hr) produced variable
results, these data show that TJ integrity of BEC monolayers is maintained through at
least 90 min after treatment with DAPM-Bile.
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Figure 5.2.  Percent Changes in Baseline TER by Representative, Individual BEC
Monolayers during 120 Min Exposure to Bile Samples.  The three experiments were
conducted on the same day using pooled bile samples from different time points from
the same set of rats.  TERs were determined using an Endohm-12 mm culture chamber
and an EVOM epithelial voltohmeter®.
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Table 5.1.  Percent Change Over Time in Baseline TER during Treatment
with Various Biles

TIME (MIN)
Basal-Bile DAPM-Bile

(1st Hr)
DAPM-Bile

(2nd Hr)
30        -4.1 ± 3.2        -2.4 ± 1.0        -1.8 ± 0.6

60        -0.2 ± 1.2        -2.6 ± 3.2        -5.2 ± 2.7

90        -0.4 ± 0.9        -7.2 ± 3.0        -6.8 ± 2.7

120        -1.0 ± 1.4        -15.6 ± 4.6 * Φ        -11.2 ± 2.2

Data represent the means ± SEM of a minimum of three experiments with
BEC monolayers.  * p < 0.05 compared to Basal Bile at the same time point.
Φ p < 0.05 compared to DAPM-Bile (1st Hr) at 30 min.

5.3.2.  Effects of DAPM-Bile on Bi-Ionic Diffusion Potentials

Changes in bi-ionic diffusion potential were first used to assess the ion selectivity
of BEC TJs.  As shown in Part A of Figures 5.4, 5.6, & 5.8, a sharp increase in TER was
observed during Na+ replacement with TMA+ in all monolayers before exposure to
various biles, which indicates that BEC TJs are Na+-selective.  As expected,
replacement of Cl- with GA- on the apical surface of monolayers had little effect on TER
(See Figures 5.4, 5.6, & 5.8, Part A).  Furthermore, exposure of monolayers to Basal
Bile did not subsequently alter the pattern of change in TERs during replacement of
permeable ions in the apical solution with impermeable ions (Figure 5.4A).  These
observations indicate that Na+-selectivity of the BEC TJs was maintained after
incubation with Basal Bile.  However, following exposure of BEC monolayers to DAPM-
Bile (1st Hr) or (2nd Hr), TERs during Na+ replacement with TMA+ were decreased
compared to those observed during Na+ replacement before bile treatment (Figures
5.6A & 5.8A, respectively).  These decreases in TER are indicative of a loss of Na+-
selectivity (See Figure 5.1).  Additionally, as indicated in Figure 5.2 and Table 5.1,
exposure of BEC to DAPM-Bile (1st Hr) decreased TERs  ~40% (Figure 5.6A) while
exposure of BEC to DAPM-Bile (2nd Hr) had only a minimal effect on TERs (Figure
5.8A).

As explained in Section 2.6.5.3, the electrodes of the Endohm 12 chamber
provided artifactually high Vt values (i.e., after changing the iso-NaCl bathing solution
with the iso-GA solution).  Figures 5.3, 5.5, and 5.7 show the experimental (E)Vt in part
A in the presence of monolayers and the solution (S)Vt in part B in the absence of
monolayers.  Solution changes before and after treatment with various biles were
identical in the presence and absence of monolayers.  A sharp, artificial increase in the
(E)Vt of the monolayer occurred in the presence of cells when iso-GA was substituted
for iso-NaCl (Part A, Figures 5.3, 5.5, and 5.7).  However, when iso-GA was substituted
for iso-NaCl in the absence of cells, a sharper, artificial increase of ~10 mV was



104

Ex
pe

rim
en

ta
l V

t (
m

V)

-20

-10

0

10

20

30

40

50

60

Time (min)

0 30 60 90 120 150 180 210 240

-20

-10

0

10

20

30

40

50

60

So
lu

tio
n 

V t (
m

V)

A

B
Bile

NaCl
TMA-Cl
Na+-GA

Figure 5.3.  Bi-Ionic Diffusion Potential Values (Vt) Obtained A) in the Presence of
BEC and B) in the Absence of BEC during Treatment with Basal Bile.  A)
Collagen-coated insert growing BEC, and  B)  insert without BEC.  Experimental Vt
(graph A) minus solution Vt (graph B) provides normalized Vt for treatment of BEC with
Basal Bile (See Figure 5.4B).



105

TE
R

 (Ω
 * 

cm
 2

)

600

700

800

900

1000

1100

1200

Time (min)

0 30 60 90 120 150 180 210 240

Vt
 (m

V)

-20

-10

0

10

20

30

40

50

60

A

B
Bile

NaCl
TMA-Cl
Na+-GA

Before After

Figure 5.4.  Measurements of A) TER and B)  Bi-Ionic Diffusion Potentials of BEC
before and after Incubation with Basal Bile.  A).  A sharp increase in TER (arrow)
after Na+ replacement with TMA+ indicates that BEC TJs are Na+- selective.  Following
monolayer exposure to Basal Bile, an equivalent increase in TER occurs upon TMA+

