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Abstract 

In an attempt to produce an animal model for the 
disease cystic fibrosis (CF), mice were treated chronical
ly with the diuretics amiloride and furosemide, in order 
to cause chronic inhibition of transepithelial ion trans
port. Experiments were carried out on adult mice (2 
months treatment); in addition, pregnant mice were 
treated with diuretics, and tissue from offspring 2 and 7 
days postpartum was investigated. Since biliary cirrho
sis is a common occurrence in CF, hepatocytes in the 
treated mice were investigated by X-ray microanalysis 
and by light and electron microscopy. 

Treatment with amiloride caused a significant de
crease in cellular Na concentration in adult animals and 
in in utero treated mice 2 days after birth. The decrease 
in Na was parallelled by a decrease in Cl, but K levels 
were not affected. Furosemide caused a slight increase 
of cellular Na concentrations, especially in animals aged 
7 days. In the adult animals, both amiloride and furose
mide caused a significant decrease of the cellular Na and 
Cl levels. No signs of cirrhosis could be observed. In
consistent changes in the accumulation of lipid droplets 
in hepatocytes of adult animals treated with amiloride 
were observed by electron microscopy. It can be con
cluded that chronic treatment with diuretics, even though 
it causes some, possibly pathological, changes of the 
liver, is only of very limited value for generating an 
animal model to study liver disease in CF. 

Key Words: Liver, diuretics, ion transport, bile flow, 
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Introduction 

Cystic fibrosis (CF) is a genetic disease due to a 
mutation in the gene coding for a chloride channel pres
ent in the apical membrane of epithelial cells (Riordan 
et al., 1989). The main clinical symptoms are chronic 
lung disease and pancreatic insufficiency. The lung dis
ease is due to the inhibition of transepithelial chloride 
and water transport, which results in the production of 
water-deficient (and therefore viscous) mucus (Boucher 
et al., 1984). In the pancreas, the genetic error causes 
inhibition of chloride, bicarbonate, and water transport, 
resulting in obstruction of the pancreatic ducts by secret
ed enzymes; ultimately, this leads to fibrotic changes in 
the pancreas (Park and Grand, 1981). Although liver 
symptoms in CF are considered less serious than lung 
disease and pancreatic malfunction, the occurrence of 
biliary cirrhosis in especially older CF patients is com
mon (di Sant'Agnese and Hubbard, 1984). It has been 
suggested that biliary cirrhosis is caused by obstruction 
of the bile ducts by a similar mechanism as that present 
in the pancreas. 

Bile flow is driven by the formation of osmotic gra
dients between the blood, intercellular space and the 
hepatocytes on one hand, and the lumen of the bile cana
liculus on the other hand (reviewed by Sellinger and 
Boyer, 1990). To a large extent, bile flow rate is de
pendent on the secretion of bile acids into the bile duct. 
However, there is an additional component of the bile 
flow connected with inorganic ions. According to a cur
rent model, a chloride channel is present in the canalicu
lar (apical) membrane of the hepatocyte. The chloride 
in the bile duct lumen is then exchanged for bicarbonate, 
which in this way enters the bile fluid in a way similar 
to that by which bicarbonate ions are secreted by the 
pancreas. Some ion transport mechanisms in the baso
lateral membrane have been described: an amiloride-sen
sitive Na+ -H+ exchange, a Na+ -bicarbonate cotrans
port, and a Na+-K+-ATPase. Whether a furosemide
sensitive cotransporter is present in the basolateral 
membrane, as it is in that of the hepatocyte, is not 
known. 



A.-C. Mork, A. von Euler and G.M. Roomans 

Table 1. Effects of amiloride and furosemide treat-
ment on elemental composition of mouse hepatocytes. 

Na 

adult animals 

control 104± 10 
amiloride 31 ± 6*** 
furosemide 75± 8** 

treatment in utero, 
animals aged 2 days 

control 69± 8 
amiloride 47± 5** 
furosemide 83± 4 

treatment in utero, 
animals aged 7 days 

control 53 ± 5 
amiloride 64 ± 5 
furosemide 96± 5** 

Cl K 

88±9 351 ± 19 
63±8* 410±21 
60±8** 441±22* 

72±4 391± 12 
81±3 440±11 
71±3 437±16 

56±5 373±15 
55±2 347±10 
83 ±4** 355 ± 12 

Data in mmol/kg dry weight, mean and standard error, 
n (number of cells analyz.ed) = 12-19 (three animals per 
group); significance of differences by analysis of vari
ance is indicated by: * (p < 0.05); ** (p < 0.01); *** 
(p < 0.001). 

