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Abstract Hypothyroid rats show reduced secretion of biliary 
lipids, especially cholesterol. Secretion of biliary cholesterol is 
markedly augmented to levels above euthryoid beginning 12- 
24 h after administration of thyroid hormone. In the current 
studies, bile from hypothyroid and triiodothyronine-treated 
chronic bile-fistula rats was analyzed for vesicles and mixed 
micelles by metrizamide gradient ultracentrifugation. For eu- 
thyroid and hypothyroid animals, less than 12% of biliary 
cholesterol was in a vesicle gradient fraction. After treatment 
with triiodothyronine, biliary cholesterol increased markedly, 
and 50% of total cholesterol, 60% of excess cholesterol secreted, 
appeared in the vesicle fraction. Triiodothyronine stimulation of 
vesicle secretion resulted in cholesterol-rich vesicles (choles- 
tero1:phospholipid ratio rose from less than 0.1 to 0.56), but no 
change in the distinct fatty acid composition of vesicle phospho- 
lipids. The microtubule inhibitor colchicine, given 12 h after tri- 
iodothyronine, prevented subsequent increase in cholesterol 
secretion in the form of vesicles. a These studies, in a model 
that allows rapid changes in biliary lipid secretion, support the 
hypothesis that an important component of cholesterol and 
phospholipid secretion into bile involves microtubules and may 
involve a vesicle pathway.-Andreini, J. P., W. F. Prigge, 
C. Ma, and R. L. Gebhard. Vesicles and mixed micelles in 
hypothyroid rat bile before and after thyroid hormone treat- 
ment: evidence for a vesicle transport system for biliary cho- 
lesterol secretion. J Lipid Res. 1994. 35: 1405-1412. 
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Biliary cholesterol can be shown to exist in both the 
vesicle and mixed micelle forms. In  vesicles, cholesterol is 
complexed with phospholipid to form 700-1200 A diam- 
eter particles of density <LO6 g/ml (1-4). In mixed 
micelles, approximately 50 A in diameter and d > 1.06 
g/ml (2-4), cholesterol is solubilized by bile acids and 
phospholipids. 

It has previously been accepted that micellar secretion 
is the predominant form of biliary cholesterol and phos- 

pholipid secretion, with bile acids acting in a detergent 
fashion to dissolve canalicular membrane lipids (5, 6). 
During the last decade, however, characterization of 
cholestero1:phospholipid vesicles has led to a theory that 
the predominant secretory form may be as preformed 
vesicles utilizing a specific vesicular pathway (2, 3, 7-10). 
The two mechanisms are not necessarily exclusive, and 
evidence continues to suggest a primary bile acid effect at 
the canalicular level (11). It is not currently clear whether 
vesicles and mixed micelles arise from distinct secretory 
processes or  whether they form in bile from physicochemi- 
cal changes occurring after secretion of cholestero1:phos- 
pholipid vesicles in conjunction with bile acid secretion 

To a large extent, detection of vesicles or micelles in bile 
relates to the bile salt concentration and to the saturation 
of bile with cholesterol (9, 10). It has been demonstrated 
that saturated human bile may contain 93% of cholesterol 
in the form of vesicles and only 7 % in the form of micelles 
(7). Rat bile, however, is normally secreted in a highly un- 
saturated state (12). Ulloa, Garrido, and Nervi (3) have 
shown that 50% or  less of rat biliary cholesterol may ap- 
pear in a vesicle fraction. Cohen, Angelica, and Carey 
(10) also found up  to 70% bile vesicles, compared to 
mixed micelles, immediately after secretion from hepato- 
cytes in the rat. The proportion of vesicles in bile 
decreased markedly as a function of both time and bile 
salt concentration. The  particle form of cholesterol has 
clinical relevance to gallstone formation, as cholesterol 

(9). 
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may selectively crystallize from vesicles (2). 
Thyroid hormone has been shown to have a myriad of 

effects on cholesterol metabolism. These effects include 
reduction in the levels of circulating lipoprotein cho- 
lesterol (12-14), augmentation of LDL receptor activity 
(15-17), increased synthesis of cholesterol and bile acids 
(12, 15, 18), and decreased absorption of cholesterol (19). 
This laboratory has recently reported that thyroid hor- 
mone status significantly affects biliary cholesterol secre- 
tion in the rat, and that this action might account for 
some of the reported effects of thyroid hormone on cho- 
lesterol metabolism (20, 21). Hypothyroid rats were 
shown to have low biliary cholesterol secretion, while 
thyroid hormone replacement markedly increased choles- 
terol secretion. Bile cholesterol secretion was out of 
proportion to bile acids and phospholipids, and was not 
dependent upon blood lipoproteins. 

