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Abstract Mice were fed a lithogenic diet consisting of Purina 
chow and 0.5% dehydrocholic acid (DHA group). Controls re- 
ceived Purina chow. Every 2 wk for 20 wk animals were killed, 
and biliary phospholipid, cholesterol, and bile salt concentrations 
were determined, as well as the extent of gallstone formation. 
With time there was a gradual, significant decline in the concen- 
tration and the relative composition of phospholipid in both 
groups compared with initial values. There was a significant in- 
crease in biliary cholesterol concentration and relative amount in 
the DHA group compared with the control. No significant dif- 
ferences were found in the relative amounts of bile salt or phos- 
pholipid between the two groups. Feeding DHA resulted in an 
increased concentration of bile salts and the sum of measured 
lipid compared with controls. After 8 wk, gallstones were found 
in approximately 60% of autopsied animals and correlated with 
increased cholesterol concentration. Our data support the hy- 
pothesis that there is a component of cholesterol secretion that 
may not be bile salt- or phospholipid-dependent. Our data also 
suggest that biliary phospholipid secretion decreases with age. 
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Three methods have been published in recent years on 
the induction of cholesterol gallstones in mice. The  earliest 
was the model described by Tepperman, Caldwell, and 
Tepperman ( 1 )  in which a normal diet is made lithogenic 
by the addition of cholesterol and cholic acid. The sub- 
stantial amount of data published on the model emanates 
from several independent laboratories and confirms Tep- 
perman’s work. 

The most recently published model is that of Besancon, 
Marche, and Parrot (2) in which the addition of cholic 
acid to a normal diet was, by itself, sufficient to produce 
gallstones, although the time required for stone formation 
was greater than for the Tepperman model. This work 
was recently confirmed in a publication by Gerolami et al. 

A third model was described by Besancon et al. (4) as 
early as 1965 and was confirmed in the laboratories of 
Duteil, Rambert, and Desgranges (5). This model uses 

(3). 

dehydrocholic acid as the lithogenic component of the diet. 
At the time our study was initiated, the only data pub- 
lished on the alterations in biliary lipid concentrations re- 
sulting from dehydrocholic acid feeding was a twofold in- 
crease in the cholesterol content of the gallbladder bile (6). 
Therefore, we decided to quantitate biliary lipids periodi- 
cally to determine the time sequence of any changes in bil- 
iary lipid concentrations and to correlate any changes with 
the formation of gallstones in this model. After we had 
submitted our results for publication, Gerolami et al. (7) 
reported that the concentrations of hepatic biliary choles- 
terol and phospholipids in mice were increased after 20 
days of feeding dehydrocholic acid. 

In the present study, we noted age-related changes in 
phospholipid concentrations which we believe to be of suf- 
ficient interest to discuss in this paper. 

M E T H O D  

Female Charles River mice, weighing 25-30 g, were 
randomly divided into control and lithogenic diet groups. 
Control mice were fed Purina chow ad lib. The  lithogenic 
diet group received, ad lib., Purina chow supplemented 
with 0.5% dehydrocholic acid (Steraloids, Inc., New 
York). Beginning at zero time and every 2 wk for 20 wk, 
10 or 20 animals in each group were killed after being 
fasted overnight. Gallbladders were excised and bile was 
examined for evidence of gallstones or crystals visible to 
the unaided eye. In the cases where these were present, 
animals were considered to have developed “stones. ” 

Average body weight of a group of mice was determined 
at the start of the experiment. Thereafter, on the day of 
autopsy, the average body weight was determined for each 
group of animals being killed, and the average body 
weight gain was calculated. 

10 rl of bile was collected from each animal in a group 
and pooled for lipid determinations. Two to four analyses 

Abbreviations: DHA, dehydrocholic acid. 
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were carried out on each group, with three to five animals 
usually comprising one analysis. In the dehydrocholic 
acid-fed group (DHA), bile was pooled from animals with 
and without stones. An attempt was made to collect bile 
free from stones, but in some cases crystals were carried 
over into the bile aliquot. 

Biliary lipids were extracted into 95% ethanol, using 
the method of Nakayama (8), and quantitated in dupli- 
cate. Bile salt concentrations were determined enzymati- 
cally by the Admirand and Small (9) modification of the 
procedure of Talalay (1 0). The  hydroxysteroid dehydroge- 
nase (EC 1.1.1.50 and 1.1.1.51) used for this assay was an 
enzyme preparation from Pseudomonas testosteroni and 
was purchased from Worthington Biochemicals Corp., 
Freehold, N.J. For the cholesterol assay, sufficient water 
was added to the 95% ethanol extract to produce a 70% 
ethanol solution from which cholesterol was partitioned 
into petroleum ether. Cholesterol was determined using 
the Rosenthal, Pfluke, and Buscaglia modification (1 1) of 
the Zlatkis, Zak, and Boyle procedure (12). 