substitution for Na+ (double arrow).  This sharp TER increase indicates that Na+-
selectivity is maintained.  B).  Changes in the bi-ionic diffusion potentials in the
presence of different ions follow the same pattern before and after incubation with basal
bile.
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Figure 5.5.  Bi-Ionic Diffusion Potential Values (Vt) Obtained A) in the Presence of
BEC and B) in the Absence of BEC during Treatment with DAPM-Bile (1st Hr).  A)
Collagen-coated insert growing BEC, and  B)  Insert without BEC.  Experimental Vt
(graph A) minus solution Vt (graph B) provides normalized Vt for treatment of BEC with
DAPM-Bile (1st Hr) (See Figure 5.6B).
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Figure 5.6.  Measurements of A) TER and B)  Bi-Ionic Diffusion Potentials of BEC
before and after Incubation with DAPM-Bile (1st Hr).  A).  Following DAPM-Bile
exposure, the sharp increase in TER (arrow) observed after Na+ replacement with TMA+

is decreased (double arrow), indicating a loss of Na+- selectivity.  In addition, TER
during exposure to DAPM-Bile decreases from ~600 to ~400 Ω·cm2.  B).  The pattern of
change in bi-ionic diffusion potentials due to ion replacement becomes different after
treatment with DAPM-Bile (1st Hr).  Vt change during Na+ replacement is decreased
(arrowhead) after bile exposure while Vt change during Cl- replacement becomes
slightly more negative (double arrowheads), indicating increased Cl- permeability (more
mucosal negative).
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Figure 5.7.  Bi-Ionic Diffusion Potential Values (Vt) Obtained A) in the Presence of
BEC and B) in the Absence of BEC during Treatment with DAPM-Bile (2nd Hr).  A)
Collagen-coated insert growing BEC, and  B)  Insert without BEC.  Experimental Vt
(graph A) minus solution Vt (graph B) provides normalized Vt for treatment of BEC with
DAPM-Bile (2nd Hr) (See Figure 5.8B).
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Figure 5.8.  Measurements of A) TER and B)  Bi-Ionic Diffusion Potentials of BEC
before and after Incubation with DAPM-Bile (2nd Hr).  A).  Following DAPM-Bile
exposure, the sharp increase in TER (arrow) observed after Na+ replacement with TMA+

is decreased (double arrow), indicating a loss of Na+ selectivity.  However, TER during
exposure to DAPM-Bile (2nd Hr) is minimally decreased.  B).  The pattern of change in
bi-ionic diffusion potentials due to ion replacement is similar but less pronounced after
exposure to DAPM-Bile (2nd Hr) than DAPM-Bile (1st Hr) (See Figure 5.6B).  Vt change
during Na+ replacement is decreased after treatment with DAPM-Bile (arrowhead) while
Vt change during Cl- replacement becomes slightly more negative (double arrowheads),
indicating increased Cl- permeability (more mucosal negative).
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observed (Compare Part B to Part A, Figures 5.3, 5.5, and 5.7).  Therefore, Equation 1
was used to normalize Vt values of monolayers treated with various biles.  The
normalized Vt changes induced by various bile treatments are shown in Part B of
Figures 5.4, 5.6, and 5.8, respectively.

[ Vt    = (E)Vt  �  (S)Vt ]                                             (1)

Bi-ionic diffusion potentials in the presence of different ion replacements (iso-NaCl,
TMA-Cl, or Na+-GA) demonstrated a similar change in pattern before and after
treatment with Basal Bile (Figure 5.4B).  These results indicated that Basal Bile had no
effect on TJ ion selectivity or permeability.  In contrast, the pattern of change in bi-ionic
diffusion potentials after treatment with DAPM-Bile (1st Hr) or (2nd Hr) differed
considerably from the patterns exhibited before treatment with DAPM-Bile (See Figures
5.6B & 5.8B, respectively).  For example, monolayers after exposure to DAPM-Bile (1st

Hr) exhibited a decrease in Vt of ~10 mV during Na+ replacement with TMA+, indicating
a change in cation selectivity through TJs (Figure 5.6B).  The changes occurring in TJs
are best summarized by Figure 5.1B which demonstrates that loosened TJs become
more permeable to TMA+, which in turn decreases lumen positivity.  In addition, after
exposure to DAPM-Bile (1st Hr) and following replacement of Cl- with GA-, a decrease in
Vt  was observed (more mucosal negative), indicating increased Cl- permeability.
Similar, but less severe, alterations in ion diffusion/ permeability occurred with
monolayers exposed to DAPM-Bile (2nd Hr) (Figure 5.8B).

5.4.  Discussion

The use of TER measurements and bi-ionic diffusion potentials to assess the
effects of DAPM-Bile on BEC TJs has several advantages over approaches used by
other investigators.  First, TER techniques offer superior sensitivity in the assessment of
minimal alterations in BEC TJs as opposed to conventional approaches using large
tracer molecules such as HRP or ruthenium red that may mask slight alterations in TJ
leakiness (Doctor et al., 1999).  Second, TER techniques monitor changes in TER and
bi-ionic potentials continuously through time as indicators of permeability changes in
contrast to timed measurements of conventional tracers in samples of basolateral
culture media.  Therefore, by employing TER techniques, these experiments obtained
new information regarding the ion selectivity of TJs of BEC.