-------------------------
Previously we have investigated mice and rats 

chronically treated with diuretics such as furosemide and 
amiloride as possible animal models for cystic fibrosis 
(Sagstrom et al. , 1990; Mork et al. , 1991; von Euler et 
al., 1992). In cystic fibrosis, transepithelial ion and 
water transport is inhibited because of a defect in the 
apical chloride channel. In the proposed animal models, 
transepithelial ion and water transport is inhibited at the 
basolateral membrane; although the location of the de
fect is different, the final result should be similar to that 
in the human disease. In previous investigations on sali
vary glands and pancreas some changes were noted that 
indicated that transepithelial ion and water transport had 
been affected, although not to an extent similar to that 
observed in the human disease (Sagstrom et al., 1990; 
von Euler et al., 1992). 

In the present paper, effects of chronic treatment 
with diuretics on liver were investigated by morphologi
cal and microanalytical techniques. 

Materials and Methods 

Female NMRI (Naval Medical Research Institute) 
mice were used in the experiments. For experiments 
with chronic treatment of adult mice with amiloride, 5 
week-old mice were given food mixed with amiloride to 
give a daily dose of 0.5 mg per animal, or with furose-
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mide to give a daily dose of 4 mg per animal (Mork et 
al., 1991) for two months. The amiloride and furose
mide doses were calculated from the average food intake 
of the animals. The control group received standard 
chow, and was kept for two months under identical 
housing conditions. 

In the in utero experiments, mice were mated and 
pregnancy was assessed from the formation of a vaginal 
plug. The animals received food mixed with amiloride 
(0.5 mg/day/animal) or furosemide (4 mg/day/animal) 
(von Euler et al., 1992). A control group of animals 
was mated and kept for the same period under identical 
conditions, but received standard chow. 

The adult animals were deprived of food 16 hours 
prior to sacrifice, but had access to water ad libitum. 
The newborn animals that had been treated in utero with 
amiloride or furosemide were sacrificed on day 2 or day 
7, respectively, after birth. During the period after 
birth, they were kept together with the mother, and 
amiloride- or furosemide-treated food was provided 
continuously. 

The liver of the animals was removed after heavy 
sodium pentobarbital anesthesia, to minimize the period 
of anoxia. Small pieces (about 1 mm3) were excised 
from the tissue and rapidly frozen in liquid nitrogen. 
Thick (16 µm) cryosections were cut on a conventional 
cryostat at -30°C and mounted on a carbon specimen 
holder as described earlier (McMillan and Roomans 
1990). Specimens were viewed in the scanning mode in 
a Philips 525 scanning electron microscope (SEM) and 
X-ray microanalysis was carried out at an accelerating 
voltage of20 kV with a LINK AN 10000 energy-disper
sive X-ray microanalysis system. Quantitative analysis 
was carried out by use of the ratio of characteristic in
tensity and the continuum intensity in the same energy 
region. The specimen spectra were compared to stand
ard spectra obtained with the help of standards, consist
ing of a 20 % gelatin/5 % glycerol matrix to which salts 
in known concentrations had been added (Roomans, 
1988). 

For morphological studies, tissue was fixed in buf
fered glutaraldehyde and embedded for light microscopy 
in HistoResin (Reichert-Jung, Heidelberg, FRG). Sec
tions were stained with the Verhoeff-van Giemson stain, 
Jones's periodic acid methenamine silver (PAMS) stain, 
and Sudan black. Tissue was also postfixed with osmi
um tetroxide and prepared for transmission electron mi
croscopy, which was carried out in a JEOL 1 OOB or 
Philips 301 transmission electron microscope at 60 kV. 

Results and Discussion 

Treatment with amiloride caused a significant 
decrease in cellular Na concentration in adult animals 
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Figures 1 and 2. Transmission electron micrographs of the liver of an adult mouse. Figure 1: Control; intracellular 
lipid droplets indicated by L. Figure 2. Treated for 2 months with amiloride. Note increased number of intracellular 
lipid droplets (L). Bar = 5 µm. 

-------------------------------------------------------------------------------------------------
and in in utero treated mouse 2 days after birth; at 7 
days after birth no significant difference could be de
tected (Table 1). The decrease in Na was parallelled by 
a decrease in Cl; K levels increased slightly. Furose
mide had no consistent significant effect on the elemental 
content of hepatocytes after treatment in utero but de
creased Na and Cl levels in the hepatocytes of adult 
mice (Table 1). 

Light microscopy failed to show gross signs of cir
rhosis after amiloride treatment both in the adult and the 
newborn animals . In the newborn animals, no increase 
of connective tissue was noted in the P AMS-stained sec
tions and no increase in fat tissue was noted in the 
Sudan-black stained tissue. 