For the phospholipid determination, 2 vol of chloroform 
was added to the 95% ethanol extract. An aliquot of 
water equal to the volume of ethanol was then added. The 
samples were centrifuged and the ethanol-water layer was 
aspirated. This procedure separates inorganic phosphate 
from phospholipid. An aliquot of the chloroform layer was 
evaporated to dryness and assayed for phospholipids by 
the method of Bartlett (13). 

Statistical analysis 
After determining the pooled variance for each lipid 

class, comparisons were made at  each autopsy period be- 
tween animals fed a control diet and those fed a lithogenic 
diet. The  results of these analyses are indicated in Figs. 1 
and 2 by asterisks. 

Examination of all the data suggested that there were 
time-related alterations in the concentrations and/or rela- 
tive amounts of the various lipid classes. T o  evaluate the 
statistical significance of these changes, the method of least 
squares was used to find the line of best fit for each lipid 
as a function of time. Theoretically, if there were no con- 
sistent change with time, the slopes of these iines would be 
close to zero. However, if the slopes differ from zero sig- 
nificantly, then there is a significant correlation between 
age (time) and the change in lipid. The results of these 
analyses are expressed as slopes and levels of significance 
in the text under Results. 

RESULTS 

Effects of dehydrocholic acid feeding 
Feeding DHA to mice resulted in a prompt (2 wk) in- 

crease in cholesterol concentration. This increase was sig- 
nificantly different from the controls at every time period 
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Fig. 1. Concentrations of gallbladder biliary lipids in control 
and dehydrocholic acid-fed mice. Animals were put on a Purina 
chow diet (lc--o) or Purina chow + 0.5% dehydrocholic acid (0- 

- -0) at 0 wk. Animals were kihed after an overnight fast every 2 wk for 
20 wk. Bile was examined for gallstones and assayed for phospholipid, 
cholesterol, and bile salt concentrations. Cumulative lipids represent the 
sums of the concentrations of the three lipid classes. Asterisks indicate 
statistical significance compared with the control for that week: * = P 
< 0.05 and ** = P < 0.01. See Results for slopes of lines of best fit. 

starting with the 4th wk (Fig. 1). From the 2nd to 20th 
wk, the average difference in the cholesterol concentration 
between the two groups was 6.5 pmoles/ml ( P  < 0.01), a 
greater than twofold increase. 

As early as 4 wk after the start of DHA feeding, the 
relative amount of cholesterol was significantly elevated 
(Fig. 2). It continued to increase gradually throughout the 
course of the study. Beginning with the 4th wk, all choles- 
terol values were significantly greater than the controls at 
each period except for the 12th wk value. 

In mice fed DHA, the concentration of bile salts was 
greater than in the control group. Although the increase 
was statistically significant only at 12 wk (Fig. l ) ,  the av- 
erage increase over the 2nd to 20th wk was 18 pmoles/ml 

The relative amount of bile salts increased slightly but 
significantly (P < 0.01) during the study in both control 
(slope 0.382) and DHA-fed (slope 0.306) mice (Fig. 2). 
However, a comparison of the slopes of the two groups 
showed no significant difference, indicating that DHA 
feeding did not alter the relative composition of the bile salts 

(P  < 0.01). 
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Fig. 2. Relative amounts of gallbladder biliary lipids and incidence of 
gallstone formation in control and dehydrocholic acid-fed mice. For de- 
tails of treatment, meaning of asterisks, and slopes of lines, see legend to 
Fig. 1. The relative amount of each lipid was calculated by summing the 
concentrations of all three lipids (cumulative lipid value), dividing the 
concentration of each lipid by the cumulative value, and multiplying by 
100. 

compared with that in the control mice. At four time 
periods (6, 10, 12, and 16 wk), there was a significant dif- 
ference between the two groups, but these did not show any 
consistent trend (Fig. 2). 

Except for a significant increase in the concentration of 
phospholipids at 6 wk, compared with the controls, there 
was no significant effect of DHA feeding on this class of 
lipids (Fig. 1). 

The relative amount of phospholipids remained essen- 
tially unaltered by DHA feeding except at 12 wk when it 
was significantly lower than the control value (Fig. 2). 

We have also plotted the changes that occur in the cu- 
mulative concentration of these three lipids (Fig. 1). DHA 
feeding resulted in a statistically significant increase in the 
cumulative lipid concentration only at the 8th and 12th 
wk (Fig. 1). However, the average difference from the 2nd 
to the 20th wk was 27 pmoles/ml (P  < O.Ol), indicating 
that dehydrocholic acid caused an increase in the total 
output of measured lipids. This increase is the result of 
elevated bile salt and cholesterol concentrations, not the 
phospholipid concentration. 