In the current study, vesicle secretion was evaluated 
during thyroid hormone-stimulated bile cholesterol secre- 
tion in the hypothyroid rat. The study aim was to deter- 
mine whether vesicle or mixed micelle secretion pre- 
dominates in this model of rapidly augmented secretion. 
Vesicle composition and the role of microtubules in bile 
lipid secretion were also evaluated. 

METHODS AND MATERIALS 

Male Sprague-Dawley rats weighing 120-140 g were 
made hypothyroid by at least 3 weeks of methimazole 
treatment (0.025% in drinking water), while maintained 
in a light-reversed room as described previously (12, 20). 
At time of surgery, hypothyroid rats and euthyroid con- 
trols weighed approximately 200 g and received silastic 
jugular vein catheters and PE-50 bile duct catheters while 
under metaphane anesthesia as described by Duane, Gil- 
berstadt, and Wiegand (22). Catheters were exteriorized 
to the back and run through a spring harness, allowing 
animals to move freely in metabolic cages. Animals re- 
ceived standard Purina rat chow (St. Louis, MO) and 
either methimazole in water for hypothyroid rats or plain 
drinking water for euthyroid rats. After surgery, a solu- 
tion of NaCl (77 meq/l), NaHC03 (30 meq/l), and KCl 
(8 meq/l) was infused into jugular catheters at a rate of 
7.1 m1/24 h, while bile was collected by gravity syphonage. 

After at least 48 h for stabilization and to allow max- 
imal induction of bile acid synthesis, bile was collected on 
ice at 12-h increments continuously for 60-72 h. 
Hypothyroid animals were given triiodothyronine (T3) 

dissolved in 0.05 N NaOH as a single intraperitoneal dose 
of 0.2 mg/100 g body weight after 12 h of baseline bile col- 
lection. The T3 dose in this model is pharmacologic and 
saturates T3 receptors for 48 h (23). Euthyroid controls 

received similar volumes of 0.05 N NaOH. Some hypo- 
thyroid animals also received colchicine (Sigma) at a dose 
of 0.05 mg/l00 g body weight as an intravenous bolus 24 h 
after the intraperitoneal injection of T3. This dose of col- 
chicine has been shown to reduce hepatocyte microtubule 
volume density to near zero (24). 

In some acute studies, a bile fistula was created and bile 
was immediately collected from hypothyroid, euthyroid, 
and T3-treated animals for 2 h at room temperature un- 
der metaphane anesthesia. 

A 2-ml aliquot of whole bile from each collection period 
was promptly ultracentrifuged to separate vesicles and 
mixed micelles. Using a modified method of Amigo, 
Covarrubias, and Nervi (7), metrizamide (15% w/v) was 
added to whole bile prior to ultracentrifugation in a verti- 
cal rotor (TLV-100, Beckman TL-100) at 338,000 g for 3 h 
at 4OC. Tubes were punctured with a needle at specific 
increments, and aliquots were aspirated with a syringe 
and weighed. The density of fractions was measured 
using a hexane-2,4 dichlorobenzene continuous gradient 
at 4OC, by a modified method of Beaufay et al. (25). 
Volumes were calculated from the sample weight. 

Measurements of cholesterol by gas-liquid chromatog- 
raphy (GLC) (26), of phosphatidylcholine by enzymatic 
assay (27), and of bile salts by the methods of Talalay (28) 
were made in whole bile or gradient fractions, as previ- 
ously described (12, 20). In some experiments, fatty acid 
composition of phospholipids in bile, serum, and hepatic 
microsomes was determined by GLC after transesterifica- 
tion (29), using a modification of a previously described 
method (30). Samples were extracted with nine volumes 
of isopropyl alcohol at 60°C for 5 min and protein was re- 
moved by centrifugation. Phospholipids were adsorbed on 
200 mg alumina (Sigma) added directly to 13 x 100 mm 
Teflon-capped tubes. After shaking, centrifugation, and 
removal of supernate, the alumina was washed with 2 ml 
isopropyl alcohol. Residual alcohol was vacuum-removed 
and samples were directly transesterified. 

Dynamic light scattering was done using standard com- 
ponents, with an argon-ion laser operating at 488 nm and 
a power output of 75 mW (31). Scattered light was col- 
lected by a photon counting photomultiplier. Photon- 
generated electron pulses were processed using a 64- 
channel Langley-Ford 1092 correlator. After accumula- 
tion of a correlation function, data were retrieved and 
second-order cumulant fit was used to calculate hydro- 
dynamic radius. The homodyne photocurrent autocorre- 
lation function measured with this instrument has been 
previously reported (32). 