Electron microscopy showed, however, increased 
accumulation of lipid droplets in the hepatocytes of 
amiloride-treated animals as compared to the controls 
(Figs. 1 and 2). In the hepatocytes of animals aged 2 
days very little glycogen or fat is present (Figs. 3-5), 
irrespective of treatment. "Dark" (electron-dense) cells, 
in which rough endoplasmic reticulum dominates, and 
"light" (electron-translucent) cells in which smooth endo
plasmic reticulum dominates (Figs. 4 and 5) can be dis
tinguished. At age 2 and 7 days the presence of the 
hematopoietic cells is still clearly visible (Fig. 5). No 
difference between control and diuretic-treated animals 
was noted in this respect. This indicates that treatment 
with diuretics does not interfere in such a way with gen
eral metabolism that the development of the hemato
poietic system is affected. 

In hepatocytes of control- and furosemide-treated 
animals aged 7 days numerous fat droplets could be 

1149 

observed (Figs. 6 and 7), but in the amiloride-treated 
animals there were only few lipid droplets (Fig. 8). 
Since the amiloride-treated offspring was much smaller 
than the offspring from the control group and the furose
mide-treated group, it is likely that the decreased amount 
of fat in the hepatocytes after amiloride treatment is due 
to a general metabolic effect. Bile canaliculi were patent 
after chronic amiloride treatment (Fig. 8, inset). 

The role of the transport mechanisms for inorganic 
ions in the generation of bile flow has not yet been clari
fied, and it is unclear which solutes are responsible for 
the bile flow in the absence of bile acids (the so-called 
bile-acid independent flow, BAlF). Both the Na+-K+
A TPase and the K + channel in the sinusoidal membrane 
are linked to bile secretion, since most bile acids enter 
the hepatocyte by a Na+ cotransport mechanism driven 
by the Na+ gradient. The driving force for their excre
tion over the canalicular membrane into the bile is the 
membrane potential difference (Weinman et al., 1989). 
Experimental inhibition of BAlF has been shown to re
sult in cholestasis, and animal models for this condition 
have been developed, based mainly on interference with 
the Na+-K+-ATPase (Keeffe et al., 1980; Layden and 
Boyer, 1976; Avner et al., 1981). The theoretical basis 
for attempting to develop an animal model for CF based 
on an inhibition of transcellular ion and water flow by 
diuretics is, however, less solid than in, e.g., the pan
creas, although it has been suggested that transport of 
inorganic ions in hepatocytes is similar to that in pan
creatic acinar cells (Sellinger and Boyer, 1990). Indeed, 
several mechanisms are present in both cells. Excretion 
of chloride and bicarbonate ions by an electrogenic er 
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channel in combination with a CJ--bicarbonate exchange 
mechanism occurs both in hepatocytes and in pancreatic 
acinar cells (Kuijpers and De Pont, 1987). However, 
neither in liver nor in pancreas is it quite certain what 
ion transport mechanisms are present in the sinusoidal or 
basolateral membrane, respectively. This much is clear, 
that in the pancreas transepithelial ion transport can be 
inhibited both by amiloride and by furosemide. Both 
drugs cause a decrease in the intracellular chloride con
centration, which is the driving force for fluid transport. 
In the sinusoidal membrane of the liver cell (adjoining 
the space of Disse) an amiloride-sensitive Na+ -H+ ex
change mechanism is present. This mechanism appears 
to be important primarily for the regulation of hepato
cyte pH (Renner et al., 1989, Anwer et al., 1989), but 
whether it affects fluid transport is unclear. It is con
ceivable that inhibition of this mechanism, by decreasing 
the intracellular sodium concentration, increases the Na+ 
gradient over the sinusoidal membrane and by that the 
driving force for the Na+ -bile acid cotransport. On the 
other hand, amiloride, along with a number of other 
compounds, was found to be a competetive inhibitor of 
taurocholate uptake across the sinusoidal membrane 
(Zimmerli et al., 1987). It has been shown that in an 
animal model for cholestasis (rats treated with ethinyl 
estradiol), Na+ -H + exchange activity is decreased, but 
that study could not answer the question whether inhibi
tion of that pump was the cause of the cholestasis, or 
only an expression of a generalized membrane damage. 
The present study indicates that inhibition of the 
Na+ -H+ exchange mechanism as such does not cause 
cholestasis. 

In the pancreas, morphological effects of treatment 
with amiloride and furosemide were more severe in the 
in utero treatment than when adult animals were treated . 
This was not the case for the liver. In the newborn rat, 
BAIF is relatively small, but increases during develop
ment till it reaches the normal adult level (Ballatori and 
Clarkson, 1982). If this is also the case in the mouse, 
treatment with diuretics in utero may be less effective 
than in the adult animal. 