Gallstones or crystals began to appear as early as 4 wk 
after the animals had started eating the lithogenic diet 
(Fig. 2). The incidence of stones continued to increase 
until the 10th wk, after which time a maximum level of 
60% incidence was maintained. During the entire 20 wk 

of the experiment, no stones or crystals were found in the 
control animals. 

Body weight gain for each group was calculated. The 
difference between the two groups was determined at each 
autopsy period. These differences were then averaged over 
the duration of the study. The average difference was 
found to be 1.8 g less in the DHA-fed group (P  < 0.01). 
This difference suggests that the DHA-fed group did not 
ingest any greater amount of food than the controls and 
thus did not have any greater intake of dietary sterol. 

Effects of age 

A most interesting observation is that the phospholipid 
concentration decreased with age in both groups irrespec- 
tive of diet fed (Fig. 1). The slopes of both lines are nega- 
tive and statistically significant ( P  < 0.01) from zero 
(control, -0.8962; DHA, - 1.3126). The difference be- 
tween the two slopes is not statistically significant, indicat- 
ing that dehydrocholic acid did not alter this age-related, 
decreased output. The  importance of this observation, 
from the point of view of gallstone formation, is even more 
obvious when one examines the changes in the relative 
concentration of the phospholipids (Fig. 2). Again the 
slopes are negative in both cases (control, -0.420; DHA, 
-0.455) and significant at P < 0.01. There is no statisti- 
cally significant difference in the slopes of these two 
curves, indicating that DHA feeding also does not affect 
the age-related change in the relative amount of phospho- 
lipid. 

Age did not affect the control cholesterol concentration 
because the slope (0.062) is not significantly different from 
a slope of zero (Fig. 1). Feeding DHA caused a slight in- 
crease in cholesterol concentration with time (slope 0.190, 
P < 0.01). Although the curves are at different concentra- 
tion levels, there is no significant difference between the 
two slopes. 

In the control group, the slope of the relative amount of 
cholesterol was not significantly different from zero (slope 
0.038), but that of the DHA-fed mice was (slope 0.149, P 
< 0.01). The difference between the slopes was statisti- 
cally significant (P  < 0.05), suggesting that there is a sig- 
nificant alteration of the relative amount of cholesterol 
with time as a result of DHA feeding. 

There is no age-related change in the concentration of 
bile salts with time in either group. The slopes of the rela- 
tive amounts of the bile salts do show a slight increase 
with time in both the control mice (slope 0.382) and the 
DHA-fed mice (slope 0.306), but there is no significant 
difference between the slopes of the two groups. 

Over the 2-20-week period, the slope of the cumulative 
lipid concentration curve is not significantly different from 
zero in the control mice (slope -0.716), but that of the 
DHA-fed mice is (slope -2.157, P < 0.05). There is no 
significant difference between the two slopes. 
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DISCUSSION 

The  objectives of this study were (1 )  to quantitate the 
time-dependent changes in biliary lipids that occur with 
dehydrocholic acid feeding, and (2) to confirm the rate and 
extent of gallstone formation. Two  alterations in biliary 
lipid concentrations merit discussion in light of current 
concepts of biliary lipid secretion. 

First, there was an approximately twofold increase in 
cholesterol concentration of bile in the DHA-fed animals 
compared with the control; this was also observed by 
Gerolami et al. (7). Recently, Hardison and Apter (14) 
reviewed the role of bile salts in solubilizing phospholipid 
and cholesterol in the hepatocyte as a micellar aggregate 
prior to secretion into bile. Considering the concepts dis- 
cussed, it is difficult to explain a twofold increase in cho- 
lesterol concentration when similar bile salt or phospho- 
lipid concentrations exist in each group. The  fact that 
there is a twofold increase in the relative amount of cho- 
lesterol suggests that it is not simply the secretion of a 
greater number of micelles in the DHA-fed mice, for one 
would then expect the relative lipid composition to be the 
same. The  results also raise a question as to the source of 
the cholesterol secreted, because the DHA-fed group had a 
similar or lower dietary cholesterol intake than the con- 
trols, based on the observation of a reduced body weight 
gain. 

Based on the rat liver perfusion studies of Entenman et 
al. (15), one might postulate that DHA feeding per se 
stimulated cholesterol secretion. However, Hardison and 
colleagues (14, 16) were unable to stimulate biliary lipid 
secretion using DHA. Furthermore, it has been shown in 
rabbits (17) and mice (7) that DHA is totally converted to 
metabolites assayable by 3-hydroxysteroid dehydrogenase, 
suggesting that DHA is hydroxylated at position 3. 