Statistical methods utilized Student's paired t-test for 
comparisons between time points among the same ani- 
mals, and unpaired t-test for comparisons between 
groups. 
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RESULTS (Fig. 1B). For this initial data, each 2 ml of bile was frac- 
tioned into ten 0.2-ml fractions having densities from 
1.037 g/ml in the top fraction to 1.160 g/ml in the bottom 
fraction. The top 0.6 ml (top three fractions, d < 1.05 
g/ml) contained a low bile salt concentration and much 
higher fractions of cholesterol and phospholipid 48 h after 
T3 (Fig. 1B). This fraction has been shown to contain vesi- 

Adequate separation of vesicles and mixed micelles by 
ultracentrifugation has previously been demonstrated in 
rat bile by Ulloa et al. (3) and by Amigo et al. (7) using 
this “rapid method in human bile. Figure 1 shows the 
ultracentrifugal separation of bile lipids from hypothyroid 
rats before T 3  (basal, 

A 

Fig. 1A) and 36-48 h after T 3  des by prior studies (3, 7), and was defined as vesicles for 
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Fig. 1. Distribution of bile lipids in metrizamide gradients in hypothyroid and Ta-treated rats. Bile was collected 
for 12 h from chronic bile-fistula rats. After ultracentrifugation of 2 ml of bile with added metrizamide, bile lipids 
were measured in each 0.2-ml fraction from the top (lowest density) of the gradient to the bottom (most dense). 
Lipid distribution is reported as percent of total for each lipid. Fig. 1A shows bile cholesterol and phospholipids dis- 
tributed in more dense mixed micelle fractions of bile from the hypothyroid rat. Fig. 1B shows more cholesterol dis- 
tributed in lighter vesicle fractions of bile obtained between 36 and 48 h after T,. Data are means of two animals 
having bile fractionated in 0.2-ml increments. 
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the current studies. Quasielastic light scattering (QELS) 
of this top 0.6-ml fraction 48 h after TI confirmed the 
presence of large particles of mean diameter of 980 A. In 
the basal hypothyroid rat, the next 1.0-ml fraction was en- 
riched in cholesterol, phospholipid, and bile salts (Fig. 
1A). It is considered to represent predominantly mixed 
micelles, as shown by others (3, 7). QELS of this fraction 
showed a mean particle diameter of 88 A .  Whole uncen- 
trifuged bile from hypothyroid rats prior to T3 treatment 
showed particles having a mean diameter of 130 A .  

As previously reported (21), hypothyroid bile fistula 
rats given T3 increased their total bile cholesterol secre- 
tion by 8-f0ld, bile phospholipid by 2.5-fold, and bile salts 
by 1.5-fold. Figure 2 shows bile cholesterol secretion in 
the top 0.6-ml fraction (“vesicles”) and in mixed micelles 
(whole bile cholesterol minus vesicle cholesterol) from eu- 
thyroid rats, and from hypothyroid rats before (basal) and 
after T3. Euthyroid and basal hypothyroid bile-fistula rats 
showed no more than 12% of cholesterol in vesicles under 
these conditions. After T3, total bile cholesterol increased 
well above euthyroid levels, and cholesterol in vesicles in- 
creased to 50% of total bile cholesterol. Vesicle cholesterol 
increased by 40-fold, while cholesterol found in more 
dense (mixed micelle) fractions increased by only $-fold. 
Thus, the increase in whole bile cholesterol after T3 ap- 
peared to a much greater extent in vesicles rather than 
mixed micelles. 

VESICLE 

t 

To evaluate whether the apparent changes in vesicle 
cholesterol seen in chronic bile fistula animals might be 
an artifact of the 12-h collection on ice, bile was acutely 
collected from hypothyroid and T3-treated animals for 
only 2 h at room temperature. Under these circum- 
stances, 5 1% (mean f SE) of biliary cholesterol from 
hypothyroid animals appeared in the vesicle fraction, 
while 42 f 4% of biliary cholesterol was in vesicles 48 h 
after T3. In addition, the apparent vesicle and mixed 
micelle composition of bile was identical for samples cen- 
trifuged immediately after 12 h collection, and after 
storage of the same sample on ice for an additional 24 h. 

Figure 3 shows the cholestero1:phospholipid lipid ratio 
in bile vesicle and mixed micelle fractions. Bile from eu- 
thyroid rats showed a constant cholestero1:phospholipid 
ratio of 0.1 over time. In hypothyroid rats, coincident with 
the increase in vesicle secretion after T3, the ratio of 
cholesterol to phospholipid in vesicles rose from 0.08 to a 
value of 0.56. 