This project first demonstrated that TJs between BEC were Na+ selective as
shown by sharp increases in TER after Na+ replacement with TMA+ in apical bathing
solutions.  These observations are consistent with studies of TJ permeability between
other epithelial cell types where TJs have been reported to contain pores or channels
with a distinct preference for cations and molecules between 8 to 18 angstroms (Barry
et al., 1971; Claude, 1978; Cereijido et al., 1989).  These data provide a critical piece of
information that may be important in understanding the role of BEC in bile formation.
Intrahepatic bile ducts are considered responsible for the production of approximately
30% of bile volume, a percentage that can be rapidly increased to meet changing
physiological demands (Nathanson and Boyer, 1991).  Na+-selectivity of BEC TJs may
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be a critical factor involved in the maintenance of similar osmolarities between plasma
and bile (Alpini et al., 1988) by mechanisms that may involve solute-solvent fluxes
between TJs.  In addition, a water-selective channel, aquaporin (AQP-1), is expressed
on both the apical and basolateral BEC membranes and is believed to mediate water
movement according to osmotic gradients (Marinelli et al., 2000).  However, the
physiological role of BEC in maintenance of bile volume and osmolarity by water
movement via the paracellular pathway versus the cellular-mediated flux remains to be
investigated.

One inconsistency in these experiments that needs to be addressed is the
variability in the magnitude of changes in TERs between monolayers treated with
different pools of DAPM-Bile (2nd Hr) (See Table 5.1).  For example, monolayers treated
with DAPM-Bile (2nd Hr) exhibited decreases in baseline TER ranging between 5 and
15%.  The variability in these experiments could have been due to differences in the
final concentrations of DAPM/ metabolites present in pooled aliquots used for separate
experiments.  Dugas et al. (2001) have found that individual rats excrete highly variable
amounts of biliary [14C]-DAPM/ metabolites after the first h of bile collection.  Therefore,
if bile aliquots were pooled from several rats that were excreting low levels of DAPM/
metabolites versus several rats that were excreting high levels of DAPM/ metabolites
during the second hour, the concentrations of DAPM/ metabolites in the two pools could
have been quite different.  Thus, DAPM/ metabolite influence on TJs of BECs from
these two pools of bile also would be expected to be different.

This work was the first to use bi-ionic diffusion potentials to assess TJ
permeability in monolayers of cells exposed to a toxicant.  Interestingly, DAPM-Bile (1st

Hr) and DAPM-Bile (2nd Hr) were found to increase the permeability of poorly-
permeable ions such as TMA+ (MW 75) and Cl- (MW 35).  In monolayers exposed to
DAPM-Bile (2nd Hr), no significant decreases in TERs were observed.  This is in
contrast to the observed changes in ionic permeability seen via bi-ionic diffusion
potentials after DAPM-Bile (2nd Hr) treatment.  These two results indicate that
alterations in TJ integrity are assessed with greater sensitivity by bi-ionic diffusion
potentials than by rapid TER measurements used in many studies.

This study also demonstrated that bile collected from rats treated with DAPM (50
mg/ kg) increased TJ permeability to ions as large as MW 75 (i.e., TMA+).  Thus, the
possibility exists that Pi molecules (MW 95) could leak through altered TJs after
treatment with DAPM.  These experiments also indicated that little to no permeability of
GA- (MW 195) occurred through TJs as demonstrated by a more lumen negative rise
during replacement of Na+ with GA- (See Figures 5.6B & 5.8B).  If size-exclusion is the
only factor considered in the movement of ions through the monolayers, then the TJ
permeability effect of DAPM exposure on BEC may be insufficient for glucose (MW 180)
leakage.  However, size exclusion is known to be only one of the factors involved in
paracellular movement of small ions and molecules (Denker and Nigam, 1998).
Therefore, further studies are needed to clarify how DAPM-Bile alters biliary levels of Pi
and glucose.  Other studies which are described in Chapter 6 examine the effects of
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DAPM/ metabolites on BEC glucose uptake mechanisms and on the movement of
glucose through BEC TJs.

Other factors may also play a role in DAPM-induced increases in paracellular
permeability.  Rotoli et al. (2000) recently showed that secretin increases paracellular
permeability of pancreatic duct cells.  Secretin is a hormone that regulates the secretion
of electrolytes by BEC (Alpini et al., 1997).  The effects of secretin on paracellular
permeability in BEC have not been investigated but this BEC model together with
sensitive measures of TJ integrity (bi-ionic diffusion potentials, TER) could be
instrumental in exploring this area.  Furthermore, the effects of DAPM/ metabolites on
secretin receptor levels/ function are unknown which would be relevant information for
dissecting events in early DAPM toxicity.

Observations reported in this Chapter support the initial hypothesis that DAPM
alters BEC TJ permeability and may account for the increase in biliary levels of PI  after
DAPM treatment.  In addition, this project has demonstrated that physiologically-based
methods provide sensitive measures to assess minimal alterations in TJ permeability
after exposure to toxicants such as DAPM.
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Chapter 6

Effects of Bile from Vehicle- and DAPM-Treated Rats on BEC Na+-Dependent
Glucose Uptake and Mitochondrial Function and Structure

Objectives:   1)  Determine if DAPM/ metabolites alter BEC Na+-dependent glucose
uptake.  2)  Determine if DAPM/ metabolites alter BEC mitochondrial function and

structure in vitro.   3) Determine the time course of cellular events in DAPM-induced
BEC toxicity.

6.1.  Introduction

Although prior experiments (Chapters 3, 4, and 5) provided support for the
hypothesis that DAPM toxicity produced alterations in TJ permeability of BECs, the role
of DAPM-induced mitochondrial injury remained unknown.  The early ultrastructural
alterations observed in BEC mitochondria following DAPM treatment in vivo suggested
that DAPM could be compromising numerous ATP-requiring cellular functions.  For
example, declines in cellular ATP could lead to Na+,K+-ATPase dysfunction which, in
turn, could lead to Na+ imbalances within the cell with subsequent effects on glucose
uptake.