An alternative explanation is that DHA may be metab- 
olized to micelle-forming bile salts. Gerolami et al. (7) re- 
cently showed cholic acid to be the major metabolite of 
DHA in mice. In addition, they cite unpublished data 
showing that the two minor metabolites are capable of 
forming micelles. In contrast, Hardison (18) has stated 
that metabolites of D H A  in the rat have only 10-17% of 
the micelle-forming capacity of sodium taurocholate, and 
most of this was due to cholic acid. Although Danielsson 
and Kazuno (1 9) have suggested that bile acid metabolism 
is similar in mouse and rat, it is unclear whether or not 
this applies to the metabolism of DHA. The  differences 
between the work of Gerolami et al. (7) and Hardison 
(18) could be due to species differences or to the effect of 
chronic vs. acute administration of DHA. In any case, the 
slightly enhanced bile salt concentration in DHA-fed mice 
does not seem adequate to account for the amount of cho- 
lesterol found. 

The higher relative amount of cholesterol might also be 

attributed to an abnormal absorption of bile salts by the 
gallbladder, since gallbladder lesions have been reported 
to occur with DHA feeding (4). Hall et al. (20) proposed 
such a mechanism to explain the lithogenic potential of 
DHA, although the nonmicellar nature of D H A  was con- 
sidered to be of greater significance. Several lines of evi- 
dence suggest that this increased reabsorption mechanism 
is not responsible. First, Gerolami et al. (21) have shown 
that feeding cholic acid to mice produces both gallstones 
and alterations in the gallbladder mucosa resembling those 
described by Besancon (4) for the DHA model. However, 
mucosal changes were independent of the frequency or 
time of stone appearance. Second, we found no significant 
difference in the concentration of phospholipids between 
control and DHA-fed mice. An increased secretion of bile 
acids, which might have been reabsorbed, should have re- 
sulted in increased phospholipid secretion as well as cho- 
lesterol. Thus, one would need to invoke significant phos- 
pholipid absorption or decomposition, as suggested by 
Hall et al. (20) for stasis, in the DHA-fed animal to ex- 
plain why phospholipid concentration does not differ from 
controls at points of equal or higher bile salt concentra- 
tions. Finally, the data of Gerolami et al. (7, Table I), 
dealing with the relative composition of freshly secreted bile, 
suggest that reabsorption of bile acids is not significant. If 
selective reabsorption were occurring, the relative amount 
of bile salts should be lower in bile from mice fasted over- 
night when compared with freshly secreted bile. In both 
control and DHA-fed groups there is good agreement be- 
tween our data and those of Gerolami et al. (7) in regard 
to the relative amount of bile salts, suggesting that absorp- 
tion is not a major mechanism. 

Recently, two reports (14, 22) suggested a component of 
cholesterol secretion that is independent of bile salt and 
phospholipid secretion. Our data in mice tend to support 
these authors and suggest that DHA may stimulate this 
component. 

The  second interesting alteration in lipid output is the 
significant decrease in phospholipid concentration that oc- 
curs with age (2-7 months) in both control and DHA-fed 
mice. This decrease is significant, whether expressed as 
concentration or relative amount. 

Several investigators (15, 16, 22, 23) have studied the 
role of bile salts in the hepatic secretion of phospholipids. 
Based on these reports, one would expect phospholipid 
concentrations to remain constant or to increase when ac- 
companied by equivalent or slightly higher bile salt con- 
centration. Our data suggest that biliary phospholipid se- 
cretion decreases with age independently of bile salt secre- 
tion. The  age-related decrease in phospholipid secretion 
might be an alternative explanation for the spontaneous 
development of gallstones observed by Besancon and 
Marche (24) in three of six multiparous control mice at 24 
months. Further studies are required to determine wheth- 
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er the age-related changes in the relative amounts of fatty 
acids in hepatic phospholipids and neutral lipids observed 
by Turchetto et al. (25) have any effect on biliary phos- 
pholipid secretion. 

The relative amounts of each of the three lipid classes 
were plotted (data not shown) using the method of Admir- 
and and Small (9). The  data were compared for fit in the 
micellar zones defined by these authors or by Danzinger 
et al. (26) using the data of Dam and Hegardt (27). All 
control values were within either micellar area, while 
plots of DHA-fed mice from the 8th to 20th wk were out- 
side the micellar zone of Danzinger et al. (26) but within 
the micellar zone of Admirand and Small (9). Further 
discussion would seem to be inappropriate until resolution 
of the discrepancy between the data of Hardison (18) and 
Gerolami et al. (7) relative to the micelle-forming capabil- 
ity of DHA metabolites. 

In agreement with the results of Duteil et al. (5), but in 
contrast to Besancon et al. (4), we were unable to produce 
gallstones in 100% of the mice fed DHA. The  discrepancy 
may be due to the more sensitive method used by Besan- 
con et al. to detect crystal formation. 

We wish to thank Mr. John F. Pauls of our Biostatistics De- 
partment for the statistical analysis of the data. 
Manuscript received 79 July 1972 and in revised form 6 Febru- 
ary 1973; accepted 7 May 7973. 
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