As expected, Table 1 shows that fatty acid composition 
of bile phospholipids was markedly different from compo- 
sition of phospholipids in serum or liver (homogenate or 
microsomes), being enriched in 16:O and depleted of 18:0, 
20:4, and 22:6 fatty acids. Fatty acid compositions of bile 
vesicles and micelles after T3 were comparable to each 
other and markedly different from profiles of serum and 
liver. Prior to T3, micelle and vesicle phospholipid fatty 
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Fig. 2. The mass of cholesterol present in the top 0.6-ml fraction (vesicles) of the metrizamide gradient and in 
the remaining bile (mixed micelles) of 12-h collections of bile from untreated euthyroid rats (EU) and from T3- 

treated hypothyroid rats (HYPO). Euthyroid vesicle and mixed micelle secretion remained constant over time. Bile 
cholesterol secretion was low in hypothyroid rats, but increased markedly after Ts, particularly vesicle cholesterol. 
Values are means * SD for n = 7 animals. Mean percent of total bile cholesterol present in vesicles is noted below 
the graph. *, Increased from euthyroid and basal hypothyroid cholesterol output (P < 0.05); #, Increased from basal 
hypothyroid cholesterol output (P < 0.05). 
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Fig. 3. The ratio of cholesterol to phospholipid in gradient fractions of bile from untreated euthyroid animals over 
time, and from hypothyroid rats before (basal) and at 12-h intervals after T,. A constant ratio was seen in the 
euthyroid vesicle fraction and in hypothyroid mixed micelles, while the ratio in vesicles increased markedly after 
T, was given to hypothyroid rats. Values are mean f SD for n = 7 animals. *, Increased from basal or euthyroid 
ratios (P < 0.05) 

acid compositions were similar, possibly owing to micellar 
contamination of the small amount of vesicular phospho- 
lipid. After T3, however, vesicles contained significantly 
less 16:O and more unsaturated fatty acids (18:2, 20:4, 
22:6) than did micelles. T3 administration resulted in an 
increased percent of 16:O and reduced percent of 18:2 and 
22:6 in phospholipid of bile micelles. 

Collections of bile from rats given the microtubule in- 
hibitor colchicine 24 h after T3 demonstrated significant 
blunting of subsequent total bile and vesicle cholesterol 
output. Total bile cholesterol in rats not given colchicine 
rose to 6.8 k 2.6 and 7.9 f 3.1 pmolll2 h by 36 and 48 h 
after T3, respectively, while secretion decreased to 3.3 + 0.5 
and 3.7 f 0.8 pmol/l2 h in rats given colchicine (P < 

TABLE 1. Fatty acid composition of phospholipids from serum, 
liver microsomes, and bile vesicles and mixed micelles of 

hypothyroid rats after supplementation with T, 

Percentage of Fatty Acid Species 

Source 16:O 18:O 18:2 20:4 22:6 

Serum 25.9 20.9 19.9 11.6 6.3 
Liver 22.0 24.8 13.9 18.7 10.2 
Bile vesicles 39.0" 6.5 26.5" 8.3' 1 .e 
Bile micelles 49.4 7.7 19.7 6.0 0.5 

Mean of n = 3 animals. 
"Different from micelles post-T, P < 0.01. 
'Different from micelles post-T3 P < 0.05. 

0.05). The effect of colchicine on the percent of cholesterol 
in vesicles is shown in Figure 4. In these studies, colchi- 
cine produced no significant effects on bile volume or on 
bile salt secretion, equating to bile acid synthesis in this 
model. 

DISCUSSION 

Bile salts are actively extracted from portal blood, 
transported through hepatocytes, and secreted into bile 
by special transport protein processes (33). Bile flow is 
highly dependent upon-rate of bile salt secretion, and 
biliary cholesterol and phospholipid secretion are also 
strongly linked to bile salt secretion under most condi- 
tions (34, 35). Controversy exists regarding the specific 
mechanism(s) for bile cholesterol and phospholipid secre- 
tion. Passive dissolution of canalicular membrane lipids 
by bile salts may occur (34), as well as a mechanism 
whereby cholestero1:phospholipid vesicles form in the 
Golgi and are transported to the canaliculus for direct 
secretion or for membrane repair (9). Microtubules may 
be involved in the vesicle transport process (36). After 
entry into the canaliculus, cholesterol and phospholipid 
may undergo physicochemical transition between vesicles 
and mixed micelles. The equilibrium between forms is 
time- and lipid concentration-dependent (10). 