Glucose is proposed to enter bile across TJs between hepatocytes (Handler et
al., 1994b).  In turn, biliary glucose is maintained at low levels by its removal from bile
via glucose transporters on BEC (Lazaridis et al., 1997b; Lira et al., 1992).  The BEC
transporter, SGLUT1 (Lazaridis et al., 1997b), is a Na+-dependent transporter that plays
a major role in reducing biliary glucose levels (Lira et al., 1992).  Thus, DAPM-induced
increases in biliary glucose could be attributed to DAPM injury of BEC mitochondria with
a consequent inefficiency of glucose uptake from bile.  A precedent for this kind of
indirect effect is that Andreoli et al (1993) reported that oxidant injury induced by
hydrogen peroxide was found to deplete ATP and diminish Na+, K+-ATPase activities
with a consequent reduction of glucose and phosphate transport in LLC-PK1 cells.
Furthermore, ATP production by mitochondria is essential for TJ integrity (Denker and
Nigam, 1998; Canfield et al., 1991).  Therefore, DAPM-induced mitochondrial
dysfunction could lead to insufficient cellular ATP for maintenance of the BEC TJ barrier
against glucose and Pi leakage into bile.

The working hypothesis for this phase of my project was that DAPM-Bile injures
BEC mitochondria and indirectly alters ATP-dependent cellular processes such as
glucose transport and TJ integrity.  However, two other possible mechanisms were
envisioned by which DAPM injury to BEC could lead to higher biliary levels of glucose
and Pi:  1) a direct effect on TJs between BECs, and  2) a direct effect on BEC glucose
transporters.  The objectives of this study were to critically assess the hypothesized
indirect mechanism versus the alternative direct mechanisms by a time-course study.
Endpoints used to measure DAPM-Bile effects on these parameters were: 1) Na+-
dependent uptake of labelled AMG, a non-metabolizable glucose analog, 2) leakage of
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AMG through TJs, 3) BEC mitochondrial membrane potential (MMP) and ATP levels,
and 4) ultrastructural examination of BEC mitochondria and TJs.

6.2.  Methods

6.2.1.  Chemical and Radiochemicals.

All chemicals were of the highest grade available and are listed in Section 2.1.2.
for reference.

6.2.2.  Isolation, Long-Term Culture, and Characterization of BEC

Rat BEC were isolated and cultured long-term as described in detail in Section
2.3.  Characterization of BEC included staining for BEC specific markers (OC.2 antigen,
CK19, and GGT) as described in Section 2.4.2.  Ultrastructural examination by electron
microscopy was performed as detailed in Section 2.4.1.

6.2.3. Bile Collection and In Vitro Experiments

Cells were treated with undiluted, pooled bile samples that had previously been
collected and frozen as described in Section 2.2.2.  For all in vitro experiments, two or
three bile samples (bile from 4 to 6 rats) were thawed and pooled to form the
experimental bile samples.

6.2.4. Assessment of Na+-Dependent Glucose Transport and TJ Integrity    

Section 2.6.2 provides the details of these procedures.

6.2.5.  Assessment of Mitochondrial Function

Cellular ATP was measured as explained in Section 2.6.4.  Bile from vehicle-
treated rats was used as a control to exclude the possibility that the quantity of ethanol
given as vehicle for DAPM treatment induced mitochondrial dysfunction.  Treatments
also included a negative control consisting of iso-NaCl and a positive control consisting
of H2O2 since H2O2 is known to deplete cellular ATP in colonic epithelial cells (DuVall et
al., 1998).  MMP was measured using the cationic dye, JC-1.  Details of this procedure
are described in Section 2.6.3.  Treatments included a negative control consisting of
iso-NaCl and two positive controls that cause mitochondrial depolarization namely H2O2
(Chinopoulos et al., 1999; Virag et al., 1998) and menadione (2-methyl-1,4-
naphthoquinone) (Palmeira et al., 1996).

6.2.6.  DNA Quantitation Assay

  Data from all experiments were normalized to the level of DNA contained in the
BEC monolayers as described in Section 2.5.2.3.
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6.3.  Results

6.3.1.  Effects of DAPM-Bile on Na+-Dependent Glucose Transport

Exposure of BEC monolayers to iso-NaCl or Basal Bile for 120 min produced
comparable amounts of [14C]-AMG uptake at all timepoints examined (Figure 6.1A).  In
contrast, BEC exposed to DAPM-Bile (1st Hr) or DAPM-Bile (2nd Hr) produced a time-
dependent inhibition of AMG uptake which was first evident by 60 min.  DAPM-Bile (1st

Hr) and DAPM-Bile (2nd Hr) significantly decreased AMG uptake by 50% and 38%,
respectively (Figure 6.1A).  A similar magnitude of inhibition of AMG uptake was
observed with monolayers following 120 min of exposure to DAPM-Bile (1st Hr) and (2nd

Hr).

To confirm that AMG is taken up by BEC through energy-dependent and Na+-
dependent mechanisms, BEC monolayers were incubated with AMG at 4°C and in the
absence of Na+ (TMA-Cl substituted for NaCl) (Figure 6.2).  As expected, the uptake of
AMG was reduced by >90% when BEC were incubated at 4°C or in the presence of
TMA-Cl.  These results are consistent with AMG uptake predominantly by a Na+-
dependent glucose transporter on BEC.