Bicarbonate enters the hepatocyte by a stilbene-sen
sitive Na+ -bicarbonate cotransport mechanism that is not 
affected by amiloride (Fitz et al., 1989). How chloride 
ions enter the hepatocyte is unclear. Chloride uptake in 
pancreatic acinar cells proceeds via a furosemide-sensi
tive mechanism of which the nature still is in dispute. 
The results of this study indicate that chloride uptake 
into hepatocytes in very young animals is not sensitive 
to furosemide, but our results are consistent with the 
presence of a furosemide-sensitive Na+ -Ci- cotransport 
mechanism in the sinusoidal membrane in adult animals. 

Morphological effects followingcholestasis are well
defined (Carpino et al., 1981), but none of these was 
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Fig. 3. Hepatocytes in a control animal aged 2 days. 
Very little glycogen and lipid droplets present. 
Fig. 4. Hepatocytes in an animal treated in utero with 
furosemide, aged 2 days. "Dark" cells containing pre
dominantly rough endoplasmic reticulum. 
Fig. 5. Hepatocytes in an animal treated in utero with 
amiloride, aged 2 days. "Dark" cells containing pre
dominantly rough endoplasmic reticulum, "light" cells 
containing predominantly smooth endoplasmic reticulum. 
Hematopoietic cells are visible (H). 
Fig. 6. Hepatocytes of a control animal aged 7 days. 
A large number of intracytoplasmic lipid droplets (L) is 
present. 
Fig. 7. Hepatocytes and hematopoietic cells in an ani
mal treated in utero (and after birth) with furosemide, 
aged 7 days. In the hepatocytes, lipid droplets (L) are 
present. 
Fig. 8. Hepatocytes in an animal treated in utero (and 
after birth) with amiloride, aged 7 days. Only few lipid 
droplets are present in this tissue. Inset: Patent bile 
canaliculus. 

Bars= 5 µm. 

found in our study. The adult amiloride-treated animals 
presented with mild steatosis, which, in the human, can 
develop into cirrhosis. However, the effect of amiloride 
treatment on lipid accumulation is not consistent, since 
e.g., in amiloride-treated animals aged 7 days, lipid 
accumulation was less than in the control group. 

In summary, it can be concluded that chronic treat
ment with diuretics is not very suitable to generate an 
ideal animal model to study liver disease in cystic 
fibrosis. 
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Discussion with Reviewers 

P.M. Motta: Comparing Figures 1 and 2, it is noted 
that in treated liver cells, besides an increase of lipid 
droplets, mitochondria and glycogen masses are also ap
parently increased. Further, the lipids in Fig. 2 have a 
different electron density compared to those in Fig. 1. 
In addition, they are closely assembled with mitochon
dria and glycogen masses. If these aspects have been 
commonly observed in this study, they might reflect 
rather significant alterations of the hepatocyte's structur
al and functional machinery. Further, looking collec
tively to Figs. 3 to 8 and making a general morphologi
cal evaluation , it is noted that dense liver cells appear 
somewhat more abundant in treated animals . The possi
bility cannot be ruled out that these structural changes 
reflect a different metabolism of the cells or may even 
be an expression of a cellular functional deficiency. 
Please comment. 
I. Zs.-Nagy: It would be interesting to include data on 
the body weights of the embryos since the dose applied 
is around the 50% inhibition of DNA synthesis (Koch 
and Leffert, 1979). 
Authors: It appears evident that chronic treatment with 
amiloride, and to a lesser extent furosemide, induces 
significant structural and functional changes both in the 
animal as a whole and in the liver. As an example, the 
weight of the amiloride-treated newborn animals was 
half of that of the control group. Since we were specifi
cally interested in cystic fibrosis-related changes, we 
have not made a quantitative evaluation of the material 
with regard to the changes in lipid droplets, glycogen 
masses, and mitochondria. We have no doubt, however, 
that such an evaluation would show significant changes. 

A. Warley: The results remind me of work carried out 
by a collegue of mine who showed that, in rabbit, tis
sues such as heart, brain, and liver.were able to adapt to 
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K depletion. Do you think that in your system the liver 
is adapting to the presence of the drug? 
Authors: In humans, resistance against diuretics is a 
well-known phenomenon (Beermann, 1982; Sjostrom et 
al. , 1988). This is one possible mechanism by which 
the effects of chronic treatment with diuretics could be 
minim.ired. But we agree that it is possible that the cells 
may adapt to a different intracellular ionic environment. 
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