In chronic bile-fistula euthyroid (control) and basal 
(pre-T3) hypothyroid rats, no more than 12% of total bile 
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Fig. 4. The effect of colchicine on the percentage of cholesterol found in the vesicle fraction of secreted bile that 
has been stimulated by T,. Colchicine is given intravenously 24 h after T3 treatment of hypothyroid tats, in compari- 
son to secretion without colchicine. Values are mean i SD for n = 5-7 animals. *, Different from vesicle fraction 
without colchicine ( P  < 0.05). 

cholesterol was found in the “vesicle” fraction. Bile col- 
lected from acute bile-fistula euthyroid rats and basal 
hypothyroid rats also showed only 10% of total cholesterol 
present in the vesicular layer. These results differ from 
those of Ulloa (3), who used methods of gel filtration and 
standard ultracentrifugation to determine that 50% of 
total bile cholesterol in euthyroid rats was in vesicles. The 
reason for this discrepancy is not clear, but transforma- 
tion of vesicle lipid into mixed micelles over time in the 
very low cholesterol saturation of rat bile may be a factor. 

This and previous studies show that T3 has a prompt, 
marked effect on biliary lipid secretion, with cholesterol 
secretion augmented more than phospholipid or bile salt 
secretion (12, 21). In the present experiments, 8-fold aug- 
mentation of bile cholesterol secretion (4-fold above 
euthyroid levels) occurred predominantly in the form of 
cholestero1:phospholipid vesicles. Vesicle cholesterol in- 
creased 40-fold, so that vesicles held 50% of total bile 
cholesterol and 60% of the T3-stimulated cholesterol. A 
measurable increase in vesicles appeared in bile 12 h after 
T3, when bile saturation index was still quite low (12). 
Furthermore, the marked increase in vesicle lipids oc- 
curred with a minimal change in bile salt molar concen- 
tration. Cholesterol in mixed micelles only increased by 
4-fold after TS. This increase may have represented direct 
stimulation of micelle secretion or the action of bile salts 
on secreted bile vesicles. 

The vesicle fraction in hypothyroid and euthyroid bile 
had a slightly higher ratio of cholesterol to phospholipid 
than did mixed micelles. T3 markedly increased this ratio 

by stimulating secretion of cholesterol-rich vesicles, with 
only a modest increase in bile salt secretion. The observa- 
tion that the fatty acid composition of vesicle phospho- 
lipids did not change after T3 suggests that the origin of 
phospholipid for vesicle secretion was unaffected by TS. 
The contrast in fatty acid composition of phospholipids in 
bile versus liver (and serum) also suggests that bile phos- 
pholipid originates from a subpool of hepatic phospho- 
lipid, rather than originating simply from bile salt deter- 
gent action on canalicular membranes. 

Administration of the microtubule inhibitor colchicine 
to hypothyroid rats 24 h after T3 prevented further aug- 
mentation of cholesterol output, primarily by decreasing 
output of cholesterol in vesicles by 80%. As bile volume, 
bile acid synthesis, and bile salt secretion were not 
affected by this dose of colchicine, its effect did not appear 
to be merely a toxic or cholestatic action. The observation 
suggests that T3-induced vesicle secretion involves 
microtubules. 

The implications of these observations for T3 action on 
bile lipid secretion in humans is unclear. Basal biliary 
cholesterol secretion is much lower in rats than in hu- 
mans, and the dose of T3 administered to hypothyroid 
rats in this study is much higher than replacement doses 
given to humans. However, Honore (37) has reported an 
increased incidence of gallstones in treated hypothyroid 
patients, and increased bile saturation index during 
d-thyroxine therapy has been reported (38). In contrast, 
Angelin, Einarsson, and Leijd (39) found no increase in 
biliary cholesterol saturation following thyroid replace- 
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ment in hypothyroid subjects. 
I n  summary, thyroid hormone administration to hypo- 

thyroid rats in this study promptly resulted in markedly 
increased secretion of cholesterol-rich vesicles in bile, by 
a process which appeared to involve microtubules. This 
model, which allows observations during rapid changes in 
biliary lipid secretion, supports the hypothesis that biliary 
secretion of cholesterol and phospholipids may involve a 
specific vesicle secretory pathway. This action of T3 on 
biliary lipid secretion may be fundamental for other 
thyroid hormone effects on cholesterol metabolism. a 
Research was sponsored by the Department of Veterans Affairs 
Research Program. 
Manuscript received 1 9  October 1993 and in revised fonn 9 February 1994. 
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