Prior studies had shown that biliary glucose becomes elevated within 3 h
following 50 mg DAPM/ kg (Kanz et al., 1998).  Similarly, DAPM-Bile (1st Hr) and
DAPM-Bile (2nd Hr) samples were found to have glucose levels ~4 and ~8 fold higher
than Basal Bile.  Table 6.1 lists glucose levels for pooled bile samples used in these
experiments.

To verify that variations in biliary glucose levels among the bile samples were not
responsible for the observed differences in AMG uptake shown in Figure 6.1A, Basal
Bile samples were supplemented with 7 or 14 mg/ dL D-glucose to make final
concentrations of ~10 and 17 mg/ dL, respectively, which is equal to or greater than the
glucose levels found in DAPM-Bile (1st Hr) (~11 mg/ dL).  As shown in Figure 6.2, the
addition of these amounts of glucose to Basal Bile had no effect on subsequent AMG
uptake by BEC whereas incubation with DAPM-Bile (1st Hr) (at similar glucose levels)
decreased AMG uptake by ~55%.  Thus, Na+-dependent AMG uptake kinetics in BEC
are apparently unaffected by wide ranges of biliary glucose while the presence of
DAPM/metabolites in DAPM-Bile has an inhibitory effect on AMG transport.
Furthermore, the data in Figure 6.1A demonstrate that DAPM-Bile compromises Na+-
dependent glucose (i.e., AMG) uptake by 60 min.

6.3.2.  Effects of DAPM-Bile on Tight Junction Integrity

A further assessment of DAPM-Bile effects on BEC TJ integrity was conducted
by measuring solute movement (of the glucose analog, AMG) from the apical medium
to the basolateral medium via the paracellular pathway (Figure 6.1B).  During 120 min
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Figure 6.1.  Time Course of Effects of BEC Exposure to Iso-NaCl and Bile
Samples on AMG Uptake/ Permeability.  A) Cellular AMG uptake and B) AMG
leakage from the apical to the basolateral media determined by measurement of [14C]-
AMG.  Data represent the means ± S.E.M. of a minimum of triplicate experiments.  *
indicates p < 0.05 compared to Basal Bile at that time point.
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Figure 6.2.  Effect of Temperature, Na+ Concentration and Glucose Concentration
on AMG Uptake by BEC Exposed to Iso-NaCl and Bile Samples.  Na+ ions were
replaced by tetramethylammonium ions in the TMA-Cl solution.  D-glucose (7 and 14
mg/dL, respectively) was added to Basal Bile samples to produce glucose levels
equivalent to or greater than those found in DAPM-Bile.  Glucose concentrations
(mg/dL) are listed in the box to the right of each bar.  Data represent the means ±
S.E.M. of a minimum of triplicate experiments.  * indicates p < 0.05 compared to iso-
NaCl [for iso-NaCl (4°C) and iso-TMA-Cl] or to Basal Bile [for DAPM-Bile (1st Hr)].

Table 6.1.  Glucose Levels in Bile from Rats Treated with 50 mg
DAPM/kg

Time Point Glucose (mg/ dL)
Basal Bile   3 ± 1

DAPM-Bile (1st Hr) 11 ± 3
DAPM-Bile (2nd Hr) 23 ± 6

Data represent the means + SEM of 5 pooled bile aliquots (bile from 9 rats).



118

exposure to iso-NaCl or Basal Bile, AMG levels in the basolateral media remained
constant between 2-3 nmol/ µg DNA.  This movement of AMG could possibly be
attributed to transcellular flux of AMG through the cells with secretion into the
basolateral medium (Lazaridis et al., 1997b).  However, by 120 min of exposure to
either DAPM-Bile (1st Hr) or DAPM-Bile (2nd Hr), basolateral media AMG levels were
significantly elevated, which is consistent with leakage of AMG across loosened TJs.
Thus, these results support the TER data described in Chapter 5 that TJ integrity is
maintained through ~90 min after treatment with DAPM-Bile.

6.3.3.  Effects of DAPM-Bile on Cellular ATP Content

Cellular ATP content in BEC was measured at 15 min to 120 min after exposure
to iso-NaCl or various bile samples.  Initial experiments investigated the effect of the
DAPM vehicle (35% ethanol) on BEC cellular ATP levels, because in vitro studies using
fetal hepatocytes (Devi et al., 1993) had shown that ethanol could cause structural and
functional changes to mitochondria that included a decrease in cellular ATP levels.
Figure 6.3A indicates that exposure of BEC to Basal Bile or to the first hour or second
hour of bile obtained after treatment of rats with 35% ethanol only [Vehicle-Bile (1st Hr);
Vehicle-Bile (2nd Hr)] did not alter cellular ATP content through 120 min.

A modest transient decline in ATP levels of BECs occurred after exposure of
monolayers to Basal Bile collected from rats prior to treatment with DAPM.  By 60 min,
the ATP levels had returned to those of cells exposed only to iso-NaCl (Figure 6.3B).
DAPM-Bile (1st Hr) and (2nd Hr) exposures produced substantial declines in BEC ATP
levels by 30 min, which tended to decline further by 60 min.  At 30 min, monolayers
exposed to Basal Bile contained 120.0 ± 9.8 nmol ATP/ µg DNA while monolayers
exposed to DAPM-Bile (1st Hr) and (2nd Hr) contained 53.3 ± 1.0 and 84.3 ± 6.9 nmol
ATP/ mg DNA, respectively (Figure 6.3B).  By 60 min, DAPM-Bile (1st Hr) and (2nd Hr)
decreased BEC ATP levels by 87% and 54%, respectively.  As a positive control, BEC
were incubated with hydrogen peroxide (0.5 mM), which is known to significantly
decrease ATP levels in renal tubular epithelial cells (Andreoli and Mallett, 1997).  As
expected, H2O2 produced an immediate and nearly complete depletion of ATP in BEC
that lasted through 60 min (Figures 6.3A and 6.3B).  These results indicate that DAPM-
Bile (1st Hr) and (2nd Hr) decrease cellular ATP levels in BEC by 30 min and provide
evidence that ATP depletion precedes impairment of Na+-dependent glucose uptake
and TJ disruption.

6.3.4.  Effects of DAPM-Bile on Mitochondrial Membrane Potential (MMP)

During pathological energy depletion with significant decreases in ATP production, the
membrane potential of mitochondria becomes depolarized (Chen, 1988).  This change
in membrane potential (known as MMP) can be measured using fluorescent probes
such as the ratiometric probe, JC-1 (Nuydens et al., 1999).  Thus, MMP was assessed
to obtain further evidence of mitochondrial dysfunction in BEC incubated with DAPM-
Bile.  Menadione (Men) was used as a positive control because it is reported to produce
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Figure 6.3.  Time Course of Effects of BEC Exposure to Iso-NaCl, H202 and Bile
Samples on Cellular ATP Levels.  A) Bile samples were pooled aliquots collected
from rats prior to gavage (Basal Bile) and the first hr [Vehicle-Bile (1st Hr)] and second
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indicates p < 0.05 compared to iso-NaCl.  * indicates p < 0.05 compared to Basal Bile.
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depolarization of the MMP in mitochondria in vitro (Palmeira et al., 1996).  In addition,
Men is cytotoxic to BEC isolated from rat livers (Parola et al., 1990b).  As expected,
BEC monolayers exposed to increasing concentrations of Men demonstrated significant
elevations in the green to red fluorescence ratio of JC-1 (Figure 6.4).  Incubation with
hydrogen peroxide (0.5 mM) also induced comparable elevations in MMP ratios (data
not shown).

BEC monolayers treated with DAPM-Bile (1st Hr) or (2nd Hr) induced an ~2 fold
increase in the JC-1 green to red fluorescence ratio (24.5 ± 3.5 and 22.0 ± 1.9,
respectively) compared to Basal Bile (11.0 ± 0.9) as early as 15 min after treatment.  By
60 min, mitochondrial depolarization induced by DAPM-Bile (1st Hr) or (2nd Hr) was
increased by ~160% and was equivalent to that observed with 200 µM Men.  These
MMP observations indicate a rapid
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Figure 6.4.  Time Course of Effects of BEC Exposure to Iso-NaCl, Menadione and
Bile Samples on Mitochondrial Membrane Potentials Determined by Green to Red
Fluorescence Ratios of JC-1.  Data represent the means ± SEM of a minimum of
triplicate experiments.  φφφφ indicates p < 0.05 compared to iso-NaCl.  * indicates p < 0.05
compared to Basal Bile.
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disruption of mitochondrial integrity by DAPM-Bile exposure, which occurs prior to
inhibition of glucose uptake and increased TJ permeability.

6.3.5.  Effects of DAPM-Bile on BEC Ultrastructure

Ultrastructural studies of BEC monolayers exposed to DAPM-Bile (1st Hr) for 30
or 120 min revealed striking similarities to the in vivo mitochondrial injury detailed by
Kanz et al. (1998).  Exposure of BEC monolayers to Basal Bile for 120 min produced no
apparent ultrastructural alterations (Figure 6.5A).  BEC contained mitochondria with
dense matrices, typical endoplasmic reticula and intact microvilli on the apical surface.
Exposure of BEC to DAPM-Bile (1st Hr) for 30 min induced swelling of mitochondria with
loss of matrix density and minor effects on surface microvilli (Figure 6.5b).  After a
longer exposure of 120 min, the BEC monolayers showed severe vacuolization of
mitochondria, nearly complete absence of apical microvilli, and loss of nuclear
heterochromatin (Figure 6.5C).

6.4.  Discussion

Major observations of this time-course study are that mitochondrial structure and
function in BEC monolayers are rapidly altered by exposure to bile collected from rats
treated with DAPM.  Importantly, the mitochondrial changes preceded alterations in
Na+-dependent glucose uptake and TJ permeability.  Mitochondria showed increased
MMP ratios and decreased ATP levels as early as 30 min after incubation with DAPM-
Bile.  Not until 60 min did glucose uptake via the Na+-dependent pathway become
inhibited while evidence for TJ permeability was not found until 120 min after DAPM
exposure.  Ultrastructural observations also reveal injury to mitochondria occurs prior to
major morphological alterations in BEC plasma membranes (e.g., loss of microvilli).

Although the time course and sequence of events support the original hypothesis
that DAPM/ metabolites disrupt mitochondrial function with subsequent, indirect effects
on TJ integrity and Na+-dependent glucose uptake, direct effects of DAPM/ metabolites
on cell membranes cannot be ruled out.  Numerous xenobiotics are known to disrupt
cell membrane integrity (Carruthers and Melchior, 1984; 1986).  For example,
pentachlorophenol and 1,1,2,2-tetrachloroethane accumulate in human skin fibroblast
plasma membranes and inhibit glucose transport and Na+,K+-ATPase (Cascorbi and
Foret, 1996).  Future studies could probe the apparent primary effect on mitochondria
by determining whether addition of exogenous ATP to BEC monolayers exposed to
DAPM-Bile attenuates the toxicant effect on glucose uptake.

In general, the results of this study provide a clear time-course sequence of
events.  One minor discrepancy was noted in the influence of Basal Bile exposure on
BEC ATP levels (Figure 6.3A versus 6.3B).  BEC responses to Basal Bile samples
should be equivalent whether the samples are derived from rats to be treated with
vehicle or with DAPM.  This discrepancy between different Basal Bile samples cannot
be explained at present.  One possible rationale could be that Basal Bile treatment
produces a minor effect on BEC ATP levels which subsequently returns to normal within
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Figure 6.5.  Representative electron micrographs of BEC exposed to A) Basal-Bile
for 120 min, B) DAPM-Bile (1st Hr) for 30 min, and C) DAPM-Bile (1st Hr) for 120
min.  MV = microvilli, M = mitochondrion, N = nucleus, BM = basement membrane.

A) BEC demonstrate numerous microvilli and mitochondria (arrowheads) with
dense matrices and typical cristae.  Final magnification, 14,200X .

B) Mitochondria appear swollen with translucent matrices and few cristae.
Microvilli are slightly decreased in number.  Final magnification, 17,700X.

C) Mitochondria (arrowheads) are severely damaged and microvilli are virtually absent.
Nucleus show chromatin changes.  Final magnification, 9500X.

15-30 min, and that normalization was more rapid in the experiments of Figure 6.3A
than Figure 6.3B.  On a whole, however, this slight discrepancy is insufficient to
discredit the basic conclusions described in this chapter.

The changes in cellular ATP and MMP observed in BEC monolayers
demonstrate that mitochondria are functionally impaired by 30 min after exposure to
DAPM-Bile.  These results suggest that ATP-dependent processes in BEC (reviewed in
detail in Boyer, 1996; LaRusso, 1996; Strazzabosco, 1997a) could be compromised.
Doctor et al. (1999) previously reported that cultured rat BEC depleted of ATP for 120
min displayed alterations in basolateral interdigitations and significant decreases in
apical microvilli.  These alterations were linked to the dissociation of the actin-
membrane linking protein, ezrin, from the cytoskeleton (Doctor et al., 1999).  Other
reports indicate that TJ integrity is compromised by a decline in ATP levels.  For
example, perturbation of ATP-dependent contraction of the apical actin cytoskeleton
was found to alter the paracellular barrier in MDCK epithelial cells (Stevenson and
Begg, 1994).

Although depletion of BEC ATP for 120 min was clearly found to alter microvilli
and cellular interdigitations, Doctor et al (1999) found no decrease in cell viability.
Furthermore, they concluded that a severe drop in TER did not indicate increased TJ
leakiness because no ruthenium red permeation was observed within TJs by electron
microscopy.  In these studies, BEC monolayers treated with DAPM-Bile for 120 min
demonstrated reductions in apical microvilli (Figure 6.5C) as well as increases in TJ
permeability (leakage of AMG from apical to basolateral media, Figure 6.1B).
Differences between the results of Doctor et al. (1999) and these studies may be
partially explained by the use of AMG as a marker of paracellular permeability.  AMG
would be expected to be a more sensitive indicator of leakage since AMG is ~4-fold
smaller than ruthenium red.

An adequate supply of ATP is essential for BECs to maintain their secretory and
absorptive functions by direct and indirect pathways (Boyer, 1996; Strazzabosco,
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1997a).  BEC play a major role in lowering biliary glucose levels (Guzelian and Boyer,
1974; Lira et al., 1992; Olson and Fujimoto, 1980).  Lira et al. (1992) demonstrated that
glucose is absorbed via Na+-dependent and Na+-independent pathways.  Lazaridis et
al. (1997b) later used cultured polarized BEC and the glucose analog, AMG, to describe
a Na+-dependent SGLUT1 transporter on the apical domain of these cells.  In the
present study, AMG uptake in BEC was also shown to be Na+-dependent.
Furthermore, AMG uptake was inhibited by incubation with DAPM-Bile for 60 min.
Since the sequence of events in this time course study indicate glucose uptake is
inhibited prior to an increase in TJ permeability, the initial increases in biliary glucose
induced by DAPM in vivo could be due to impairment of SGLUT1 transport with later
increases due to paracellular �leakiness�.

These studies only investigated the effects of DAPM-Bile on glucose transport in
BEC monolayers.  Yet biliary glucose and Pi are elevated concurrently after DAPM
administration in vivo.  Interestingly, Andreoli et al. (1993) examined the effects of
oxidant-injury induced by hydrogen peroxide on glucose and Pi transport in LLC-PK1
cells (renal epithelial cells).  They found that oxidant injury resulted in ATP depletion
and inactivation of Na+, K+-ATPase which led to alterations in glucose and Pi transport.
A Na+-dependent Pi transporter has been identified in apical membrane vesicles from
cultured LLC-PK1 cells (Brown et al., 1984).  The possibility of a Pi transporter on BEC
apical membranes would thus appear plausible.  Although elevations in biliary Pi have
been accepted as an indicator of TJ �leakiness� (Krell et al., 1988), an alternative
explanation for the effects of DAPM in vivo could be concurrent dysfunction of both
glucose and Pi transporters in BEC plasma membranes.  This possibility will require
more in-depth studies of phosphate uptake in normal and DAPM-injured BEC.

In summary, this time course study demonstrated that bile from DAPM-treated
rats produces rapid and substantial alterations in mitochondrial structure and function of
BEC monolayers.  DAPM-bile effects on BEC glucose transport occur later with
alterations in TJs occurring last.  Thus, the results of this Chapter lend support to the
original hypothesis that early mitochondrial dysfunction induced by DAPM-Bile indirectly
impairs glucose uptake and increases TJ �leakiness�.
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Chapter 7

Summary and Future Directions

This dissertation project evolved from prior observations of DAPM-induced
increases in biliary constituents in vivo (Kanz et al., 1998) which led to a hypothesis that
DAPM and/ or metabolites excreted in bile alter hepatobiliary TJ permeability.  This
dissertation project focused on defining the roles of injury to BEC TJs and mitochondria
in the DAPM-induced mechanism(s) of BEC injury.  Chapter 3 describes a complex, but
traditional in vivo study that used [3H]-inulin as a tracer molecule to identify leakage of
solutes from plasma to bile of rats.  Results demonstrated a significant rise in
bile:plasma ratios of [3H]-inulin with a concurrent increase in biliary levels of Pi and
glucose at 4 h after treatment with 25 mg DAPM/ kg.  This low dose of DAPM has an
apparently selective effect on BEC as evident by the absence of structural and
functional hepatocellular injury and the presence of ultrastructural evidence of BEC
mitochondrial injury by 3 h after treatment (Kanz, unpublished observations).  Thus,
BEC mitochondrial injury could indirectly account for impairments in TJ integrity and/ or
ATP-dependent processes performed by BEC, such as glucose uptake from bile.
These observations helped to formulate a new working hypothesis for this dissertation
project:  DAPM-induced dysfunction of BEC mitochondria indirectly impacts glucose
uptake by BEC and the integrity of TJs between BEC.

Because BEC comprise 3-5% of the liver cell population, identifying the
mechanism of BEC injury required isolation and culture of BEC.  Chapter 4 describes
the development of a new model that uses long-term cultures of polarized BEC to
assess the mechanism(s) of toxicity evoked by DAPM/ metabolite(s) in bile.  The
development of this model provided the tools required to assess whether exposure to
DAPM/ metabolites loosened TJ between BEC.  The studies described in Chapter 5
demonstrated that DAPM/ metabolites altered the permeability of BEC TJs to small
ions.  Thus, increased permeability could account for increased biliary levels of Pi and
glucose, yet the role of DAPM-induced mitochondrial injury in TJ permeability remained
unknown.

Chapter 6 describes the time course of assessments of mitochondrial
dysfunction, impairments in glucose uptake, and other indices of TJ integrity after BEC
exposure to DAPM.  Observations obtained from these studies formed the highlight of
this dissertation project since it delineated the series of events believed to occur as
BEC are injured.  Figure 7.1 outlines a proposed mechanism of DAPM injury to BEC.
First, DAPM is metabolized by hepatocytes, and reactive metabolites are excreted into
bile and absorbed by BEC.  Second, DAPM metabolite(s) impair mitochondrial function
and MMP in BEC, causing a significant decrease in cellular ATP levels.  Third, ATP-
dependent processes in BEC such as glucose uptake are affected concurrently with
early increases in TJ leakiness.  BEC use a Na+-dependent glucose transporter,
SGLUT1, that requires efficient Na+, K+-ATPase activity.  Decreased amounts of cellular
ATP induced by DAPM injury could diminish glucose uptake with subsequent increases
in biliary glucose excretion.  Fourth, TJ integrity is then impaired as reflected by
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decreases in TER, loss of TJ ion selectivity, and increases in [14C]-AMG permeability
from apical to basolateral domains.  TJ integrity is dependent on adequate cellular ATP
and Ca++ levels (Cereijido et al., 1989).  Thus, decreased production of ATP by BEC
mitochondria following DAPM treatment could be responsible for the loss of TJ integrity.

Finally, hypothetically, increases in biliary Pi levels after DAPM treatment could
also be due to decreases in ATP levels.  Although a phosphate transporter on BEC has
yet to be described, phosphate transporters that function through ATP-dependent
mechanisms have been identified in renal epithelial cells (Andreoli et al., 1993).  Thus,
the early effects of DAPM/ metabolites on BEC mitochondrial function may be the initial
insult which leads to other secondary impairments.

These results could also have implications regarding the mechanism(s) of
toxicant injury to BEC.  Several mechanisms have been proposed to account for
impaired bile secretion using model toxicants such as estrogen (Jaeschke et al.,
1987b), ANIT (Krell et al., 1982), and BCNU (Krell et al., 1991).  These include:  a)
inhibition of Na+, K+-ATPase,  b) increased paracellular/ TJ permeability, c) impaired
function of the cytoskeleton, d) alteration of intracellular calcium homeostasis, and/or e)
alteration or mislocation of canalicular carriers in hepatocytes.  This dissertation
indicates that mitochondrial dysfunction, specifically in BEC, may be an initial event in
DAPM-induced cholestasis.  Current studies in this laboratory are identifying major
metabolites found in the bile of rats treated with DAPM.  Upon identification and
synthesis of these possible injurious metabolites, further studies will pursue the specific
protein or complex altered during DAPM-induced mitochondrial injury.  Other avenues
of exploration may include investigation of Pi transporters in BEC and their relevance to
early alterations in biliary constituents in some types of cholestatic disease where
increased paracellular permeability has been suggested as the initial event.
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